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Abstract

The role of the right temporal lobe in memory function is unresolved. The material specificity
model has successfully guided the detection of left temporal lobe pathology using verbal
memory tests, but the detection of right temporal lobe pathology using nonverbal memory
tests has been unreliable. Considering factors beyond material type per se could improve
prediction of right hemispheric pathology. This thesis investigated the factors associated with
right-lateralisation of memory function including 1) the type of nonverbal stimulus used (i.e.,
abstract designs, faces, spatial arrays), ii) differences in task-related processing (e.g.,
encoding versus retrieval), and iii) potential lower-level stimulus confounds (i.e., memory
versus perceptual processing). In a comprehensive meta-analysis of studies employing
nonverbal memory testing of temporal lobe epilepsy patients (k= 152), memory for faces or
spatial stimuli had superior detection of right-sided pathology than memory for abstract
designs. By comparison, task demands including learning type (single versus repeated
stimulus presentation) and the delay before testing memory (short versus long) had negligible
effect. Following the meta-analysis two empirical papers compared the effects of material
(verbal, spatial) and processing (encoding, retrieval) on lateralisation using event-related
potentials (ERPs) and changes in electroencephalographic power (EEG). ERP measures
showed right-lateralisation for spatial learning while processing type affected lateralisation
only in the anterior region of the brain (encoding: left; retrieval: right). In the next two
empirical papers using the same measures, the ERP results revealed that spatial memory
contributed to right-lateralised brain activity over and above spatial perceptual processing. In
both experiments EEG measures were less sensitive to the effects than were ERPs. The main
findings of this thesis were that right-lateralisation of nonverbal memory is most reliably
affected by the type of material, but with important contributions of task-related processing
(encoding, retrieval) in the anterior brain regions, and that spatial memory affects right-
lateralisation over and above the lateralising influences of perceptual processing. The findings

stand to enhance understanding of right hemispheric memory functions.
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Chapter 1: General Introduction

1.1 Early evidence for hemispheric subdivision of functions

A fundamental principle of human cognition is that the two hemispheres of the brain
perform different functions. Classic studies suggested that language disorders such as
aphasias, in which a person has difficulty speaking or understanding language, generally arise
from left hemisphere lesions (e.g., Broca, 1865), while spatial neglect, in which a person
completely ignores one side of space despite possessing intact vision, typically arise from
right hemisphere lesions (e.g., Brain, 1941). Such observations led neurologists such as John
Hughlings Jackson (1835-1911) to explicitly claim that the left and right hemispheres perform
specialised functions, the left anterior lobe for linguistic abilities and the right posterior lobe
for visuospatial functions (reviewed in Critchley & Critchley, 1998). These early findings
suggested that the working of particular cognitive functions crucially depended on one
hemisphere more than the other and led to the development of the widely accepted “material
specific” framework in which the left hemisphere is specialised for language and the right
hemisphere is specialised for visuospatial (or more generally, and henceforth, “nonverbal”)
processing. Material specificity has remained the most influential framework of the
hemispheric specialisation of cognitive functions in both clinical neuropsychology and in the

cognitive neurosciences.
1.2 Thesis aims

This thesis aims to investigate the different factors that promote the right hemispheric
lateralisation of memory function. This chapter presents a literature review of the strengths
and limitations of the material specificity model of hemispheric lateralisation as it applies to
the assessment of nonverbal memory, along with alternative theories. The contents of the
thesis, which is presented in a thesis-by-publication format, will be outlined at the end of this

chapter.



1.3 Material-specific lateralisation of memory

Classic findings of lateralisation of language and spatial deficits were eventually
shown to have parallels for memory functions. Early studies showed that patients with
medically intractable temporal lobe epilepsy (TLE) who were surgically treated with bilateral
temporal lobe resection had severe and lasting memory impairments for recently learned
material (Milner, 1954; Scoville, 1954; Scoville & Milner, 1957). These studies suggested the
critical importance of the medial temporal lobe (MTL) region for memory function (e.g.

Scoville, 1968).

Milner’s pioneering investigations showed that unilateral MTL resection (i.e., in the
left or right hemisphere only) resulted in more selective memory deficits than bilateral
resection. Specifically, patients with resection of the left temporal lobe showed selective
impairment of memory for verbal materials (e.g., Milner, 1970), while patients with resection
of the right temporal lobe showed selective impairment of memory for materials which were
difficult to verbalise, or putatively “nonverbal” (e.g., Milner, 1965). These observations gave
rise to the idea of material specificity of memory function: the left temporal lobe mediates
memory for verbal material and the right temporal lobe mediates memory for nonverbal

material (Milner, 1968).
1.4 Practical and clinical importance of nonverbal memory skills

The evidence that memory functions are lateralised in a material specific manner has
had a profound impact on the clinical assessment of patients with lateralised brain damage, in
whom the accurate clinical assessment of nonverbal memory functions has practical
importance. The ability to remember nonverbal materials is a skill with many real-life
consequences. These include remembering the location of items in a house, navigating
between important landmarks, recognising a musical tune, and identifying a person’s face.
Impairment of such skills can therefore have a devastating impact on a person. For example,

patients with topographical disorientation have a severe difficulty in orienting themselves in



new environments (Aguirre & D’Esposito, 1999). This disorder has been linked to deficits in
spatial learning mediated by damage to the right MTL, most often on the right side (Aguirre

& D’Esposito, 1999; Turriziani, Carlesimo, Perri, Tomaiuolo, & Caltagirone, 2003).

An understanding of how nonverbal memory performance relates to brain
lateralisation also has diagnostic and prognostic value to patients with medically refractory
unilateral temporal lobe epilepsy (TLE). These patients have debilitating and frequent
seizures originating from one temporal lobe, and when anticonvulsant medication is
ineffective, neurosurgical intervention is often a successful treatment option. Testing verbal
and nonverbal memory function helps to confirm the laterality and location of the seizure
focus at the presurgical stage, to identify postsurgical nonverbal memory deficits, and to track
changes over time (Barr & Morrison, 2015). Accurate assessment of nonverbal memory,
therefore, is a critical component to estimate the potential risk and benefits of surgery in

patients with medically refractory TLE.
1.5 The association between verbal memory and left MTL dysfunction is reliable

Since the classic findings, deficits in verbal memory have been linked to left MTL
resection, regardless of whether the material was presented aurally or visually (Blakemore &
Falconer, 1967; Milner, 1967), or whether retention was tested by recall or by recognition
(Milner, 1958, 1967). Over time, these findings are consistently borne out for the left-verbal
part of the material specificity principle (see meta-analytic reviews by Lee, Yip, & Jones-
Gotman, 2002, and Sherman et al., 2011). Specifically, unilateral left MTL lesions result in
impaired memory for word lists (Hermann et al., 1996; Martin et al., 2002; Seidenberg et al.,
1996), short stories (Lee et al., 2002; Sass et al., 1992) and sets of word pairs (Helmstaedter,
Gleibetaner, Di Perna, & Elger, 1997; Saling et al., 1993; Savage, Saling, Davis, & Berkovic,
2002). This consistent impairment of verbal memory across different types of verbal tasks

indicates a strong relationship between the left MTL and verbal memory processing.

In presurgical clinical contexts, the functional outcome of unilateral temporal lobe



surgery can be predicted by considering both presurgical verbal memory performance and the
degree of MTL pathology evident on structural imaging (Chelune, 1995). Specifically, poorer
verbal memory performance in presurgical patients is associated with greater left MTL
pathology, and conversely, relatively intact performance is associated with less pathology
(Baxendale et al., 1998; Sass et al., 1990; 1992, 1994; Trenerry et al., 1993). As a corollary
finding, higher presurgical verbal memory performance is associated with greater risk of
postsurgical memory decline (Chelune, Naugle, Luders, & Awad, 1991; Chelune, 1995).
Taken together, it can be concluded that there is reliable and substantive evidence supporting

the clinical value of verbal memory testing in assessing left MTL dysfunction.

1.6 Nonverbal memory testing does not reliably predict right MTL dysfunction

In initial findings, right MTL resection was associated with memory deficits for a
broad array of nonverbal stimuli across the visual, auditory, and tactile sensory modalities.
This included faces (Milner, 1968), dot patterns (Kimura, 1963), irregular nonsense patterns
(Kimura, 1963), mazes (mediated by either vision or touch; Corkin, 1965), melody (Milner,
1962), and familiar musical tunes (Shankweiler, 1966). These findings suggested that
nonverbal memory, regardless of the specific modality or type of test, had a strong
dependence on the right MTL and in complementing the association between verbal memory
and the left MTL supported a material specific (i.e., verbal-nonverbal) hemispheric division of

memory functions (Milner, 1968).

These findings were associated with the development of clinical tests of nonverbal
memory. Such tests include the Rey Complex Figure Test (RCFT; Rey, 1941) which presents
a single complex abstract design for copying and recall after a brief and/or long delay, and the
Visual Reproduction (VR) subtest from various editions of the Wechsler Memory Scale (e.g.,
WMS-R; Wechsler, 1987) which presents successive designs of increasing complexity which
are recalled immediately after presentation and subsequently after a delay. These tests have

remained the most popular kind of nonverbal memory test utilised by neuropsychologists



(RCFT: 65%, VR: 21%; Djordjevic & Jones-Gotman, 2011).

Despite their popularity, however, a large investigation of presurgical patients (N =
757) found no significant difference between left and right TLE patients using the RCFT and
VR (Barr et al., 1997). In addition, presurgical performance on nonverbal memory tasks has
not consistently predicted subsequent postsurgical changes (e.g., Chelune, Naugle, Luders, &
Awad, 1991). Tests that require memory for abstract designs have also failed to consistently
correlate with right hippocampal cell loss in presurgical patients, with findings of positive
(Chelune, 1995; Trenerry et al., 1993) and negative correlations (Baxendale, Thompson, &
van Paesschen, 1998; O'Brien, Bowden, Bardenhagen, & Cook, 2003; Rausch & Babb, 1993).
Other investigations using design reproduction tests postsurgically have also failed to
discriminate right from left MTL patients (Lee, Loring, & Thompson, 1989; Naugle, Chelune,
Cheek, Luders, & Awad, 1993). More recently, large scale meta-analytic reviews suggest that
on the whole, nonverbal memory tests, which mostly consist of design memory tasks, have
poor clinical utility for predicting memory decline following surgery (Lee et al., 2002; Vaz,

2004; Sherman et al., 2011).

In conclusion, the poor clinical validity of nonverbal memory tests has posed a
serious, ongoing and unresolved problem for clinical neuropsychologists for decades.
Reflecting this, a US National Institute of Health panel for the Common Data Elements test
battery recommended the “optional” inclusion of visuospatial memory tests for research in
patients with epilepsy (Loring et al., 2011). While this response may reflect the difficulties
faced, it is arguably an overly conservative judgment which neglects the practical importance
of nonverbal memory skills (outlined in Section 1.4). Furthermore, it implies that assessment
of epilepsy patients is sufficient without the consideration of nonverbal memory skills, which
could be considered negligent regardless of whether nonverbal memory tests have lateralising
ability or not. Most importantly, recent findings have implicated the right MTL in the Flynn

effect, in which the level of intellectual functioning as measured by IQ tests or other abilities



appears to increase steadily between generations (Flynn, 1984). There is evidence in the
healthy population that the Flynn effect may only occur for the learning and recall of
nonverbal material but is absent for verbal memory (Baxendale, 2010). Furthermore, there
may be inhibition of the Flynn effect in patients with right hippocampal pathology, for both
nonverbal and verbal intellectual abilities (Baxendale & Smith, 2012). These findings suggest
patients with right MTL dysfunction not only have greater risk of nonverbal memory
impairment but their future verbal and nonverbal intellectual abilities are strongly
compromised relative to their peers. This reinforces the importance of accurate assessment of

functions mediated by the right MTL.

1.7 Problems with the construct of nonverbal memory

A number of suggestions have been made to address the poor reliability of nonverbal
memory tests. The core of the problem may be theoretical, relating to the lack of specificity of
the nonverbal memory construct. While the verbal construct centres on the concept of verbal
skills as a single core ability with different subskills (i.e., speech, reading) and cognitive
processes (i.e., phonological, orthographic, semantic), the nonverbal construct is typically
defined in a negative sense, merely reflecting the absence of verbal processing. As such, the
nonverbal construct can pertain to a constellation of varied abilities, stimulus types,

modalities, and processing requirements, without its own unique and unifying concept.

In addition to the vagueness of the nonverbal construct itself, there is considerable
evidence for overlap between the verbal and nonverbal constructs. Indeed, this viewpoint is
supported by a finding that performance by elderly participants on commonly used
neuropsychological memory tests cannot be distinguished into separate verbal and nonverbal
factors; rather, both load onto a single “general memory” factor (Smith, Malec, & Ivnik,
1992). A meta-analytic review showed that resection of the right MTL can impair verbal
memory (20% of patients declined while 14% improved), albeit less frequently than after left-

sided resection (44% declined, 7% improved), while left MTL resection can impair nonverbal



memory (21% declined, 15% improved) at a rate comparable to that found with right MTL
resection (23% declined, 10% improved; Baxendale, Thompson, & Duncan, 2008; Sherman

etal., 2011).

This evidence suggests that the function of the MTL in each hemisphere is not
symmetrically nor exclusively dissociable according to material type. It is clear that unilateral
TLE patients can retain both verbal and nonverbal information, and that their memory for
both kinds of material is often impaired (Dobbins, Kroll, Tulving, Knight, & Gazzaniga,
1998). This lack of specificity of the nonverbal construct has arguably contributed to the
development of nonverbal memory tests with poor reliability in detecting right MTL
dysfunction (Barr, 1997). Instead of continuing to be guided only by the principle of material
specificity, better understanding of the causes of right hemispheric lateralisation may facilitate

the development of tests with greater clinical utility.

1.8 Facial memory and spatial memory: cognitive neuroscience findings

In the investigation of more specific proficiencies of the right hemisphere, memory for
faces and spatial information each have not only obvious ecological value for humans and
there is ample evidence that each is processed in a right-lateralised manner. Landmark
findings have suggested that processing of unfamiliar faces is strongly right-lateralised in
areas including the right occipitotemporal and ventrolateral temporal cortices (Farah, 1991;
Kanwisher, McDermott, & Chun, 1997; Rossion et al., 2003; Rossion & Jacques, 2008).
Other studies suggest right-lateralised processing of spatial information particularly in the
right parietal region (Badzakova-Trajkov, Haberling, Roberts, & Corballis, 2010; Corballis,
2003), and spatial neglect frequently correlates with lesions in the right ventral cortex,
particularly the right temporoparietal junction and right superior temporal gyrus (Corbetta &

Shulman, 2011; Shulman et al., 2010).

Neuroimaging techniques including positron emission tomography (PET) and

functional magnetic resonance imaging (fMRI) have shown activation in the right MTL



regions for face memory tasks (e.g., Chiaravalotti & Glosser, 2004; Crane & Milner, 2002;
Haxby et al., 1996; Sergent, Ohta, & Macdonald, 1992) and spatial or navigation memory
tasks (e.g., Bellgowan et al., 2009; Finke, Ostendorf, Braun, & Ploner, 2011; Kuhn &

Gallinat, 2014; Papanicolaou et al., 2002).

Encouragingly, there is abundant evidence that right MTL lesions selectively impair
memory in experimental tasks using novel faces (Baxendale, 1997; Moscovitch &
McAndrews, 2002) and spatial location (Abrahams, Pickering, Polkey, & Morris, 1997,
Kessels, Hendriks, Schouten, Van Asselen, & Postma, 2004; Nunn, Polkey, & Morris, 1998;
Smith & Milner, 1981; Spiers et al., 2001). A meta-analysis suggested that various kinds of
experimental spatial memory tasks (object-location, maze learning, and positional memory)
have also been shown to elicit poorer performance in those with right- than left-sided
hippocampal damage (Kessels, de Haan, Kappelle, & Postma, 2001). The findings also
suggested that memory for precise spatial information (e.g., exact positions, distances)

showed the strongest association with right hippocampal damage.

Such research findings have paralleled the increased use of neuropsychological tests
of face memory and spatial memory. Meta-analytic reviews support the relative superiority of
tests of face memory over design memory for the purpose of detecting postsurgical memory
deficits and change from presurgical performance in patients with right TLE (Sherman et al.,
2011; Vaz, 2004). Some clinical tests of facial or spatial memory have failed to distinguish
patients with left or right MTL lesions, however, including tests of spatial sequence learning
(Araujo, Schwarze, & White, 2009; Chiaravalloti & Glosser, 2004) and novel faces
(Hermann, Connell, Barr, & Wyler, 1995; Naugle et al., 1994). Taken together, these findings
suggest that for face recognition and spatial/navigational tasks there is strong ipsilateral
functional interdependence between right-lateralised perceptual processing in sensory
association regions and right-lateralised memory processing in the right MTL. Tests of face

memory and spatial memory have each shown promise for clinical purposes, although it still



remains unclear whether clinical tests are sufficiently reliable for detection of right MTL

dysfunction.
1.9 The binding versus spatial map accounts of right MTL function

As an alternative to using particular types of stimuli that elicit processing in wider
right lateralised networks, there is a case for focusing on the particular proficiencies of the
MTL itself. The MTL has been shown to be critical for association between multiple elements
(see e.g., Eichenbaum & Bunsey, 1995; Eichenbaum, Otto, & Cohen, 1994; Mayes, Montaldi,
& Migo, 2007). This function has been linked to the long-known role of the MTL region in
forming episodic memories, that is memories that are rich in associations between the to-be-
remembered material and the time, location, and context in which it is remembered
(Eichenbaum et al., 1994). The associative role of the MTL has also been linked to material
specific hemispheric lateralisation, with evidence that the left medial temporal lobe, and
especially the hippocampus, is involved in tasks requiring the associations of word pairs

(Rausch & Crandall, 1982; Saling et al., 1993; Saling, 2009).

In parallel with findings for the left MTL, there is evidence that the right MTL is
involved in association between pairs of nonverbal stimuli, most commonly demonstrated
between objects and their locations (e.g., Bohbot et al., 1998; Owen, Milner, Petrides, &
Evans, 1996; Smith & Milner, 1989). A meta-analysis of patients with hippocampal damage
associated right-sided damage more strongly with poorer object-location memory than left-
sided damage (Kessels et al., 2001). However, effect sizes were statistically larger for
positional memory tasks in which there was no binding requirement, implying that rather than
a deficit in binding of objects to locations, an inability to constitute an internally coherent
spatial representation or “map” of the stimuli may underpin the right-lateralisation effect for
both positional memory and object-location memory (Kessels et al., 2001). Indeed, a previous
review presented evidence of distinct memory processes for constructing a positional map and

assigning objects to positions (Postma & de Haan, 1996).



Tasks that focus on the association between objects and locations may also have
attributes that draw upon left-lateralised structures. A study using a virtual reality town found
that postsurgical left TLE patients had selective impairment for context-dependent episodic
memory (e.g., associations between object identity and person, place, and time) while
postsurgical right-sided patients had difficulties with topographical memory tasks including
navigation and scene recognition (Spiers et al., 2001). Memory for object locations also has
considerable overlap with memory for “categorical” relationships between objects (i.e.,
knowing left from right, up from down, e.g., “the pen is to the right of the ruler””), which
many studies have shown involve left-lateralisation or relatively less right-lateralisation than
“coordinate” spatial processing (i.e., exact distance and positional information, e.g., “the pen
is 25 centimetres from the ruler””) which consistently shows strong right-lateralisation (e.g.,
Palermo, Bureca, Matano, & Guariglia, 2008; Kosslyn, 1987; van Asselen, Kessels, Kappelle,
& Postma, 2008; van der Ham, Postma, & Laeng, 2014). Therefore, object-location
association could serve to detect right MTL pathology if the task involves highly precise
spatial discrimination, rather than comparing abstract relations, and when rich contextual
details are not included. Indeed, a recently proposed model differentiates between distinctly
lateralised memory processes for object processing (bilateral ventral), episodic memory
binding and categorical object-location binding (left hippocampus), and coordinate object-
location binding (right hippocampus; Postma, Kessels, & van Asselen, 2008, and see

Zimmermann & Eschen, 2016, for a review that updates findings on this model).

To date there have been few clinical tests of visual associative learning. The Visual
Spatial Learning Test (VSLT) assesses associations between designs and locations in a grid
and one study showed a link between performance on this test and right temporal lobe
pathology (Malec, Ivnik, & Hinkeldey, 1991; Trenerry et al., 1993), while another study using
factor analysis failed to distinguish that it measures memory ability independently of verbal
memory (Smith, Malec, & Ivnik, 1992). The recently released Designs subtest of the WMS-

IV is very similar to the VSLT but has not yet been sufficiently validated (Wechsler, 2009).
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A longstanding and competing view is that the MTL is crucially involved in spatial
processing, particularly in the formation of a map-like representation (O’Keefe & Nadel,
1978). Monumental findings from single-cell recordings in animals specifically concerning
“grid cells” which map the immediate surroundings in precise spatial coordinates, and “place
cells” which encode and track the exact location of the person regardless of changes in their
surroundings, have recently been replicated in humans (Burgess, 2002; Ekstrom et al., 2003).
Furthermore, both of these cell types and their role in creating spatial maps, have been
strongly associated with the human right hippocampal and parahippocampal regions (Burgess,
2002; Ekstrom et al., 2003; Suthana et al., 2009). Both the binding and the spatial map
hypotheses, therefore, present compelling theoretical frameworks through which to

investigate hemispheric lateralisation of the MTL.

Taken together, unlike the validity of paired associate learning of words in
discriminating left- from right-sided MTL patients, the mere pairing together of ostensibly
nonverbal information including objects and locations may not constitute a sufficiently
specific test of right MTL function. A related problem is that most objects or landmarks can
be easily named, hence allowing verbalisation of the ostensibly “nonverbal” stimuli. It would
seem simpler to use positional memory tasks with the sole demand of spatial processing,
rather than requiring explicit associative demands that may draw upon left-lateralised

processing.
1.10 The confounding influence of verbalisation

Language is a universal human skill with a pervasive influence on cognitive activities
including memory for visually-based material. Since the classic studies of postsurgical TLE
patients, it was emphasised that to test for right-sided MTL dysfunction, nonverbal memory
tasks must involve stimuli that are difficult to convert into a verbal form (Milner, 1968). An
ongoing controversy of nonverbal memory tests is that the stimuli used are too easily

verbalised, resulting in recruitment of left-lateralised verbal structures that reduce their
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specificity to right MTL dysfunction (e.g., Lee, Loring, & Thompson, 1989). However, many
clinical tests of nonverbal memory appear to have been created on the basis that if they are
visual and do not contain words (i.e., do not explicitly demand verbal processing), this will be
sufficiently “nonverbal” to preferentially engage the right MTL. This includes Visual
Reproduction, which contains easy-to-verbalise designs (e.g., “cross with left-facing flags™)
and the Rey Complex Figure Test which contains verbalisable features and configurations

(e.g., “face in circle”, “diamond”, “long cross on left side”).

While many clinical tests that require memory for abstract designs are notoriously
easy to verbalise, the issue of verbalisation extends beyond design memory. For example,
tests of face memory such as the Warrington Recognition Memory Test for Faces (WRMT-
Faces) may be confounded by the presence of readily verbalisable external features that allow
identification of the face without attending to the face itself (e.g., hairstyle, ears, clothing;
Testa, Schefft, Privatera, & Yeh, 2004) or the if faces themselves are not sufficiently similar to
each other in terms of their configuration (e.g., big nose with wide eyes; small chin and thin
eyebrows, etc.). Similarly, object-location tasks with nameable objects and an excessively
easy spatial array (e.g., in a regular 4 x 4 grid as in the Designs subtest from the WMS-1V)
also suffer from verbalisability confounds (e.g., “dart in middle upper left”). Even ostensibly
pure tests of positional memory such as the 7/24 Spatial Recall Test (Barbizet & Caney, 1968)
which simply requires memory for plain black circles in positions, could be similarly
verbalised due to the use of a 6 x 4 grid. In short, merely belonging to a particular class of
nonverbal stimulus in and of itself does not protect a stimulus from verbalisation. However,
while the creation of a purely nonverbal stimulus or task may not be a realistic goal, it may be
possible to create stimuli and memory tasks with very low susceptibility to verbalisation. A
promising example is provided by the Brown Location Test which involves memory for plain

circles in an asymmetrical, irregular array (Brown et al., 2007).

Despite the long-recognised contribution of verbalisation to the poor reliability of
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nonverbal memory tests, surprisingly little systematic investigation of factors relating to
stimulus verbalisability is available. In a neuroimaging study using fMRI it was found that
different kinds of nonverbal stimuli had different levels of verbalisability (scenes > faces >
abstract spatial patterns), as determined by a dual-task verbal interference behavioural test
(Golby et al., 2001). In addition, higher levels of verbalisability correlated negatively with the
degree of right-lateralisation of activity in the MTL and the inferior prefrontal cortex during
memory encoding (spatial patterns: right; scenes and faces: symmetrical; verbal: left; Golby et
al., 2001). The verbalisability and bilateral activation for faces could arguably have been due
to the presence of verbalisable external features (such as hairstyle), since in this study the

faces were not cropped, a common methodological problem (also see Kelley et al., 1998).

Another finding that also used verbal or visuospatial interference tasks suggested that
memory for coloured 3D towers was partially dependent on verbal processing and was
sensitive to amygdalohippocampectomy in both hemispheres, while memory for grey 3D
towers was reliant on visuospatial processing and was sensitive and specific to right
amygdalohippocampectomy (Hampstead et al., 2010). In sum, memory for spatial patterns
may show a lower dependence on verbal processing than other kinds of stimuli, including

scenes, and colour combinations, and possibly faces, when verbalisable features are present.
1.11 Material-specific lateralisation is relative not absolute

In the same way that verbalisation of nonverbal stimuli may confound the association
between nonverbal memory and the right hemisphere, verbal tasks can themselves be
influenced by unwanted involvement of right-lateralised processing. In contexts that are
highly demanding of visual perceptual analysis, such as when words or letters are
perceptually degraded (Sergent & Hellige, 1986), masked (Polich, 1978), or accompanied by
visual distractors (Marsolek, Kosslyn, & Squire, 1992), verbal task performance has been
shown to become right-lateralised. Similarly, in a continuous recognition memory task with a

split visual field design, the right hemisphere was superior to the left for word memory after
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long retention intervals, but after shorter intervals the left was superior (Federmeier &
Benjamin, 2005). This was replicated with an event-related potential (ERP) design, showing a
right-lateralised “old/new effect” (i.e., in which the amplitude of the P2 peak was larger for
previously seen “old” stimuli than for novel “new” foils; Evans & Federmeier, 2007). The
authors interpreted these results as reflecting the more rapid decay of, and interference
between, gist-like semantic transformations of the left hemisphere, compared with the more
stable retention of veridical (i.e., exact or “real”) representations of the words by the right
hemisphere, which is particularly important in a continuous recognition memory task in

which there is constant interference from new items.

In summary, for verbal materials, the right hemisphere may outperform the left when
there are strong demands for highly specific, exact representations of stimuli compared with
the need to encode and retain verbal information using its semantic content. As such, right
hemispheric processing of verbal stimuli does not merely reflect a degraded version of left

hemispheric verbal processing but provides its own a unique contribution.

1.12 Clinical tests confound material type with stimulus and response modality

An overlooked problem of clinical tests is that material type is typically confounded
with presentation modality, often in addition to the type of response required. In verbal
memory tests, the stimuli (e.g., words, stories) are usually presented in an auditory spoken
form and also require an auditory spoken response (e.g., the Rey Auditory-Verbal Learning
Test; RAVLT). In contrast, for nonverbal memory tests, the stimuli are usually presented
visually and commonly require patients to draw their response, or sometimes to indicate
recognition of learned stimuli when re-presented by responding verbally (e.g., “yes” or “no”
or nonverbally (e.g., point to the correct item out of a set). As a result, the comparison is
ostensibly between an auditory-verbal-speech task and a visual-nonverbal-sensorimotor-
constructional task, therefore it is difficult to determine what process or combination of

processes are contributing to differences in performance between verbal and nonverbal tests.
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There is sufficient evidence that the processes relating to speech may be more left-lateralised
than those involving lexical or semantic processing per se due to a dependence on articulatory
processing in the dorsal stream (for a review see Hickok & Poeppel, 2007). While the focus of
this thesis is on visual materials, it is important that interpretation of lateralisation occurs
within this broader context, and it is critical that these factors are controlled in both the

experimental and the clinical studies of hemispheric lateralisation.

1.13 Differences in lateralisation depending on how a stimulus is processed

Differences in the way a stimulus is processed may have important effects on
hemispheric lateralisation. These differences can be elicited by presenting the exact same
stimulus to a participant and testing for lateralisation when performing distinct tasks. As
mentioned in Section 1.9, a relational spatial judgment involving a dot and a bar (e.g., “is the
dot above or below the bar?”’) may engage the right hemisphere less than a coordinate spatial
judgment such as the exact angle between the dot and bar (Badzakova-Trajkov, Haberling,
Roberts, & Corballis, 2010; Corballis, 2003). It could be argued that spatial relations are more
left-lateralised than spatial coordinates, simply due to greater verbalisability as discussed in
Section 1.10; however, spatial relational judgments appear to have independent left
hemispheric effects over and above verbal labelling (van der Ham & Postma, 2010).
Supporting this, pre-verbal infants show mainly left hemisphere activity when they make
relational decisions about spatial orientations (Franklin, Catherwood, Alvarez, & Axelsson,
2010). While this relational-coordinate distinction appears particularly important within the
parietal cortices, evidence has been found for the same effect in the primary visual cortex
(e.g., van der Ham et al., 2012). An anatomical-functional dissociation has also been shown
between parietally-mediated categorical processing and hippocampus-mediated coordinate
processing (Baumann & Mattingley, 2014), and the effect has been replicated in patients with
unilateral brain damage (e.g., Palermo, Bureca, Matano, & Guariglia, 2008; van Asselen,

Kessels, Kappelle, & Postma, 2008).
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For face stimuli the identification of a face based on its “configural” or “holistic”
aspects, which pertain to the way in which multiple individual facial features are spatially
integrated into a coherent whole, is strongly right-lateralised in areas including the
occipitotemporal and ventrolateral temporal cortices (Farah, 1991; Kanwisher, McDermott, &
Chun, 1997; Landis et al., 1988; Rossion & Jacques, 2008; Sagiv & Bentin, 2001). In
contrast, homologous left hemisphere regions have been linked to recognition of highly
familiar or famous faces, or when faces must be named (Gorno-Tempini et al., 1998; Levy,
Trevarthen, & Sperry, 1972). In line with such findings, models of face processing have
suggested a role of the left hemisphere in processing semantic information related to faces

(e.g., names, physical and social attributes; Bruce & Le Voi, 1983; Rhodes, 1985).

While line drawings of abstract designs are thought to be relatively easy to verbalise,
and particularly in the case of the simple designs used in tests like Visual Reproduction (Barr
1997), they may also have elements that invoke more right-lateralised processing than others.
The scoring of spatial distortions in the Rey Complex Figure Test using a qualitative scoring
method (Loring, Lee, & Meador, 1988) successfully discriminated more impaired right TLE
patients from left TLE patients, while the standard scoring method did not distinguish the
groups (Piguet, Saling, O’Shea, Berkovic, & Bladin, 1994). For an experimental task using a
scene, TLE patients with extensive right hippocampal removal had impaired retention of
object-location associations, while memory for object information per se was related to
surgery in either hemisphere (Pigott & Milner, 1993). However, there have also been a
number of negative findings, failing to show differential lateralisation of figural and spatial
memory components of the RCFT (e.g., Kneebone, Lee, Wade, & Loring, 2007; McConley,

Martin, Banos, Blanton, & Faught, 2006; McConley et al., 2008).

Taken together, patterns of lateralisation may differ depending on which attributes of a
stimulus 1s required to perform a given task. There appear to be commonalities in these

patterns across different kinds of nonverbal stimuli, with the right hemisphere most
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implicated in tasks that involve precise or configural spatial processing, relative to greater left
hemispheric involvement in tasks that require categorical spatial processing, naming,
association with learned semantic information, and memory for isolated details. Hence, it is
clear that the use of nonverbal stimuli per se, or a particular kind of nonverbal stimulus, is not
sufficient for eliciting right-lateralisation. More general, universal kinds of cognitive

processing may underlie these common hemispheric patterns across different stimulus types.
1.14 Alternative models of hemispheric asymmetries in visual processing

Material specificity has provided very influential guidance in our understanding of
hemispheric specialisation of memory. However, the abundant flaws and limitations with the
approach limit its application to basic and clinical research to that of a general heuristic
principle. A number of alternative theories have been proposed to explain the differential
hemispheric lateralisation of visual stimuli in a more parsimonious and explanatory manner.
The general aim of such theories is to provide a unified account of the principles that underlie
hemispheric lateralisation regardless of whether the visual processes involved are primarily
perceptual or involve additional memory demands. The theories that are the most relevant to

the focus of this thesis will be outlined below.
1.14.1 Analytic/configural model

One influential model of hemispheric lateralisation is the analytic/configural model
(Bradshaw & Nettleton, 1981). This distinction has usually been defined as a left hemispheric
orientation towards serial analysis of stimuli in which each individual feature is examined in
turn, whereas the right hemisphere is oriented towards parallel analysis of stimuli with
configural analysis applied holistically (Dien, 2009). According to this view the left
hemispheric serial, analytic preference is suited for the sequential nature of words and the
right hemispheric parallel, configural preference is suited for the simultaneous analysis of
multiple facial features. This model has generally been supported by studies of face
recognition, particularly in studies using face inversion designed to disrupt the parallel,
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configural processing of features by the right hemisphere: For example, patients with right
posterior lesions show an impairment in recognising upright faces but not inverted faces
(Leehey, Carey, Diamond, & Cahn, 1978; Yin, 1970). The relative degree of analytic versus
configural processing has also been considered as applicable to hemispheric lateralisation
effects for object recognition more generally (e.g., Corballis, Funnel, & Gazzaniga, 2000;

Gazzaniga, 2000).

The model has not been empirically supported for lateralisation of word reading,
however, as the right hemisphere, but not the left, is associated with longer reaction times as
the length of words increases (e.g., Bouma, 1973; lacoboni & Zaidel, 1996). Such findings
run counter to analytic/configural predictions as the left hemisphere acts in a more configural
manner by quickly identifying words by the whole rather than by serial analysis of their parts,
while the right hemisphere processes the words serially in a letter-by-letter fashion (for a
review see Ellis, 2004). As it stands, the analytic/configural model provides an incomplete

account of hemispheric asymmetries beyond its central focus on face perception.
1.14.2 Categorical/coordinate model

The categorical/coordinate model (Kosslyn et al., 1989; briefly outlined in Sections
1.9 and 1.13) distinguishes between memory for “categorical” relationships between objects
(e.g., “the pen is to the right of the ruler”), is predicted to involve left-lateralisation or
relatively less right-lateralisation than “coordinate” spatial processing (e.g., “the pen is 25
centimetres from the ruler”). The model has been mostly investigated for spatial processing
and has been supported using different testing methodologies including visual hemifield
studies, ERP, fMRI, and in unilateral TLE patients (see van der Ham et al., 2014, for a
review). The model has recently has been extended to processes involved in object-location
memory (Postma et al., 2008), superordinate- versus exemplar-level naming of pictures (e.g.,
“bird” vs. “penguin”’; Laeng, Zarrinpar, & Kosslyn, 2003), spatial aspects of object

representations (e.g., Brooks & Cooper, 2006), and faces (Cooper & Wojan, 2000). Therefore,

18



this model appears to be much more generalisable than the analytic/configural model. In
addition, it may help explain failure to show right-lateralisation in clinical memory tasks that
test spatial memory: the use of grids clearly divides space, potentially promoting categorical
spatial processing by the left hemisphere rather than precise coordinate processing by the
right hemisphere. However, it remains unclear whether or how the categorical/coordinate

approach could explain different lateralisation patterns for words.
1.14.3 Spatial frequency model

The high/low spatial frequency model is arguably the leading hypothesis of
perceptually based hemispheric lateralisation (Dien, 2008). In this account the left hemisphere
is specialised for processing high frequency information and the right hemisphere is
specialised for low frequency information (Sergent, 1982, 1983). This model has great
explanatory potential because it is a universal account of visually-based lateralisation which
can be used to explain other hemispheric dichotomies with respect to underlying confounds
with frequency (Sergent, 1982), it provides plausible neural mechanisms by which it may be
implemented, and it is easily testable. Specifically, simulations have suggested that the left
hemisphere may have a bias to encode outputs from neurons with relatively small and non-
overlapping receptive fields, which correspond to greater sensitivity to high spatial
frequencies, whereas the right hemisphere has a bias for neurons with relatively large and
overlapping receptive fields and corresponds to greater sensitivity to low spatial frequencies

(Chabris & Kosslyn, 1998; Kosslyn et al., 1992).

The high/low frequency model can potentially explain material specific findings on
the basis that letter recognition requires high-frequency analysis to discriminate closely
spaced and sharply delimited patterns, whereas most spatial judgments require the broad,
diffuse, and blurred visual changes detectable by a low spatial frequency filter (Sergent,
1982). It is argued that these processing asymmetries also explain the categorical-coordinate

distinction, as large and overlapping receptive fields are required to make coordinate spatial
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judgments, while processing categorical spatial relations are required to make more fine-
grained segmentation of space afforded by high spatial frequencies (Ivry & Robertson, 1998;
Jacobs & Kosslyn, 1994; Kosslyn et al., 1992; Okubo & Michimata, 2002, 2004; Sergent,
1982, 1983). A relative right hemispheric proficiency for low spatial frequencies also provides
a potential explanation for the observed right lateralisation of the configural processing of
faces (e.g., Awasthi, Sowman, Friedman, & Williams, 2013). A number of experiments have
also supported the model by manipulating spatial frequencies across a range of different
stimuli including basic checkerboard stimuli (Martinez et al., 2001), and scenes of natural

landscapes (Peyrin, Chauvin, Chokron, & Marendaz, 2003).

The high/low spatial frequency model has become closely associated with the
local/global distinction in object recognition. For example, studies of figures constructed from
smaller figures, such as a T shape constructed from small E’s (e.g., Navon, 1977) suggest that
attention to the smaller local features is left-lateralised since they are more predominantly
represented by fine features requiring analysis of high spatial frequency features, while
attention to the larger global features is right-lateralised due to the predominance of low
spatial frequency information. The local/global distinction is also a clinically useful heuristic
that allows flexible interpretation of the RCFT, for example, with evidence that lateralisation
of white matter pathways as measured by diffusion tensor imaging is associated with
differences in reproducing local versus global features (Chechlacz, Mantini, Gillebert, &
Humphreys, 2015). However, there is also empirical evidence that the local/global and
high/low spatial frequency accounts may involve independent lateralising mechanisms, or
affect lateralisation at the level of association with stored representations rather than at a
lower attentional level (Dien, 2008; Lamb, Yund, & Pond, 1999). More research will be

required to settle these issues.

Not all hemispheric phenomena can be explained by confounds of spatial frequency.

For example, studies of case-independent repetition priming show that the ‘visual word form
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area’, an area within the left fusiform gyrus that has been linked to word-level orthographic
processing, was less sensitive to changes in the case of the letters and hence to high spatial
frequencies than was the right fusiform gyrus (Dehaene et al., 2001; Dehaene et al., 2004).
The original spatial frequency model has also been extended into the more complex “double
filtering by frequency” model (Ivry & Robertson, 1998) which postulates three separate and
sequential stages of stimulus processing involving sensory representation, attentional filtering
of task-relevant information, and lateralised processing depending on the attended spatial
frequency. The actual lateralisation does not occur until the second stage of attentional
filtering (Ivry & Robertson, 1998). A similar hierarchical account is offered to explain the
categorical/coordinate distinction using the size of attentional focus as the selection
mechanism, representing a convergence of the two models (van der Ham et al., 2014). While
these theories are potentially very powerful within the visual modality, it remains to be seen
whether the core concepts can be translated to other modalities such as speech or music
(though see the excellent review by Zatorre & Samson, 2002, for a similar approach to how
auditory processes may be lateralised by complementary proficiencies for temporal and

spectral frequencies in the left and right auditory cortical areas).

Despite these limitations, the high/low spatial frequency hypothesis remains a highly
promising model of hemispheric lateralisation that can be readily tested in research and
clinical settings. For example, the relative effects of material and spatial frequency on
lateralisation could be contrasted with an experimental design that manipulated one of these
factors while keeping the other constant. Broadly speaking, it appears that the weight of the
evidence reviewed to date suggests that right lateralisation in the brain is related to very
specific “metric” analysis of spatial information that allow us to compute precise distances

and positional information.
1.15 Processing specificity and hemispheric lateralisation
The majority of research on the lateralisation of memory function, as reflected in the

21



outline above, has focused on lateralisation effects due to differences between the type of
stimuli used or differences in the way that a given stimulus is processed. However, task
demands also play an important and under-recognised role in hemispheric lateralisation. A
given memory task may involve different memory processes including: encoding of stimuli
into short-term memory, consolidation of this information into long-term memory over a
temporal delay, elaboration and structuring of remembered information, and incidental or
intentional retrieval of learned information following a delay (Kopelman, 2002; Lockhart &
Craik, 1990; Watkins & Gardiner, 1979; Squire, Knowlton, & Musen, 1993; Tulving &
Pearlstone, 1966). An observed memory impairment could be due to a deficit in any of these
processes, or a combination of processes, and the ability to disentangle different kinds of
memory deficits has great clinical importance. If particular aspects of memory processing
resulted in greater lateralisation independently of, or interactively with, material type, this

could add to the diagnostic accuracy and interpretive power of clinical memory tests.

Neuropsychological studies have found that verbal memory performance after a long
delay may be better able to detect left TLE pathology than after a short delay (e.g., Delaney,
Rosen, Mattson, & Novelly, 1980). As such the left MTL may have greater involvement in
consolidation processes that are required to keep verbal information in mind after a delay,
than in initial attention, working memory and encoding of verbal material, that are more
predominantly tested during immediate memory trials (e.g., Saling, 2009). This pattern also
appears to be borne out for nonverbal memory, with an experimental scene memory test
revealing that delayed recognition of object-location associations was associated with right
hippocampal removal while immediate recognition was not significantly impaired (Pigott &
Milner, 1993). Similar findings have been reported for remembering 3D spatial arrangements
(Hampstead et al., 2010) and arbitrary design-design and design-location associations (Smith,
Bigel, & Miller, 2011). A meta-analysis of neuroimaging studies of spatial memory
performance in healthy participants showed that delayed memory performance was more

related to activation in the anterior MTL while immediate memory was more related to
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activation in the posterior MTL (Kuhn & Gallinat, 2014). This latter finding has clinical
significance since typical temporal lobe surgery involves resection of the anterior
hippocampus, preserving some posterior hippocampal tissue, and suggests that testing delayed
memory is of critical importance in the presurgical assessment of TLE patients. However,
there have also been exceptions to this pattern, most commonly with consistent impairments

regardless of the delay or type of memory testing (e.g., Brown et al., 2010).

An intriguing interaction between the type of memory task and the material type has
also been reported. In this interaction, patients with right MTL pathology have impairments in
the initial learning of design material (i.e., patients do not benefit from repetition of material)
but have intact retention of the learned designs following a delay (Jones-Gotman, Smith, Frisk
& Routhier, 1996; Jones-Gotman et al., 1997; Majdan, Sziklas & Jones-Gotman, 1996;
Trenerry et al., 1993). In contrast, damage to the left MTL shows the opposite pattern with
intact initial learning of verbal material but impaired retention of this previously-learned
material (e.g., Jones-Gotman et al., 1997). Adding a further layer of complexity, the part of
this finding that pertains to nonverbal materials appears to be dependent on the presence of
multiple learning trials, since for single-trial design learning tasks (e.g., Visual Reproduction)
this kind of difference has not appeared between immediate and delayed memory testing
(Barr et al., 1997; Vaz, 2004). These findings suggest that the right MTL may have a strong
involvement in the rapid encoding of nonverbal material, while the retention of verbal
material is particularly dependent on the left MTL. However, such findings must be
interpreted cautiously; when the level of initial encoding of nonverbal material is low, any
further reduction during retrieval would be difficult to detect compared to the reduction in

verbal memory following superior performance.

In summary, the magnitude of material specific hemispheric lateralisation in TLE
patients may be increased by measuring consolidation of information into long term memory

using a delayed memory testing format, rather than testing immediately following learning
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which is more related to working memory and initial encoding processes. The unilateral
anterior MTL regions are implicated in material specific consolidation since these regions are
completely resected during a standard en bloc anterior temporal lobectomy in TLE patients.
There may also be an interaction effect between the material type and processing although

further investigation is required regarding the parameters of this interaction.
1.16 The hemispheric encoding retrieval asymmetry (HERA) model

In contrast to studies of TLE patients, neuroimaging allows a more direct insight into
which brain regions subserve particular memory processes. One prominent model that has
received considerable attention in the neuroimaging literature is the hemispheric encoding
retrieval asymmetry model (HERA; Tulving, Kapur, Craik, Moscovitch, & Houle, 1994). The
HERA model was developed from research in healthy participants that showed that -
independent of material type (e.g., verbal, pictures, faces) - the left prefrontal cortex was
differentially more involved with the initial memory-encoding of stimuli than with retrieval of
previously learned stimuli, while the right prefrontal cortex shows a greater involvement in
retrieval than in encoding (Habib, Nyberg, & Tulving, 2003; Tulving et al., 1994). A large
collection of data across different testing modalities (i.e., PET, fMRI, EEG, and behavioural)
supports this encoding/retrieval dissociation (e.g., Babiloni et al., 2006; Blanchet et al., 2001;
Cabeza & Nyberg, 2000; Desgranges, Baron, & Eustache, 1998). HERA has been supported
across many different types of verbal tasks (e.g., semantic tasks, verb generation, word-stem
completion) and nonverbal tasks (e.g., face recognition, object identity, object position) and in
addition across a variety of conditions of encoding (incidental or intentional) and retrieval

(recall and recognition; see review by Nyberg, Cabeza, & Tulving, 1996).

While HERA explicitly involves the prefrontal cortex, while the material specificity
model primarily applies to lateralisation within the MTL, HERA has proven sufficiently
influential to be experimentally compared to material specificity accounts of lateralisation.

Most of these studies have involved neuroimaging of the prefrontal cortex of healthy
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participants. In one study, lateralisation of prefrontal activity as measured by fMRI depended
on the specific combination of material (words, object, abstract patterns) and processing type
(encoding, retrieval; Johnson, Raye, Mitchell, Greene, & Anderson, 2003). Another study
found material specific lateralisation in the dorsal inferior frontal gyrus (words on the left,
faces on the right) while the right frontal polar cortex showed greater activity for retrieval
than encoding (McDermott, Buckner, Petersen, Kelley, & Sanders, 1999). In a large-scale
whole-brain analysis it was found that distinct lateralisation patterns relating to encoding and
retrieval operated within networks that were material specific (sentences, pictures) and these

involved interactions between MTL, prefrontal and parietal regions (Nyberg et al., 2000).

While these studies have supported a hybrid model of hemispheric lateralisation, in
which both material type and memory process affect hemispheric lateralisation in a
cooperative manner, a number of other studies have found material specific, but not process
specific, lateralisation of the prefrontal region (e.g., Golby et al., 2001; Kelley et al., 1998;
Opitz, Mecklinger, & Friderici, 2000; Raye et al., 2000; Wagner et al., 1998). From these
mixed findings, alternative proposals have emerged such that, process type, only serves to
modulate material specific effects (e.g., Epstein, Sekino, Yamaguchi, Kamiya, & Ueno, 2002).
It has been proposed that rather than suggesting the existence of a common left prefrontal
substrate for encoding per se, the left prefrontal activation for nonverbal stimuli may have

been due to attempts by participants to verbally label the stimuli (Wagner et al., 1998).

The proponents of HERA, however, point out that many of these studies did not
compare encoding with retrieval directly but only compared materials while testing encoding
or retrieval in isolation, and therefore did not adequately test the predictions of HERA (Habib,
Nyberg, & Tulving, 2003). In addition, the latest iteration of HERA emphasises that
lateralisation related to material and processing type are conceptually and empirically
complementary, without one or the other necessarily having to be predominant (Habib et al.,

2003). In addition, the interactions between prefrontal and MTL regions are closely
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interconnected both anatomically and functionally, suggesting cross-region or within-region
interactions between the lateralisation effects due to material and processing (Anderson,
Rajagovindan, Ghacibeh, Meador, & Ding, 2010; Fernandez & Tendolkar, 2001; Schacter &
Wagner, 1999). One fMRI study suggests both process specific and material specific
lateralisation effects within the MTL itself (Kennepohl, Sziklas, Garver, Wagner, & Jones-
Gotman, 2007). This study found that during encoding there was greater activation of the left
than right entorhinal cortex and that this effect was independent of material type, while the
expected lateralisation effects occurred for verbal stimuli in the entorhinal and perirhinal

cortices and for nonverbal stimuli in the anterior and posterior hippocampus.

In summary, alongside the specific type of nonverbal material used, consideration of
how these materials are processed may lead to important insights about, and superior clinical
assessment of, right MTL function. The HERA model has yet to be tested using TLE patients
and hence a large gap remains in the literature. Further investigation of the relative effects of
processing type relative to material are required to disambiguate the relative strength of each

effect and how they may interact.

1.17 Electroencephalography could contribute to lateralisation research

Neuropsychological and neuroimaging approaches have been readily applied to
answering important questions about hemispheric lateralisation. An overlooked method
through which to investigate the relative effects of material and process is that of
electroencephalography (EEG). Event-related potentials (ERP) are measured using scalp or
intracranial electrodes and are calculated from the average of neural activity following
multiple repetitions of a task-related stimulus (Luck, 2005). ERPs predominantly measure
neural activity evoked by sensory stimulation and are modulated by different attentional and

cognitive demands (Luck, 2005).

ERPs can measure neural activity in a more direct and temporally precise manner than
neuroimaging techniques such as PET and fMRI, which can only detect changes
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approximately 5 seconds after the onset of a stimulus due to the delay in the haemodynamic
response. As such, these techniques lack sensitivity to possible differences in onset, duration,
and termination of neural activity related to different memory process. ERPs are ideally suited
for tasks in which attention to stimulus features is manipulated, such as high versus low
spatial frequencies, as they are extremely sensitive to such changes (Luck, 2005). There is
also evidence that material specific lateralisation effects (approximately 150 to 300 ms after
stimulus onset) occur earlier than processing related differences (around 300 to 1000 ms)

potentially allowing for the dissociation of these factors (e.g., Maillard et al., 2011).

EEG oscillations index aspects of neural activity that ERPs filter out, including
recurrent and reciprocal changes between cortical regions (Pfurtscheller & da Silva, 1999).
Memory performance has been associated with patterns of oscillatory synchronisation in
specific frequency bands (Klimesch, 1999). In particular, changes in oscillations in the theta
frequency band (4 to 7 Hz) have been related to working memory and encoding processes,
while oscillations in the alpha band (8 to 13 Hz) have been related memory retrieval and may
also show material specific lateralisation (Burgess & Gruzelier, 2000). It is therefore possible
that the use of ERP and frequency measures of neural activity may lead to new insights about
the nature of lateralisation effects as mediated by stimulus characteristics such as spatial
frequency, the type of material and the type of processing. However, there is a lack of in-

depth investigations of these factors using EEG measures.
1.18 Summary

This review has discussed several unresolved issues regarding hemispheric differences
in memory function, particularly concerning the role of the right MTL. Based on the clinical
literature, it is possible that memory for different kinds of nonverbal stimuli may differentially
correlate with right MTL pathology. Findings from clinical and neuroscientific studies
converge on several factors that could increase the accuracy of assessing MTL processing: the

use of spatial or facial materials, increasing the demand for highly precise spatial processing,
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and validation that the stimuli are difficult to verbalise. Alternative theoretical accounts to
material specificity, such as the categorical/coordinate model and the spatial frequency model
may have better explanatory power than material specificity in accounting for patterns of
lateralisation in visual processing, and in turn could potentially be applied to clinical
assessment of right TLE.

An additional factor raised in this review, arguably overlooked in the clinical context, is
the type of memory process (e.g., encoding, consolidation, and retrieval). In general, right-
lateralisation of memory function is likely to be influenced by independent and interactive
contributions of these discussed factors. Experimental designs that systematically control for
and manipulate these factors may lead to more substantive insights into the causes of right

hemisphere lateralisation.
1.19 Aims and contextual overview of the thesis

This thesis sought to investigate the association of different attributes of nonverbal
memory tasks to the degree of right hemispheric lateralisation, in order to clarify and build
upon previous literature and potentially enhance clinical practice. It is presented in the form
of five manuscripts (formatted for publication), involving a meta-analysis of published studies
(Chapter 2), and four experimental chapters conducted with two samples of healthy
participants (Sample 1: Chapters 3 and 4; Sample 2: Chapters 5 and 6). Each manuscript
addresses specific issues raised in this introduction including: i) the factors that mediate the
efficiency of clinical neuropsychological visual memory tests in diagnosing right temporal
lobe pathology (Chapter 2), ii) the relative role of material type and type of memory
processing on right-lateralisation of neural activity in healthy participants as measured by
event-related potentials (ERPs; Chapter 3) and power measures (Chapter 4), and iii) a
comparison between the effects of material specific stimulus processing, material specific
memory processing, and verbalisability of materials on the right-lateralisation of ERP

measures (Chapter 5) and power measures (Chapter 6). This format of thesis-by-publications
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necessarily involves some repetition of information but redundancy has been minimised

wherever possible.
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Abstract

Nonverbal memory tests do not reliably detect pathology in the right temporal lobe. This is
associated with a lack of clarity on the factors that contribute to right-lateralised memory
functions. Previous meta-analytic reviews have suggested that memory for facial or spatial
stimulus materials may correlate more strongly with right temporal lobe pathology than tests
of memory for abstract designs. Other findings have suggested that lateralisation may be
affected by task demands including the type of learning, and the amount of delay before
testing. Here we update previous reviews and expand their scale to allow comparison of these
multiple features of memory tests simultaneously. In a comprehensive meta-analysis (152
studies) different neuropsychological tests of nonverbal memory were categorised by the type
of nonverbal material (designs, faces, spatial arrays) and task demands (type of learning,
delay before testing), to compare the impact of these factors in identifying right versus left
temporal lobe pathology. To assess the relative effects of temporal lobe pathology and surgery
we compared patients prior to surgery, subsequent to surgery, and the degree of postsurgical
change. Results revealed that in presurgical patients effect sizes were uniformly small (ds ~
0.2) and not affected by the type of material or task demands. By contrast, postsurgical
patients showed an effect of stimulus type, with tests of face and spatial memory showing
superior capacity to discriminate right-sided postsurgical patients from their left-sided
counterparts (ds ~ 0.5) compared to design memory tests (ds ~ 0.2). Face memory tests also
discriminated postsurgical change in right- versus left-resected patients, with the faces subtest
of the Warrington Recognition Memory Test also showing this significant pattern. In contrast,
task demands had minimal effect on discrimination of the resected side. The results are
discussed in the context of affected brain regions and extent of damage due to epilepsy versus
resection. The ramifications of these findings for the assessment of unilateral temporal lobe

epilepsy patients are detailed.
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1. Introduction

The role of the right temporal lobe in forming memories for nonverbal experiences
remains unresolved. While there is consistent evidence that the left temporal lobe plays a
crucial role in forming verbally-mediated memories, as shown by many studies in temporal
lobe epilepsy (TLE) patients following left temporal lobe resection (e.g., Alpherts et al., 2006;
Rausch et al., 2003), analogous investigations in patients with right-sided resection have not
shown reliable declines in nonverbal memory (Barr, 1997a; Bell & Davies, 1998). Indeed, the
evidence suggests that the functions of each hemisphere are not symmetrically dissociated by
material type, since right-sided resection can impair verbal memory functions, albeit less
frequently than left-sided resection, while conversely left-sided resection can improve
nonverbal memory function (Baxendale, Thompson, & Duncan, 2008; Sherman et al., 2011).
In addition, patients with right- compared with left-sided temporal resection, may have only a
small or negligible increase in risk of nonverbal memory decline following surgery (Sherman

et al., 2011; Vaz, 2004).

The accurate assessment of right temporal lobe function has arguably been
compromised by the inadequacy of the tests used to measure nonverbal memory. Large-scale
studies and reviews have demonstrated that the two most popular clinical tests of nonverbal
memory - Visual Reproduction (VR; from various editions of the Wechsler Memory Scale,
WMS) and the Rey Complex Figure Test (RCFT) - are not useful for lateralising the side of
memory function in patients with medically refractory temporal lobe epilepsy (Barr et al.,
1997; Lee, Yip, & Jones-Gotman, 2002). Based on such findings, a National Institute of
Health panel recommended the omission of nonverbal memory tests from the Common Data
Elements research test battery for evaluation of patients with epilepsy (Loring et al., 2011).
While this recommendation reflects the difficulties faced in assessing the right medial
temporal lobe, the blanket removal of nonverbal memory tests disregards the critical
importance of nonverbal memory abilities in the everyday life of a patient, such as the ability

to remember the face of new people, or how to navigate a recently learned route. In addition,
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it also ignores decades of research from the clinical neuropsychological and cognitive
neuroscience literatures that suggest the degree of right-lateralisation may differ by the type
of nonverbal stimulus and by task demands. These findings may help improve the assessment

of right temporal lobe pathology.

For instance, a previous meta-analytic review found that performance on the Face
Recognition subtest from the Warrington Recognition Memory Test battery (WRMT-Faces)
was the only test to show a consistent decline (Cohen’s d = - 0.31) after right temporal lobe
surgery, unlike other tests that were predominantly tested memory for abstract designs (Vaz,
2004). A more recent meta-analytic review showed an increased proportion of right-sided
versus left-sided TLE patients with clinically significant decline in performance on WRMT-
Faces following surgery (Sherman et al., 2011). A meta-analysis of multiple spatial memory
tasks (object location, maze learning, and positional memory) showed that they are performed
more poorly by patients with right hippocampal pathology than by their left hippocampal
counterparts (Kessels et al., 2001). These findings in TLE patients are supported by
neuroimaging evidence of right-lateralised activity in the medial temporal lobe when healthy
participants encoded faces into memory (e.g., Kelley et al., 1998) or retrieved previously
navigated routes (see meta-analysis by Kuhn & Gallinat, 2014). Furthermore, there is
evidence that higher levels of verbalisability (scenes > faces > abstact spatial patterns)
correlates negatively with the degree of right-lateralisation of medial temporal lobe and
inferior prefrontal activity during memory encoding (Golby et al., 2001). In summary, the
particular type of nonverbal stimulus employed and its resistance to verbalisability may have

an important effect on the prediction of right-sided temporal lobe pathology.

In addition to the type of nonverbal stimulus, different task demands may affect the
capacity of nonverbal memory tests to detect right temporal lobe pathology. One task demand
1s whether the set of to-be-learned stimuli are presented only once or multiple times. It has
been argued that, for tasks with a single learning trial, factors unrelated to memory itself such

as attentional lapses or poor comprehension, may lead to poor performance when memory
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itself is intact (e.g., Jones-Gotman, Harnadek, & Kubu, 2000). In contrast, with multiple
stimulus presentations these transient factors are minimised, providing more opportunity for
accurate comprehension, making it more likely that poor performance across multiple trials
indicates a memory deficit. Supporting this view, a recent meta-analysis of postsurgical
change in TLE patients, showed that among tests of design memory, a test with multiple
learning trials (Nonverbal Selective Reminding Task; NVSRT) detected a greater proportion
of right-sided than left-sided patients that had reliable differences in memory change, while
tests with a single learning trial (e.g., VR, RCFT, and the Benton Visual Retention Test;
BVRT), did not detect this difference (Sherman et al., 2011). Other design memory tests with
multiple learning trials have also shown an ability to discriminate postsurgical change in right

versus left TLE patients (e.g., Bonelli et al., 2010).

In addition to the type of nonverbal material, other studies have suggested that
lateralised temporal lobe pathology may be associated with a pattern of impairment best
described as an interaction between material and task demands. Specifically, patients with
right-sided damage had impairments in the initial learning of visual designs, as shown by an
inability to benefit from repeated learning trials, while after a delay they had intact retention
of the limited number of designs that were learned (Jones-Gotman, Smith, Frisk, & Routhier,
1996; Jones-Gotman et al., 1997; Majdan, Sziklas, & Jones-Gotman, 1996; Trennery et al.,
1993). In contrast, left-sided damage showed the opposite pattern of intact initial learning of
verbal material but impaired retention of this material (e.g., Jones-Gotman et al., 1997).
Therefore, left-sided temporal pathology was associated with verbal retrieval and right-sided
temporal pathology, with nonverbal encoding and consolidation processes. However, since
this finding is predominantly observed in tasks with multiple learning trials, its parsimony is

unclear and requires further systematic investigation.

Another task factor, the length of the delay before memory is tested, may also affect
the extent of lateralisation elicited by nonverbal memory tasks. This task-related factor may
be mediated by the intra-hemispheric location of the epilepsy-related or surgical damage to
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the medial temporal lobe. A meta-analysis of neuroimaging studies in healthy participants
suggested that the anterior region of the medial temporal lobe is more responsible for the
retrieval of spatially navigated routes following a delay than immediately after learning, while
the posterior region is more responsible for immediate memory than delayed memory (Kuhn
& Gallinat, 2014). This analysis also showed greater right-lateralisation for navigational
memory than for non-spatial episodic memory tasks (e.g., using words, pictures). Given that
typical temporal lobe surgery involves resection of the anterior hippocampus, preserving
some posterior hippocampal tissue, it is possible that nonverbal memory tested following a
long delay may be more impaired, and hence show greater right-lateralisation, than nonverbal

memory tested after a short delay.

This pattern of greater right-lateralisation for delayed memory than for immediate
memory of nonverbal materials appears to be borne out in TLE patients. In an experimental
scene memory task, patients with extensive right hippocampal removal had impaired object-
location memory after a delay but not immediately after learning (Pigott & Milner, 1993).
Memory for 3D spatial arrangements only showed diagnostic sensitivity and specificity for
right versus left MTL function when memory was tested following a delay (Hampstead et al.,
2010). Similarly, memory for novel design-design and design-spatial associations were
impaired for delayed recognition but not during initial learning (Smith, Bigel, & Miller,
2010). However, not all findings support this pattern, since single-trial design learning tasks
(e.g., VR) have not shown a lateralisation difference between immediate and delayed memory
testing (Barr et al., 1997; Lee, Banks, & Jones-Gotman, 2002; Vaz, 2004). While this may be
due to the poor ability of single-trial design memory tests to detect right-lateralised
dysfunction per se, other findings with facial memory and positional memory tasks contradict
this pattern, suggesting it may not be completely reliable (Brown et al., 2010; Dade & Jones-
Gotman, 2001). In sum, a meta-analysis of findings comparing delayed to immediate memory
testing may help clarify the reliability of this task-related factor in detecting right TLE

pathology.
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Taken together, the reviewed evidence suggests that, nonverbal memory tasks may
have greater sensitivity to right temporal lobe dysfunction if they employ facial or spatial
materials with multiple learning trials and a delayed memory test, rather than design materials
with a single learning trial and immediate memory test. In this context, the primary aim of this
meta-analytic review was to examine nonverbal memory tests to determine whether the type
of stimulus material (designs, faces, spatial arrays) and task demands (type of learning trial,
delay before memory testing) affect their sensitivity to right temporal lobe pathology
compared with left-sided pathology. This was tested by grouping neuropsychological tests of
nonverbal memory into overarching categories by material, subcategorised by demands. We
then compared the effects of left- and right-sided temporal lobe pathology on nonverbal
memory performance separately in pre- and post-surgical TLE patients, and also determined
the degree of postsurgical change in memory performance in left-sided and right-sided
patients. Extending previous reviews (Lee et al., 2002; Sherman et al., 2011; Vaz, 2004) that
only analysed performance in postsurgical patients or postsurgical change, we also evaluated
presurgical data to help account for possible floor effects (i.e., extremely poor performance) at
the presurgical stage (Baxendale et al., 2008), and, more generally, to help distinguish

lateralisation effects due to TLE per se from effects due to the combination of TLE plus
surgery.
2. Methods

2.1 Inclusion of studies

Studies were selected by means of a literature search in Medline, ProQuest, Web of
Science, and Scopus (January 1990 to June 2015) using the following search terms: 1)
epilepsy AND neuropsych® AND temporal lobe; and 2) epilepsy AND memory AND
temporal lobe. Additional studies were identified by examining reference lists of the
identified studies, from neuropsychological texts (Lezak, 2012; Strauss, Sherman, & Spreen,
2006), and from published manuals for neuropsychological tests and batteries (e.g. Wechsler,

2009). Papers meeting the following criteria were included for review:
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1. Full-text peer reviewed publications.

2. Participant population with a diagnosis of medically refractory unilateral temporal
lobe epilepsy (TLE), with lateralisation exclusively to a unilateral temporal lobe
region having been confirmed via standard clinical investigations including video-
EEG monitoring, intracranial EEG recordings in the temporal lobe region, results
from the Wada/IAT, identification of pathology as determined by magnetic
resonance imaging (MRI), neuropsychological testing, or a combination of these
methods. Multiple TLE aetiologies were permitted (e.g., medial temporal sclerosis,

low-grade tumours, cortical dysgenesis, or cryptogenic).

3. Original data reported from neuropsychological tests of nonverbal memory, with
raw test scores or standardised scores (e.g. SS, z, T etc.) presented for both the left
and right TLE patients in order to calculate an effect size (i.e., means and standard

deviations or alternatively exact p, ¢, or F values).

Patients with other major medical and/or psychiatric conditions known to affect
neuropsychological function were excluded, with the exception of depression, which is the
most common psychiatric comorbidity in TLE patients (Fuller-Thomson & Brennenstuhl,
2009). Based on estimates of the prevalence of non-dominant language lateralisation in
temporal lobe epilepsy patients (Gaillard et al., 2002; Janszky et al., 2003; Springer et al.,
1999) we excluded patient samples with greater than 20% of patients with bilateral
representation or right-lateralisation of speech/language functions as determined by fMRI,
Wada, handedness, or dichotic listening task to maximise the external validity of the findings.
As the focus of this study was on adults we excluded patients aged less than 14 or greater than
65 years. Patient samples were also excluded if they had: estimated intellectual functioning
(i.e., IQ, FSIQ) less than 70 or poor postsurgical seizure control. Data on patient age at testing
and the age of epilepsy onset were collected and when the age of epilepsy onset was not
reported this was estimated, where possible, by subtraction of patient age at testing from

epilepsy duration.
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Nonverbal memory tests were included if they had published manuals or journal
articles containing normative data in healthy or clinical samples, and/or psychometric
validation data specifically in patients with unilateral TLE (e.g., test-retest reliability,
convergent validity with other memory tests, factor structure, etc.). Tests with elements that
may be nameable (e.g., the simple designs in Visual Reproduction or the colours in the
design-colour stimuli in Visual Paired Associates from WMS-R) were included since the
material itself was not explicitly verbal, whereas tests containing explicitly verbal material

were excluded (e.g., face-name associations in Loring et al., 2000).
2.2 Categorisation of studies by type of material and task

Nonverbal memory tests reported in reviewed studies were categorised according to
two main factors: 1) type of material (designs, faces, mazes, navigational, positions, scene),
and 2) task demands which were comprised of the subcategories a) type of learning trial
(single, repeated) and b) delay before memory testing (immediate, learning, retention,
delayed). Within material types, design stimuli could be either abstract or simple, but were
excluded if they involved drawings of known and easily nameable objects or places since
such stimuli strongly draw upon verbal memory. Similarly, mazes, navigational, and scene
memory tasks could not involve demands to remember verbally labelled items (e.g., to recall
street names). Face materials could not be those of famous people, nor could the memory task

involve recognition of emotional expression.

Within task demands, the designs category was further subdivided by the type of
learning trial. For example, stimuli exposed for a single trial such as the Rey Complex Figure
Test were categorised as designs-single, while stimuli repeatedly exposed across multiple
trials such as the Rey Visual Design Learning Test (RVDLT; Rey, 1999) were categorised as
designs-repeated. Design memory was further subdivided by the delay before memory
testing. For example, VR I which tests memory immediately after presentation was included
within designs-single-immediate while VR II, which tests memory after a delay, was included

within designs-single-delayed, while percent retention measures were included as designs-
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single-retention. Unlike designs-single, for design-repeated measures there were often a
mixture of recall and recognition measures, therefore the delay before memory testing was
also indicated as recall or recognition as appropriate. The same subcategories were applied to
the remaining material types where applicable. For completeness, in addition to these
categories, composite index scores of nonverbal memory involving a mixture of material
types and task demands (e.g., faces and scenes from the WMS-III) were analysed and

reported separately.

Many of the included studies presented data from multiple nonverbal memory tests.
Hereafter, “test” refers to a particular clinical memory test (e.g., VR) while “measures” refers
to a particular measure of a test (e.g., VR I). If a study reported multiple measures from tests
that differed by material type (e.g., VR II and Faces II), they were each included into their
respective separate categories. Similarly, if a paper reported different measures from a
particular test that belonged to separate subcategories, as the data were never combined we
permitted inclusion of each measure into their respective subcategories (for example, VR 1
into designs-single-immediate and VR 11 into designs-single-delayed). However, when a
particular study reported multiple measures of the same test that also belonged within the
same subcategory (e.g., Correct and Errors scores from the Benton Visual Retention Test
[BVRT] both fit into designs-single-immediate), we selected only one of the scores for
inclusion into that subcategory. The outcome measure chosen was determined by its relative
similarity with other measures in the subcategory, prevalence in the neuropsychological and
epilepsy literature and on psychometric grounds (i.e., the Correct score for BVRT would be
chosen over Errors due to its greater similarity to other measures within designs-single-
immediate). When patients were tested multiple times following surgery, the follow-up closest
to one year was selected. For studies that featured subgroups of TLE patients, only subgroups
that satisfied our selection criteria were included. If multiple within-study subgroups satisfied

inclusion criteria, these data were pooled into one group using the following formulae:
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Mpooiea = M1 (=) + M2, () (1)

ni+n2 ni+n2

SDpooted =/ ([SD12. (n1 — 1) + SD22. (n2 — 1)]/[n1 + n2 — 2]) )

where Mpooled and SDpooled are the pooled mean and standard deviation, respectively, and M1,
SD1, nl and M2, SD2, n2 are the means, standard deviations, and sample size of the first and
second groups, respectively. When more than two within-study groups were pooled, this

process was repeated until all groups were combined.

We included all presurgical data into the same dataset, regardless of whether the study
also presented postsurgical data, and vice versa for the postsurgical data. As a result,
presurgical, postsurgical, and postsurgical change datasets did not contain completely
independent patient samples. However, we considered this preferable to an alternative in
which the rejection of datasets had to be determined post hoc in order for patient groups to be

fully independent.
2.3 Statistical analysis

For each included nonverbal memory measure, pooled standardised mean differences
(Cohen’s d; Cohen, 1977) and pooled variance were calculated for: 1) left- versus right-
hemisphere presurgical patients, 2) left- versus right-hemisphere postsurgical patients, 3)
presurgical versus postsurgical left-hemisphere patients, and 4) presurgical versus postsurgical
right-hemisphere patients. The direction of the effect size was negative if the right hemisphere
patients performed worse than the left hemisphere patients, or if performance declined

following surgery.

From these d values, meta-analyses of each subcategory and individual test was then
performed separately for the presurgical, postsurgical, postsurgical change (left TLE), and
postsurgical change (right TLE) samples. The pooled d value weighted by sample size, was
calculated using a random-effects model since we anticipated clinical and test-related

heterogeneity among the studies (Hunter & Schmidt, 2000), along with the standard error,
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95% confidence intervals, and significance testing (z with p values). However, when a meta-
analysis comprised only a single study the fixed-effects model (weighted for sample size) was
used to calculate a study-specific d, since by definition the effect of study is fixed because
there is no variation. The magnitude of effect sizes was appraised according to the review of

Lipsey and Wilson (2001): (i.e., small: less than 0.3, medium: 0.3 to 0.7, large: > 0.7).

Heterogeneity was estimated using the Q-statistic and for meta-analyses, which used
the random-effects method, we also calculated /2, the percentage of the total variability in the
effect size estimates (which is composed of heterogeneity and sampling variability) that can
be attributed to heterogeneity among the true effects, using restricted maximum-likelihood
estimation (see Viechtbauer, 2005 for details). To determine the possible impact of bias due to
the selective publication of significant over non-significant results, fail-safe N values were
calculated for each meta-analysis, using the following formula: N = k(d — d.) / d. , where k =
the number of studies in the meta-analysis, d = the average effect size for the studies
synthesised, and d. = the criterion value selected that d would equal when some knowable
number of hypothetical studies N were added to the meta-analysis (Orwin, 1983). The value
of d. was set at 0.01 since based on previous reviews effect sizes were expected to range from
only small to medium for most analyses (e.g., Vaz, 2004). The resulting measure, N,
therefore represents the number of unpublished studies with effect size of 0.01 that would be
needed to be added to the meta-analysis to make the significant effect nonsignificant. All

analyses were conducted using R (version 3.2.2, Windows) using the metafor package.
3. Results

Figure 1 shows a summary of the literature search that resulted in 152 relevant studies.
Details of all included studies are in Supplementary Table 1 in the Appendix, including the
neuropsychological tests in each, the number of participants per study and their age at testing
and the age of epilepsy onset. Of the studies included (k = 152), the breakdown by patient
type was as follows: presurgical (k= 129), postsurgical (k= 79), postsurgical change (k = 56).

There were few tests within each of the mazes, navigational, and positions material types, so
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these were combined into a single group (spatial) which were subdivided further into spatial-

learning and spatial-delayed subcategories. For scene memory the included data was almost

exclusively from the Family Pictures subtest of the WMS-III, so these data were analysed as

individual tests.

19280: records identified through

20: additional records identified
database searching through neuropsychological text

books

6431: title and abstracts screened for
eligibility after duplicates removed

A 4

326: articles met basic
inclusion criteria

A 4

6105: records were
irrelevant
(e.g., not human, child-
only studies, no
neuropsychological
testing)

A 4

152: studies included in
meta-analysis

A 4

174: full-text articles
excluded
(e.g., patients were not
surgery candidates, data
not in meta-analysable
form, results already
reported in another
article)

Fig 1. Summary of the literature search and process of inclusion and exclusion of studies (numbers of

records in bold).
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3.1 Results grouped by category of material and task demands
3.1.1 Presurgical patients

Figure 2A shows mean pooled d values and confidence intervals for each category of
nonverbal memory test for presurgical patients, along with k&, N, Z, p, O, and F (see
Supplementary Table 2 in Appendix of complete descriptive and test statistics for presurgical
data). The figure shows that across all material types and subcategories therein, right-sided
TLE presurgical patients demonstrated a lowered performance compared to left-sided patients
(range of d from —0.04 to —0.60), though the effect sizes were predominantly small (overall
value was d = —0.16). The effect sizes showed significant lateralisation (left > right
performance) for designs-single-delayed, d = —0.14, p = .008, designs-repeated-learning, d =
—0.25, p <.001, and designs-repeated-delayed recall, d =—0.27, p = .03, and faces-
immediate, d =—0.22, p = .002. In contrast, while spatial-learning showed by far the largest
mean effect size, d = —0.60, this was not significant, p = .09. Taken together, the small
performance difference in favour of left-over right-sided presurgical patients for nonverbal
memory did not appear to be strongly affected by the type of material or by task demands

(either the type of learning trial or delay before memory testing).
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A.Presurgical - Left versus Right TLE

k N:L/R z p Q 1
<L . L<R
DESIGNS Immediate —— 61 2157 /2019 0.50 62 203.56 78%
Single Delayed Recall l—l—l 68 3082 /2971 2.88 008 239.44 65%
Trials .
% Retention —a— 18 981 /850 1.32 19 83.76 91%
Learning - —a— 31 943 /899 3.67 <.001 58.95 50%
Repeated :
Trials Delayed Recall ——: 16 688 /643 2.17  .03* 58.15 75%
Delayed Recog -] I—H 10 382 /396 1.42 16 6.81 0%
Immediate —a— 26 7381673 3.11 002 39.98 37%
FACES :
Delayed —a— 11 254 /245 1.63 10 8.35 0%
Learning = - 8 216 /198 1.72 .09 49.08***  90%
SPATIAL :
Delayed ] —a— 5 166 /164 0.46 .64 10.60 63%
OVERALL . 254 9679 /9119 5.52  <.001*** 784.99*** 69%
1 1 i 1
-1.5 1.0 -0.5 0.0 0.5
Pooled d
B. Postsurgical - Left versus Right TLE
k N:L/R z p Q ?
<L . L<R
DESIGNS Immediate - —a— 34  1005/1039 -1.46 14 94.33%**  67%
Single Delayed —a— 42 1850/1837 -3.04  <.001*** 209.54*** 72%
Trials % Retention - —— 7 185 /150 1.66 .10 7.92 23%
Learning - —a— 15 514 /501 3.04 .002 26.50 47%
Repeated .
Trials Delayed Recall —a— 5 368 /348 1.54 12 7.60 50%
Delayed Recog — 4 228 /210 0.26 .79 5.17 43%
Immediate —— 17 368 /380 5.64  <.0001*** 26.20 30%
FACES
Delayed ] —La— 5 125 /133 3.04 <.001*** 1.34 0%
Learning = 2 66 /74 -0.81 .42 2.09 52%
SPATIAL
Delayed —a— 3 100/118 -2.67 .008** 0.00 0%
OVERALLA HEH 134 4889 /4854 -6.41  <.0001*** 415.05*** 64%
1 L i 1
-1.5 1.0 0.5 0.0 0.5
Pooled d

Fig 2. Standardised effect sizes (Cohen’s d) and 95% Cls for nonverbal memory tests, categorised by

material (and by type of learning trial for design materials) then by the delay before memory testing.

A: presurgical patients. B: postsurgical patients. Negative effect sizes indicate poorer performance for

right-sided than left-sided TLE patients. Sample size (k, studies and N, patients), inferential statistics

(Z, z-value test statistic, p, p-value of significance test) and heterogeneity statistics (0, heterogeneity

test, I, percentage heterogenity attributable to true effects) are provided on the right. * p < .05, ** p

<.01, *** p < 001.

3.1.2 Postsurgical patients

Meta-analyses of nonverbal memory data from postsurgical patients revealed that

mean d ranged from —0.04 to —0.53, with an average of -0.24 overall (see Supplementary

Table 3 in Appendix for complete postsurgical results). Figure 2B shows that for design
memory, the size and pattern of d was similar to presurgical patients, and the effect sizes for

designs-single-delayed, d = —0.12, p = .002, and designs-repeated-learning, d = —0.29,

p =.002, were significant. Notably, the effect sizes for face and spatial (delayed) memory
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were on average larger than those for design memory, specifically: faces-immediate, d =
—0.53, p <.001, faces-delayed, d = —0.38, p = .002, and spatial-delayed, d =—0.37, p = .008,
were significant while spatial-learning, d =—0.27, p = .42 was not significant. Overall, for
postsurgical patients the effect sizes of lateralisation (left > right) were medium in size for
face memory and spatial delayed memory, while they were small in size for design memory.

However, there was no clear-cut effect of task demands within or across material types.

3.1.3 Postsurgical change

Figures 3A and 3B present the pooled effect sizes for pre-post differences in memory
performance for left-and right-resected patients, respectively, for each category of nonverbal
memory test (see Supplementary Table 4 in Appendix for complete pre-post results). For left-
resected patients the overall pattern indicated a small improvement in nonverbal memory due
to surgery, d =—0.37, p <.001, which was significant for faces-immediate, d = 0.29, p = .002,
faces-delayed, d = 0.40, p = .02, and designs-single-delayed, d = 0.13, p = .04. For right-
resected patients the overall pattern showed no change, d = —0.02, p = .45, with only
categories of tests with significant effect sizes were designs-repeated-delayed recognition, d =
0.26, p = .008 (postsurgical improvement), and designs-repeated-learning, d =—0.24, p
=.009 (postsurgical decline). The spatial-delayed group showed the numerically largest mean
decline for right-resected patients d = —0.26, but consistent with the similar right-lateralised

pattern in postsurgical data this did not reach significance, p = .10.

When comparing the postsurgical changes between left-and right-sided patients, only
faces-immediate showed non-overlapping estimates (left: 0.11 to 0.47, p = .02; right: —0.33 to
0.02, p =.09). Overall, the data showed a subtle improvement in nonverbal memory following
left-sided surgery especially for face memory, and a lack of change following right-sided
surgery (with the exception of a mixed pattern of improvement and decline between different
design-repeated tasks). These postsurgical changes did not appear to be strongly affected by
the type of nonverbal material or task demands with the exception that faces-immediate, but

not faces-delayed, showed a significant difference between left- and right-sided patients.
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A. Postsurgical change - Left TLE
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Fig 3. Standardised effect sizes (Cohen’s d) and 95% Cls for nonverbal memory tests, categorised by

material (and by type of learning trial for design materials) then by the delay before memory testing.

A: postsurgical change, left TLE patients. B: postsurgical change, right TLE patients. Negative effect

sizes indicate a decline in postsurgical performance. Sample size (k, studies and N, patients),

inferential statistics (Z, z-value test statistic, p, p-value of significance test) and heterogeneity statistics

(O, heterogeneity test, I, percentage heterogenity attributable to true effects) are provided on the right.

*p<.05,** p<.01, *** p < .001.

3.2 Results by individual tests

Due to their prohibitive numbers, meta-analyses of individual tests are not presented

graphically and are instead summarised here (see appropriate Supplementary Tables in

Appendix for complete results).

3.2.1 Design memory (single trials)

For single trial design memory, there were thousands of patients with most tested by
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VR, RCFT or both. Despite frequently showing highly significant effect sizes the magnitude
of the effect sizes (left — right) for these tests were generally small (e.g., d =—0.18, p <.001
for VR 1II in postsurgical patients) suggesting the significance levels derived largely from the
size of the samples than necessarily from the reliability of the effect. Postsurgical change was
also small and did not differ between left-and right-sided patients. The BVRT showed
predominantly small and unreliable differences and the only significant change was a

postsurgical decline for right-sided patients, d =—0.31, p = .02).
3.2.2  Design memory (multiple learning trials)

For repeated trial design memory, there was a wide variety of tests and considerable
variability in the effect sizes. For measures in the learning subcategory (most commonly, the
measure was the sum total of all learning trials), the Design Learning subtest from the Adult
Memory and Information Processing battery (DL-AMIPB) showed a medium-sized right-
lateralisation effect in presurgical patients, d = —0.49, p <.0001, and postsurgical patients, d =
—0.48, p <.0001. In contrast, DL-AMIPB learning measures showed very small and
nonsignificant postsurgical changes for both left- and right-sided patients (i.e., ds between 0
and —0.05), while learning measures from the Diagnostikum fiir Cerebralschadigung (DCS)
test showed significant decline for right-sided patients, d =—0.49, p = .01. The learning
measure from the Figure Learning subtest (FL-AMIPB) showed a large and significant effect
for presurgical patients, d = -1.40, p <.01; however, this was based on a single study with a
small sample. Despite some other medium-to-large effect sizes, no other individual test from

this category showed a significant effect.

A number of measures in the delayed subcategory showed significant effect sizes in
presurgical patients: FL-AMIPB, d =—0.74, p <.001; DL-AMIPB, d =—-0.47, p = .02; DCS,
d =—0.86, p = .04, and the Rey Visual Design Test (RVDT), d = —0.86, p <.03. However,
caution is urged for interpreting the DCS and RVDT findings since they are each based on one
study. Delayed memory measures from the Rey Visual Design Learning Test (RVDLT, not to

be confused with the RVDT) showed a significant pre-post improvement in left-sided
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patients, d = 0.32, p < .01, but no difference for any other patient group.

Results from the delayed recognition subcategory measures were mixed. For the
RVDLT, right-sided postsurgical patients performed significantly more poorly than their left-
sided counterparts, d =—0.29, p = .04, but left-sided pre-post patients showed a significant
improvement, d = 0.49, p <.001. In contrast the recognition measure of the DCS showed

significant improvement for right-sided pre-post patients, d = 0.47, p < .01.

3.2.3 Face memory

In the immediate subcategory WRMT-Faces showed a marginally significant
difference in presurgical patients, d = —0.17, p = .06, a medium-sized difference in
postsurgical patients, d = —0.59, p <.0001, and small improvement in left-sided postsurgical
patients, d = 0.23 [0.02 to 0.44], p = .03, that did not overlap with a small-to-medium decline
in right-sided postsurgical patients, d = —0.30 [-0.51 to —0.08], p <.01. Other face memory
tests showed medium-to-large differences in presurgical patients (Dade Face Learning Test,
d=-1.05, p <.01, Denman Facial Recognition Test, d = —0.50, p = .01; £ =1 in both of
these), and in postsurgical patients: Faces I subtest of the WMS-III, d = —0.56, p = .03;
Graduate Hospital Facial Memory Test (GHFMT), d = —0.49, p = .02. As on the WRMT-
Faces, left-sided pre-post patients showed significant improvement on the GHFMT, d = 0.50,
p =.02. For faces-delayed measures only Faces II (WMS-III) showed significant right-

lateralisation for postsurgical patients, d =—0.37, p = .02.

3.2.4  Spatial memory

For measures in the /earning subcategory the following tests showed significant
effects in presurgical patients: Austin Maze, d = —0.86, p = .02; Brown Location Test (BLT),
d=-1.56, p <.01; and the Route Learning Test, d = —2.65, p <.0001. However, there were
no significant effects in postsurgical or pre-post patients. Among delayed measures, the BLT
showed a significant effect for presurgical patients, d = —1.04, p = .04, but despite the overall

significance of the spatial-delayed category for postsurgical patients none of the individual
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tests reached significance in isolation (though the 7-24 Spatial Learning Test was marginal at
p =.05). Right-sided patients had significant postsurgical decline on the Nonverbal Selective

Reminding Test, d =—0.44, p = .04.

3.2.5 Uncategorised tests

In this section results are summarised from tests that did not fit into the categories
above. The only notable findings among this group was the very large effect size of the Doors
test (best categorised as scene memory) in postsurgical patients, d = —2.00, p <.0001, and a
large effect size for the total score of Designs I (design-location association) from the WMS-
IV, d =-1.00, p = .03, both from single studies. In contrast, the Family Pictures (I and II)
subtests from the WMS-III, (scene memory), and Visual Paired Associates (VPA) I and II
subtest from the WMS-R (design-colour association) did not show any significant lateralised

effects (see Supplementary Table 5 in Appendix for complete results).

3.3 Composite measures

From the WMS-III the Visual Immediate index (VII) and the Visual Delayed index
(VDI) showed significant effect sizes for presurgical and postsurgical patients (ds from —0.24
to —0.45, ps <.02), but not for postsurgical change. Results from single studies indicated a
large effect for a customised combination of Wechsler subtests (VPA Il and WMS-III
measures - VR-II, Faces II, Family Pictures II) in postsurgical patients, d = —0.87, p = .01 (see
footnotes to Supplementary Table 6 in Appendix for details and complete results for
composite measures). None of the composite measures showed significant effect sizes for

postsurgical change.

3.4  Heterogeneity

In general, there was a high level of heterogeneity within the different categories of
nonverbal memory test, as reflected by highly significant O values in Figures 2 and 3 (see
Supplementary Tables 2 to 6 in Appendix for equivalent measures for individual tests). These

must be interpreted with the caveat that estimates of heterogeneity become highly imprecise
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with small sample size (Viechtbauer, 2005). The pattern of I* values indicated that, for many
categories, the majority of the heterogeneity was explained by true variation in the effect size,
relative to variability between the study samples. Categories of test in postsurgical patients
with a reasonable sample size (i.e., k> 15) and relatively small /* values (hence, relatively
consistent effect sizes) include designs-repeated-learning (Q =29.47, p = .01, I’ = 49%) and
faces-immediate (Q = 26.20, p = .05, I = 30%). Notably, the latter only demonstrated
borderline significant heterogeneity, conceivably due to the predominance of studies of
WRMT-Faces (11/17) in this category. By comparison, designs-single-immediate had
approximately double the sample size (k = 34) but greater heterogeneity which in addition

was predominantly explained by variance in the effect size (Q = 94.33, p <.001, I’ = 67%).
3.5  Publication bias

For each significant effect size, the calculated fail-safe N (the estimated number of
additional studies with effect size of 0.01 to reverse the significance of the effect) was well in
excess of the number of unpublished studies reasonably hypothesised to exist that had such a
low effect size (see Supplementary Tables in Appendix). This indicates that each of the

observed significant effects are highly unlikely to be explained by publication bias.
4. Discussion

The goal of this paper was to examine whether different attributes of
neuropsychological tests of nonverbal memory influenced their ability to discriminate right-
from left-sided temporal lobe patients. The overall pattern of results showed four things 1)
Patients with right TLE performed worse on all types of nonverbal memory tests than patients
with left TLE, in both the presurgical and postsurgical patient groups, but overall the effect
sizes were small. 2) For presurgical patients, effect sizes were consistently small for all types
of nonverbal memory test; however, for postsurgical patients the differences were medium-
sized for face memory and spatial (delayed) memory. 3) Postsurgical changes showed an
overall pattern of mild improvement in left-sided patients and no change in right-sided

patients, with only face memory tasks clearly dissociating left-sided patients who improved
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more than right-sided patients who showed a marginally significant trend to decline. And 4),
there was no consistent effect of task demands (type of learning trial or delay before memory
testing) in any patient group. Our results update and expand upon similar findings from
previous meta-analyses showing greater sensitivity of face memory tests to right temporal
lobe pathology compared with design memory (Sherman et al., 2011; Vaz, 2004). The results
also support previous evidence that experimental spatial memory tasks have an ability to
detect right hippocampal pathology and extend these findings to clinical tests of spatial
memory (e.g., Kessels et al., 2001). The data further suggest that task demands such as the
type of learning trial or delay before memory testing may have comparatively little impact on

lateralisation (cf. Majdan et al., 1996).

Results from individual tests are now considered to further explore these category-
level findings. For face memory different tests showed medium-sized right-lateralisation
effects in presurgical patients (Dade Face Learning Test; Denman Facial Recognition Test) in
postsurgical patients (WRMT-Faces; Faces I and II; Graduate Hospital Facial Memory Test)
and for differences in postsurgical change (WRMT-Faces). Notably, the WRMT-Faces was the
only individual test to show a significant hemispheric dissociation in postsurgical change.
Individual tests of spatial memory were mostly supported by single studies, with the 7/24
Spatial Learning Test appearing in only two studies. Within the spatial memory category,
there was a wide range of effect sizes, including some within the large range (e.g., in
presurgical patients, Austin Maze, d = —0.86, BLT, d = —1.56, Route Learning Test, d =
—2.65), despite only marginal significance of the spatial learning category overall.
Conversely, for postsurgical patients, despite the overall significance of the spatial delayed
memory category, none of the individual measures within this category reached significance
(7/24 Spatial Learning Test was marginal at p = .05). In sum, although our results suggest the
promise of spatial memory tests for assessing right temporal lobe damage, particularly in
presurgical patients for which there is the biggest clinical need, more replication is required to

consider them appropriate for clinical use.
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For design memory, it was notable that consistent with an earlier review (Sherman et
al., 2011) the only tests to show significant and medium-sized right-lateralisation effects were
those with multiple learning trials: DL-AMIPB (learning and delayed recall measures) in both
presurgical and postsurgical patients and DCS (learning) for postsurgical decline in right-
sided patients. There were mixed findings from the many other tests with multiple learning
trials and we speculate that differences in the particular stimuli (e.g., novelty of designs), or
testing method (e.g. recall or recognition), may have contributed to the mixed findings. While
supported by a very large number of studies, design memory tests with single learning trials
(e.g., VR, RCFT) failed to show any significant effects of medium or large size. Consistent
with previous reviews (Vaz, 2004), the immediate memory subcategory of design memory
tests performed numerically the worst (ds < 0.12 for all patient groups). For tests that were
not classified there were mixed results (i.e., large effects for Doors test, and no effect for

Family Pictures or Visual Paired Associates).

In general, taken across all three types of nonverbal material, there was no consistent
advantage of using delayed memory measures over immediate memory measures, or in using
tests with multiple learning trials over tests with single learning trials. For example, in
postsurgical patients, testing memory for faces immediately after learning showed better
categorisation of postsurgical change due to right-sided versus left-sided resection compared
to delayed memory, while spatial delayed memory was able to distinguish right- from left-
sided postsurgical patients than spatial learning. These findings suggest that material type is
more important in eliciting right temporal lobe involvement than the task demands, or any
specific combination of stimulus type and task demands (c.f. Majdan et al., 1996). Caution is
urged in extrapolating these findings to clinical situations, however, as the effect of task
demands were only grouped within subcategories of stimulus types rather than as a cross-
stimulus category (e.g., “immediate memory” including abstract design and face stimuli
versus “delayed memory” including designs, faces, and spatial stimuli). It was believed that

the inevitable confounding of stimulus type with task demands, and the overt numerical
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dominance of designs per se, prevented a sensible interpretation of this type of grouping.
There may also be complex interactions between the type of stimulus and task demands that

are not yet understood.

This study updated and expanded upon previous meta-analyses, and the novel
contribution of this work was its inclusion of a wider variety and number of
neuropsychological tests, and the use of presurgical, postsurgical and pre-post samples. The
latter allowed clearer inferences to be made regarding the differential impact of the epilepsy-
related pathology itself versus the impact of surgery, both of which are important
considerations for the clinician in assessing the risk of memory decline. Specifically,
presurgical right TLE patients showed poorer nonverbal memory than left-sided patients, but
these effects were small and were not moderated by the particular type of material or task
demand. By contrast, the combined impact of TLE and surgery itself is associated with a

larger decline in face and spatial memory than design memory.

One possible explanation for the difference may be that the postsurgical sample had
more severe temporal lobe dysfunction prior to surgery than did the presurgical sample. This
could occur for two reasons. Firstly, while studies of presurgical patients were only included
if patients had been tested to assess their appropriateness for surgical intervention, in some
studies it was not known whether they eventually underwent surgery. The much larger number
of studies with presurgical compared with postsurgical patients supports the notion that not all
presurgical patients eventually underwent surgery. Secondly, it is possible that patients were
more likely to be tested following surgery if they were at higher risk of memory loss,
compared to patients with lower risk of memory loss. The combined effects of one or both of
these potential sampling biases within the studies included in this meta-analysis may have led
to an overall greater severity of dysfunction in postsurgical than presurgical samples, in turn
leading to an increased ability to detect differences in performance between the different types
of stimuli. To test between these possibilities future studies could compare presurgical

patients with and without hippocampal damage, since the former would be expected to
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perform relatively more poorly with face and spatial memory tasks than with design memory
tasks. Similarly, a comparison of patients following standard anterior temporal lobectomy,
which typically removes some ventrolateral structures, to those following selective

amygdalohippocampectomy (SAH) techniques, could also cast more light on this issue.

Another important consideration is that standard anterior temporal lobectomy may
damage functional tissue that is not affected by seizures within and outside of the medial
temporal lobe. Among these the right ventrolateral temporal cortex, which contains the
inferior temporal and fusiform gyrus, has been linked to the perception of unfamiliar faces
(e.g., Kanwisher, McDermott, & Chun, 1997). Therefore, a primary or concurrent face
perception deficit due to surgery may confound or at least contribute to the greater face
memory deficits for right-sided postsurgical patients, relative to presurgical patients.
However, since damage exclusively to the right hippocampus has also been linked to deficits
in face memory the removal of adjacent structures cannot be assumed to confound the results
(e.g., Haxby et al., 1996). For spatial memory, most evidence implicates right parietal rather
than right temporal regions in lower-level spatial processes (Langner & Eickhoff, 2013; van
der Ham, Postma, & Laeng, 2014), although interestingly there is increasing evidence of the
critical involvement of right ventrolateral regions in spatial attention (Shulman et al., 2010).
In general, the performance of a memory task for faces or spatial material relies on a
distributed network of brain areas, and surgical resection may disrupt this network by the

removal and/or disconnection of tissue that are functionally important.

Although not the primary focus of this study, for patients in which postsurgical change
was measured, we found mild improvements in nonverbal memory following left-sided
temporal lobe resection. This result supports previous findings and also complements reports
of improvement in verbal memory function after right-sided resection (Baxendale, Thompson,
& Duncan, 2008). However, in our analysis the improvement appeared larger for faces than
designs or spatial memory. Taken together, these improvements conceivably occur through an
increased ability of the right side to process the material (particularly faces) following the
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elimination of uncontrolled seizures that spread from the left to the right hemisphere (e.g., see
Novelly et al., 2004). Alternatively, they may indicate that faces are more verbalisable than
designs or spatial arrays, since left-sided pathology presumably impairs the ability to verbally
encode a nonverbal stimulus. This important question merits further investigation, perhaps
using the transcranial magnetic stimulation method in which the left or right side of the
temporal lobe of healthy participants could be given a temporary ‘virtual lesion’ in order to
assess their differential ability to verbalise different types of nonverbal materials. In any case,
these improvements in face memory highlight a potential positive outcome following left-

sided surgery, contrasting with the risk of decline to verbal memory (Sherman et al., 2011).

One potential limitation of our study was the partial repetition of memory testing in
some patients, specifically in those tested at both presurgical and postsurgical stages. In
addition, there was repetition of different memory tests within the same patients, as well as
repetition of multiple measures within specific memory tests (e.g., immediate and delayed
recall measures from the WMS) in some instances. However, we considered correction for
multiple comparisons (e.g., Bonferroni) inappropriate for the meta-analysis for a number of
reasons. Firstly, we focused on the size of effects rather than statistical significance per se, as
the former is more clinically relevant, while the latter, in the context of very large samples,
was predominantly an index of sample size. Indeed, many of the highly significant results
derived from very large samples but were associated with the smallest effect sizes (e.g., for
design memory tasks with single learning trials), which indicated that while the effects were
very reliably small, they were not of a clinically meaningful magnitude. We attempted to
maximise the interpretability of our data by showing data for postsurgical change in addition
to data from the overall presurgical and postsurgical groups. In this vein, we did not also
compare performance of patients on nonverbal memory tests with verbal memory tests, since

we considered this outside the scope of this review.
4.1 Conclusion

In sum, this meta-analysis revealed that particular kinds of neuropsychological tests of
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nonverbal memory showed greater ability to detect right temporal lobe damage due to
surgery, namely tests of face memory and spatial memory compared to design memory. By
contrast, task demands including the type of learning trial and the delay before memory
testing had no meaningful effect on the degree of lateralisation. The only individual test to
reliably lateralise postsurgical memory changes was the Warrington Recognition Memory
Test for Faces. Our findings have ramifications for the choice of measure in the clinical
assessment of unilateral temporal lobe epilepsy patients and also on the design of future

measures for this purpose.
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Appendix

Glossary of terms for tables

Tests:
7/24 SLT:
AFLT:
AustMaze:
BFLT-E:
BLT:
BVMT-R:
BVRT:
DCS-I:
DCS-M:
DCS-R:

Designs WMS-IV:

DL _AMIPB:
Doors D&P:
Fac_ALSTER:
Fac_ DADE:
Fac DENMAN:
FacDsc FAB:

Faces. WMS-III:
FacRMT_ WARR:
FamPic WMS-III:
FL_AMIPB:
GHFMT:

LGT-3:
NVM_FACT:

NVSRT:
PMQ_ WMS-I:
RCF:

RCF/AFLT DIl Composite:

RCF/VRIL._ WMS-R:

ReccFLT:
Route RBMT:
RouteLT:
RULIT:
RVDLT:
RVDT:
Shapes D&P:

TopogRMT CAM:

VDI WMS-III:

VDI WMS-III_SP:

VDLT:

VGT:

VII. WMS-III:
VII. WMS-III_SP:

VisPA_ WMS-R:
VM _FACT:

7/24 Spatial Learning Test

Aggie Figure Learning Test

Austin Maze

Biber Figure Learning Test - Extended

Brown Location Test

Brief Visuospatial Memory Test - Revised

Benton Visual Retention Test

Diagnostikum fiir Cerebralschadigung

Diagnostikum fiir Cerebralschiadigung (Modified)

Diagnostikum fiir Cerebralschiddigung (Revised)

Designs - WMS-IV

Design Learning - Adult Memory and Information Processing Battery

Doors test - Doors & People test

Alsterdorfer Faces Test

Dade Face Learning Test

Denman Facial Recognition Test

Facial Discrimination subtest (adapted from subtest 1 of the Florida Affect
Battery)

Faces - WMS-III

Warrington Recognition Memory Test for Faces

Family Pictures - WMS-III

Figure Learning - Adult Memory and Information Processing Battery
Graduate Hospital Facial Memory Test

Lern- und Gedéchtnistest-3

Nonverbal Memory Factor (VisPA WMS-R: VR-II. WMS-III: Faces WMS-
I1: FamPic_ WMS-III)

Nonverbal Selective Reminding Test

Performance Memory Quotient

Rey Complex Figure test

Rey Complex Figure test and/or Aggie Figure Learning Test (Delayed
Measures)

average of Rey Complex Figure test (Delay) and VR-II

Recurring Figures Learning Test

Remembering a new route - Rivermead Behavioural memory Test

Route Learning Test

Ruff-Light Trail Learning Test

Rey Visual Design Learning Test

Rey Visual Design Test

Shapes test - Doors & People test

Topographical Recognition Memory Test - Camden Memory Test battery
Visual Delayed memory Index (Faces II: Family Pictures II)

Visual Delayed memory Index - Standardization Protocol: (Dot Location II:
Visual Reproduction II: Faces II: Design Location II: Family Pictures II: Picture
Naming II)

Visual Design Learning Test

Visual Gestalt Test

Visual Immediate memory Index (Faces I: Family Pictures I)

Visual Immediate memory Index - Standardization Protocol (Dot Location I:
Visual Reproduction I: Faces I: Design Location: Family Pictures I: Picture
Naming):

Visual Paired Associates - WMS-R

composite measure made up of Warrington Faces (total score), Rey Visual
Design Learning Test (Sum of Learning Trials 1 to 5), and Spatial Conditional
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VMI_MAS:
VMI_WMS-IV:
VMI_WMS-IV:

VR _MAS:
VR_WMS-I:

VR_WMS-I RUS:

VR_WMSH-III:
VR_WMS-R:
VRecog MAS:
VSLT:

VSRT:

Test measures:

Associative Learning Task (total trials to criterion)

VM _WMS-R: Visual Memory quotient (Figural Memory: Visual Paired
Associates I: Visual Reproduction I)

composite measure from VR_MAS and VRecog MAS

Visual Memory Index - WMS-IV

Visual Memory Index (Designs I: Designs II: Visual Reproduction I: Visual
Reproduction II)

Visual Reproduction - Memory Assessment Scale version

Visual Reproduction - WMS-I

Visual Reproduction - WMS-I (Russell Revision)

Visual Reproduction - WMS-III

Visual Reproduction - WMS-R

Visual Recognition test - Memory Assessment Scale

Visual Spatial Learning Test

Visual Selective Reminding Test (precursor test to version in TOMAL-2
battery).

Im: Immediate
Dl: Delayed
Pc: Percent Retention

Lm: Learning
Cap: Capacity
Rcg:  Recognition

Cor: Correct
Er: Error

CLTR: Continuous Long Term Retrieval
Rep:  Reproduction
Lt: Long Term

Tr6: Trial 6

Dscr:  Discrimination
TOTAL: meta-analysis of entire category.

Statistics:
k: number of studies
N: number of patients
d: pooled estimate of effect size (Cohen’s d)

CI lo: lower bound of 95% confidence interval
CI _up: upper bound of 95% confidence interval

z: z-test for significance of effect size

p p-value for z-test

Nfs:  fail-safe N

0: test for heterogeneity

0O p: significance of test for heterogeneity

P percent of total variability explained by heterogeneity.
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Supplementary Table 1. Details of studies included in the meta-analysis

First author Year N-pre L\R N-post L\R Age L\R Epilepsy onset L\ R Surgery Tests
Abrahams 1999 25\22 30.6\32.0 59\17.8 RCF
Adda 2008 22\26 37.2\38.2 10.5\11.5 RCF
Akanuma 2003 51\47 29.2\324 82\11.7 RCF
Alessio 2006 20\ 19 VM_WMS-R
Alessio 2013 8\8 37.6\40.3 54\6.5 VM_WMS-R
Araujo 2009 32\20 39.1\40.1 VR_WMS-III; RULIT
Faces WMS-III; FamPic WMS-II
Baker 2003 63\36 34.5\32.6 14.4\17.6 I; VII. WMS-IIT; VDI_WMS-III
Bandt 2013 6\13 6\13 48.5\39.6 13.5\12.8 tmtg-SAH VR_WMS-III
Barnett 2015 12\ 14 35.9\36.2 19120.9 VM_FACT
Barr 1997a~ 57\48 31.3\33 13.2\15.8 Fac DENMAN; VM_WMS-R
Barr 1997a~ 33\32 7/24 SLT
VR WMS-R; VisPA WMS-R; VM
Barr 1997b 47\35 32.1\34.4 13.2\15.7 ~WMS-R
Barr 1997¢~ 187\ 168 32.3\32.4 11.8\13.5 RCF
Barr 1997¢~ 84\82 31.8\32.4 13.2\14.5 VR WMS-I RUS
Barr 1997¢~ 277\256 31.6\32.2 12.4\13.6 VR _WMS-R
Barr 2004 25\22 35.4\34.7 26.5\18.4 BVMT-R
Baxendale 1998 42\27 29.1\29.7 12.119.8 DL _AMIPB; FL_ AMIPB
Baxendale 2000 9\8 9\8 31.1\28.7 14.1\14.2 ATL FL_AMIPB
Baxendale 2008 132\ 105 132\ 105 31.1\32.7 9.4\9.7 ATL DL _AMIPB
Baxendale 2012 33\37 33\37 33.1\345 9.6\14.6 ATL DL _AMIPB
Baxendale 1997 28\24 28\ 24 ATL FacRMT_WARR
Bell 2005 22\20 34\40 13.9\13.1 VSRT
Bengner 2006 19\30 41\40 23\23» Fac ALSTER
Bianchin 2013 105193 105193 ATL VR WMS-R; RCF; RVDLT
Bigras 2013 25\19 359\423 17.7\25.47 FacRMT WARR
Binder 2008~ 58\59 58\59 34.4\40.3# 15.1\14.9# ATL 7/24 SLT
Binder 2008~ 59\ 62 59\ 62 34.4\40.3# 15.1\14.9# ATL VR WMS-I
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9.9\8.9

SAH or anteromedial
ATL

ATL+AH
Tailored lesionectomy
SAH

ATL or SAH
ATL or SAH

ATL
ATL
SAH
ATL

ATL

TPR w ts-SAH or SA
H
ATL or SAH or ATL-
AH+ or ATL-AH-

ts-SAH
ATL

SAH

ATL+AH or SAH

DL_AMIPB
FacRMT WARR
FL_AMIPB

RCF

VR_WMS-R; RCF; RVDLT
RCF; VSRT

DCS-R

DCS-R

BFLT-E

RCF

RCF; BVRT

RCF

RCF

VR_WMS-I

VR_WMS-I

VIIL WMS-IIT; VDI WMS-III
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DCS-R
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FacRMT_ WARR
VR_WMS-I
BVMT-R
AustMaze
FacRMT_ WARR
VR_WMS-I



601

Jutila 2014 44\ 54 44\ 54 34\34 14.0\ 12.0 ATL or tmtg-SAH VR_WMS-I; RCF

Kessels 2004 16\9 40.2\39.7 11.3\19.0 SAH VM_WMS-R
VR WMS-R; BVRT; FacRMT W
Kikuchi 2001 15\9 ARR
Kim 2003 24\40 30.8\28.6 16.2\14.0 RCF*
Kneebone 2007 42\38 42\38 ATL RCF
Knopman 2015 14\ 18 29.6\37.7 8.0\13.3 ATL NVM_FACT
Kubu 2000 5\2 5\2 ATL VR_WMS-I
La Cour 2006~ 12\12 43.1\37 VGT
La Cour 2006~ 26\ 34 31.7\31.8 ATL VGT
Lacritz 2004 25\25 34\36.7 VR_WMS-III
Lah 2004 15\15 33.5\33.9 9.8\12.7 ATL FamPic_ WMS-III
Lah 2006 15\14 37.8\42.7 18.1\26.6 FamPic_ WMS-III
Lah 2008 7\8 7\8 40.4\43.7 16.3\24.7 ATL RCF; FamPic WMS-III
Lambon Ralph 2010 3\2 40\ 39 37\36 ATL FacRMT_ WARR
Lambon Ralph 2012 9\ 11 33.8\35.6 16.9\9.6 ATL RCF*
Leijten 2005 34\ 46 34\36 34.41\36 11\9.0 ATL RCF*
VR _WMS-R; RCF; VisPA_ WMS-
Lespinet 2002 24\32 30.8129.2 9.9\11.0 R
VR_MAS; VRecog MAS; VMI
Loring 2000 51\50 31.2\31.8 11.2\12.7 MAS
Lutz 2004 40\ 40 40\ 40 3521383 10.6\11.8 ts-SAH or tc-SAH DCS-1
Malikova 2012 26\ 11 VM_WMS-R
Malikova 2014 43\32 43\32 ATL or SRF-SAH VM_WMS-R
Mantoan 2009 15\ 14 38.9\36.4 143\12.6 VR_WMS-R; RCF
Marquez de la Plata 2009 23\15 40.4\32.9 17.019.0 RCF
Martin 2002 25\30 25\30 ATL VR_WMS-R
Martin 1999a 22\25 31.5\32.6 15.7\11.5 VR_WMS-I
Martin 1999b 32\ 14 35.7\33 11.8\18.7 VR_WMS-I
McConley 2008 55\44 33.2\33.6 11.1\14.3 RCF
McCormick 2013 18120 9\10 36.2\37.3 15.8\19.3 ATL FacRMT_WARR
McDonald 2008 9\8 Faces WMS-III

Moore & Baker 2002 77\ 61 30.7\31.4 12.9\13.1 VR_WMS-R; VisPA_WMS-R; VM
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Data for age and epilepsy onset are mean years. * modification or adaptation of the standard test. * age of epilepsy onset calculated from participant age minus duration of epilepsy. # age/onset provided is from total sample which con
tains additional participants. ~non-equivalent samples within same paper

Surgery: +, including; -, sparing; w, with; AH, amygdalohippocampetcomy; ATL, standard 2/3 anterior temporal lobectomy or a tailored variant of this procedure; H, hippocampus; CAH, selective cortico-AH; SAH, selective-AH; SR
F-SAH, stereotactic radiofrequency-SAH; tc-SAH: trans-cortical SAH; ts-SAH, trans-Sylvian SAH; tmtg-SAH: trans-middle temporal gyrus SAH; TPR+, additional temporal pole resection

Tests: 7/24 SLT, 7/24 Spatial Learning Test; AFLT, Aggie Figure Learning Test; AustMaze, Austin Maze; BFLT-E, Biber Figure Learning Test - Extended; BLT, Brown Location Test; BVMT-R, Brief Visuospatial Memory Test - Revi
sed; BVRT, Benton Visual Retention Test; DCS-I, Diagnostikum fiir Cerebralschiadigung; DCS-M, Diagnostikum fiir Cerebralschadigung (Modified); DCS-R, Diagnostikum fiir Cerebralschidigung (Revised); Designs WMS-IV, Des
igns - WMS-IV; DL_AMIPB, Design Learning - Adult Memory and Information Processing Battery; Doors D&P, Doors test - Doors & People test; Fac. ALSTER, Alsterdorfer Faces Test; Fac DADE, Dade Face Learning Test; Fac
DENMAN, Denman Facial Recognition Test; FacDsc_FAB, Facial Discrimination subtest (adapated from subtest 1 of the Florida Affect Battery); Faces. WMS-III, Faces - WMS-III; FacRMT_WARR, Warrington Recognition Memo
ry Test for Faces; FamPic. WMS-III, Family Pictures - WMS-III; FL_ AMIPB, Figure Learning - Adult Memory and Information Processing Battery; GHFMT, Graduate Hospital Facial Memory Test; LGT-3, Lern- und Gedéchtnistes
t-3 ; NVM_FACT, Nonverbal Memory Factor (VisPA_ WMS-R, VR-II. WMS-III, Faces WMS-III, FamPic_ WMS-III); NVSRT, Nonverbal Selective Reminding Test; PMQ_WMS-I, Performance Memory Quotient; RCF, Rey Compl
ex Figure test; RCF/AFLT_Composite, Rey Complex Figure test and/or Aggie Figure Learning Test; RCF/VRII. WMS-R, average of Rey Complex Figure test (Delay) and VR-II; ReccFLT, Recurring Figures Learning Test; Route R
BMT, Remembering a new route - Rivermead Behavioural memory Test ; RouteLT, Route Learning Test; RULIT, Ruff-Light Trail Learning Test; RVDLT, Rey Visual Design Learning Test; RVDT, Rey Visual Design Test; Shapes D
&P, Shapes test - Doors & People test; TopogRMT CAM, Topographical Recognition Memory Test - Camden Memory Test battery; VDI WMS-III, Visual Delayed memory Index (Faces II, Family Pictures 1I); VDLT, Visual Design
Learning Test; VGT, Visual Gestalt Test; VII. WMS-III, Visual Immediate memory Index (Faces I, Family Pictures I); VII. WMS-III SP, Visual Immediate memory Index - Standardization Protocol; VisPA_WMS-R, Visual Paired As
sociates - WMS-R; VM_FACT, composite measure made up of Warrington Faces (total score), Rey Visual Design Learning Test (Sum of Learning Trials 1 to 5), and Spatial Conditional Associative Learning Task (total trials to criteri
on); VM_WMS-R, Visual Memory quotient (Figural Memory, Visual Paired Associates I, Visual Reproduction I); VMI MAS, composite measure from VR_MAS and VRecog MAS; VMI WMS-1V, Visual Memory Index - WMS-IV
; VMIL_WMS-1V, Visual Memory Index (Designs I, Designs II, Visual Reproduction I, Visual Reproduction II); VR_MAS, Visual Reproduction - Memory Assessment Scale version; VR_WMS-I, Visual Reproduction - WMS-I; VR _
WMS-1_RUS, Visual Reproduction - WMS-I (Russell Revision); VR_WMS-III, Visual Reproduction - WMS-III; VR_WMS-R, Visual Reproduction - WMS-R; VRecog_MAS, Visual Recognition test - Memory Assessment Scale; V
SLT, Visual Spatial Learning Test; VSRT, Visual Selective Reminding Test (precursor test to version in TOMAL-2 battery)



el

Supplementary Table 2. Meta-analytic results of the performance on visual memory tests in left versus right presurgical patients, by material and test type.

Material: trial type Test type Test measures k N_Left N_Right d Cl_lo Cl_up z p Nfs Q Qp 12
Designs: Single Trial Immediate VR_I 35 1358 1247 -0.05 -0.14 0.04 -1.16 24 - 52.53 .02 11%
RCF_Im 15 475 455 -0.12 -0.25 0.01 -1.74 .08 - 13.64 48 14%
BVRT_Cor 10 273 267 0.25 -0.52 1.03 0.64 .53 - 12771 <001  94%
VRecog_MAS 1 51 50 -0.27 -0.66 0.12 -1.34 .18 - 0 1 0%
TOTAL 61 2157 2019 -0.04 -0.18 0.10 -0.50 .62 - 20356 <001 78%
Delayed VR_II 34 1595 1512 -0.08 -0.18 0.02 -1.43 14 - 58.02 <.01 39%
RCF_DI 34 1487 1459 -0.20 -0.34 -0.05 -2.66 <.01 636  165.23 <.001  70%
TOTAL 68 3082 2971 -0.14 -0.23 -0.04 -2.88 <.01 870 239.44 <001 65%
% Retention VR_Pc 13 672 563 -0.02 -0.19 0.14 -0.30 a7 - 17.07 .15 35%
RCF_Pc 5 309 287 -0.81 -2.12 0.50 -1.22 .22 - 60.64 <.001 98%
TOTAL 18 981 850 -0.23 -0.57 0.11 -1.32 .19 - 83.76 <001 91%
Designs: Repeated Trials Learning DL_AMIPB_Lmm 8 331 266 -0.49 -0.67 -0.30 -5.16 <.0001 382 7.42 .39 13%
DCS_Lrmn 7 222 210 -0.16 -0.37 0.06 -1.42 .16 - 8.60 .20 19%
DCS_LrnCap 4 136 131 -0.24 -0.98 0.50 -0.64 .52 - 19.35 <.001 86%
AFLT_Tr6 1 10 12 -0.28 -1.12 0.57 -0.64 .52 - 0 1 0%
BFLT_Lrn 1 25 46 -0.45 -0.95 0.04 -1.81 .07 - 0 1 0%
BVMT_Lrn 1 25 22 -0.13 -0.71 0.44 -0.45 .65 - 0 1 0%
FL_AMIPB_Im 1 9 8 -1.40  -2.46 034  -258 <01 139 0 1 0%
ReccFLT_LrnRcg 1 13 25 0.37 -0.31 1.04 1.07 .28 - 0 1 0%
RVDLT _Im 1 43 44 -0.22 -1.01 0.22 -0.64 .20 - 0 1 0%
RVDLT_Lm 1 28 28 -0.07 -0.59 0.46 -0.26 .80 - 0 1 0%
RVDT_Im 1 16 13 -0.55 -1.29 0.20 -1.44 15 - 0 1 0%
VDLT_Lm 1 39 50 0.18 -0.24 0.60 0.85 .39 - 0 1 0%
VGT_LrmEr 1 12 12 -0.02 -0.82 0.78 -0.06 .95 - 0 1 0%
VSRT_CLTR 1 12 12 -0.10 -0.90 0.70 -0.25 .80 - 0 1 0%
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VSRT_Lm 1 22 20 0.00 -0.61 0.61 0.00 1.00 - 0 1 0%

TOTAL 31 943 899 -0.26 -0.40 -0.12 -3.67 <.001 783 58.95 <.01 50%
Delayed Recall RVDLT_DI 3 351 328 0.13 -0.16 0.42 0.88 .38 - 5.11 .08 28%
FL_AMIPB_DI 3 90 67 -0.74 -1.15 -0.33 -3.55 <.001 220 3.21 .20
BVMT_DI 2 50 44 -0.32 -0.96 0.33 -0.96 .34 - 2.47 12 60%
DL_AMIPB_DI 2 71 51 -0.47 -0.88 -0.07 -2.28 .02 93 1.22 .27 18%
BFLT_DI 1 25 46 -0.44 -0.93 0.05 -1.75 .08 - 0 1 0%
DCs_DlI 1 12 12 -0.86 -1.70 -0.03 -2.02 .04 85 0 1 0%
RVDT_DI 1 16 13 -0.86 -1.62 -0.09 -2.19 .03 85 0 1 0%
VDLT_DI 1 39 50 0.06 -0.36 0.47 0.26 .79 - 0 1 0%
VGT_RepEr 1 12 12 0.43 -0.38 1.24 1.04 .30 - 0 1 0%
VSRT_DI 1 22 20 0.52 -0.09 1.14 1.67 .10 - 0 1 0%
TOTAL 16 688 643 -0.27 -0.51 -0.03 -2.17 0.03 410 58.15 <001  75%
Delayed Recognition DCS_RcgCor 2 52 52 -0.04 -0.42 0.35 -0.20 .84 - 0.33 .57 0%
DCS_RcgEr 2 83 77 -0.20 -0.51 0.11 -1.28 .20 - 0.02 .88 0%
RVDLT_Rcg 2 148 137 -0.04 -0.27 0.19 -0.32 .75 - 0.50 48 0%
AFLT_DIRcg 1 10 12 -0.44 -1.28 0.41 -1.01 31 - 0 1
BFLT_RcgDscr 1 25 46 -0.40 -0.89 0.10 -1.58 11 - 0 1
BVMT_Hit 1 25 22 -0.36 -0.94 0.21 -1.24 .22 - 0 1
VDLT_Rcg 1 39 50 0.23 -0.19 0.65 1.07 .28 - 0 1 0%
TOTAL 10 382 396 -0.10 -0.24 0.04 -1.42 .16 - 6.81 .66 0%
Faces Immediate FacRMT_WARR 15 436 388 -0.17 -0.34 0.01 -1.90 .06 - 19.71 14 33%
Faces_I_WMS-III 6 164 140 -0.17 -0.43 0.10 -1.23 .22 - 7.33 .20 18%
GHFMT 2 43 50 -0.32 -1.30 0.66 -0.64 .52 - 4.27 .04 77%
Fac_ALSTER 1 19 30 -0.25 -0.82 0.33 -0.84 40 - 0 1 0%
FacLT_DADE 1 19 17 -1.05 -1.75 -0.35 -2.95 <.01 104 0 1 0%
Fac_DENMAN 1 57 48 -0.50 -0.89 -0.11 -2.51 .01 49 0 1 0%

TOTAL 26 738 673 -0.22 -0.36 -0.08 -3.11 <.01 544 39.98 .03 37%
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Spatial

Delayed

Learning

Delayed

Faces_II_WMS-III 7 173
GHFMT 2 43
Fac_ALSTER 1 19
FacLT_DADE 1 19
TOTAL 11 254
7/24 SLT 2 91
AustMaze 1 16
BLT L 1 9
LGT-3 1 24
Route RBMT 1 24
RouteL T 1 20
RULIT 1 32
TOTAL 8 216
7/24 SLT 2 91
BLT DI 1 9
NVSRT 1 34
RULIT 1 32
TOTAL 5 166

148
50
30
17

245

91
18

20
20
20
20
198

91

44
20
164

-0.09
-0.15
-0.58
-0.30
-0.15

0.01
-0.86
-1.56
-0.51
-0.08
-2.65
0.43
-0.60

-0.27
-1.04

0.25
0.45
-0.09

-0.31
-0.74
-1.17
-0.96
-0.33

-0.29
-1.56
-2.61
-1.12
-0.67
-3.50
-0.13
-1.27

-0.56
-2.02

-0.20

-0.12
-0.47

0.14
0.44
0.00
0.35
0.03

0.30
-0.15
-0.50
0.09
0.51
-1.80
1.00
0.08

0.02
-0.05

0.70
1.01
0.29

-0.76
-0.49
-1.94
-0.91
-1.63

0.04
-2.39
-2.89
-1.67
-0.27
-6.12
1.50
-1.72

-1.79
-2.07

1.08
1.55
-0.46

.45
.62
.05
37
.10

.97
.02
<.01
.09
.79
<.0001
13
.09

.07
.04

.28
A2
.64

3.93
1.73

0%
42%
0%
0%
0%

0%
0%
0%
0%
0%
0%
0%
90%

0%
0%
0%
0%
63%

Supplementary Table 3. Meta-analytic results of the performance on visual memory tests in left versus right postsurgical patients, by material and test type.

Material: trial type Test type Test_measure k N_Left N_Right d Cl_lo Cl_up z p Nfs Q Qp 12
Designs: Single Trial Immediate VR_I 23 742 741 -0.18 -0.29 -0.07 -3.28 <001 398 2499 .30 6%
BVRT_Cor 5 144 161 0.24 -0.59 1.06 0.56 .57 - 51.46 <.001 92%
RCF_Im 4 87 99 0.00 -0.29 0.29 -0.02 .99 - 112 77 0%
ShapesDP 1 24 23 -0.45 -1.03 0.13 -1.51 13 - 0 1 0%
Designs_|_Content_WMS-1V 1 8 15 -0.56 -1.44 0.31 -1.26 21 - 0 1 0%
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Designs: Repeated Trials

Delayed

% Retention

Learning

Delayed Recall

Delayed Recognition

TOTAL

VR_II
RCF DI

Designs_IlI_Content WMS-IV

TOTAL

VR_Pc
RCF_Pc
TOTAL

DCS_Lm
DL_AMIPB_Lm
DCS_LrnCap
FL_AMIPB_Im
ReccFLT_LrnRcg
RVDLT_Lm
VGT_LrEr
VSRT_CLTR
TOTAL

RVDLT_DI
BVMT_DI
FL_AMIPB_DI
VGT_RepEr
VSLT_LtPc
TOTAL

DCS_RcgEr
DCS_RcgCor
RVDLT _Rcg
TOTAL

34

22
19

42

o N e N = S =N ) SrPrPEP PN ~ w

N L )

1005

983
859

1850

110
3568
185

168
172
86

13
28
26
12
554

308
25

26
40
408

83
40
105
228

1039

952
870
15
1837

90
2822
150

161
149
84

25
28
34
12
533

284
22

34
32
380

77

40

93
210

-0.12

-0.16
-0.27
0.15
-0.21

-0.02
-0.50
-0.21

-0.31
-0.48
-0.37
-0.45
-0.03
-0.03
0.40
-0.69
-0.26

-0.05
-0.51
-0.81
-0.33
-0.29
-0.20

0.19
-0.09
-0.29
-0.04

-0.29

-0.27
-0.53
-0.71
-0.34

-0.30
-0.85
-0.47

-0.68
-0.71
-1.01
-1.42
-0.70
-0.55
-0.11
-1.51
-0.44

-0.36
-1.09
-1.80
-0.85
-0.76
-0.42

-0.12
-0.53
-0.57
-0.30

0.04

-0.06
-0.02
1.01
-0.07

0.26
-0.15
0.04

0.06
-0.26
0.28
0.51
0.64
0.50
0.92
0.13
-0.08

0.26
0.07
0.18
0.18
0.18
0.01

0.51
0.35
-0.01
0.23

-1.46

-3.16
-2.12
0.33
-3.04

-0.12
-2.80
-1.66

-1.64
-4.25
-1.11
-0.92
-0.07
-0.10
1.54
-1.64
-2.77

-0.32
-1.71
-1.61
-1.27
-1.22
-1.86

1.23
-0.41
-2.02
-0.26

A4

<.001
.03
74

<.001

.90
<.01
.10

10
<.0001
27
.36
.94
.92
A2
10
<.01

75
.09
A1
21
22
.06

22
.68
.04
.79

58
71

130

18

94.33

20.81
166.23
0
209.54

1.49
1.98
7.92

9.88

1.42

2.50
0

O O O o

29.47

<.001

A7
<.001
1
<.001

.69
.37
.24

67%

13%
82%
0%
72%

0%
1%
23%

63%
0%
60%
0%
0%
0%
0%
0%
49%

70%
0%
0%
0%
0%

40%

0%
0%
0%
43%



LT1

Faces Immediate FacRMT_WARR 11 223 224 -0.59 -0.83 -0.35 -478 <0001 75 17.07 .07 31%

Faces_|I_WMS-1II 3 82 83 -0.56 -1.05 -0.06 -2.19 .03 20 3.96 14 49%

GHFMT 2 43 50 -0.49 -0.90 -0.07 -2.29 .02 12 0.91 .34 0%

FacDsc_FAB 1 20 23 0.07 -0.53 0.67 0.22 .83 - 0 1 0%
TOTAL 17 368 380 -0.53 -0.71 -0.35 -5.64 <0001 107 26.20 .05 30%
Delayed Faces_II_WMS-III 3 82 83 -0.37 -0.68 -0.06 -2.36 .02 14 0.51 .78 49%
GHFMT 2 43 50 -0.41 -0.82 0.01 -1.92 .05 10 0.82 .36 0%

TOTAL 5 125 133 -0.38 -0.63 -0.14 -3.04 <.001 24 1.34 .85 0%

Spatial Learning 7/24_SLT_ L 1 58 59 -0.04 -0.40 0.33 -0.19 .85 - 0 1 0%
Designs_|_Spatial_ WMS-1V 1 8 15 -0.74 -1.62 0.14 -1.64 .10 - 0 1 0%

TOTAL 2 66 74 -0.27 -0.92 0.38 -0.81 42 - 2.09 15 52%

Delayed 7/24_SLT_LoDI 1 58 59 -0.36 -0.73 0.00 -1.94 .05 - 0 1 0%
NVSRT_DI 1 34 44 -0.37 -0.82 0.08 -1.62 A1 - 0 1 0%

Designs_Il_Spatial_ WMS-1V 1 8 15 -0.38 -1.25 0.48 -0.86 .39 - 0 1 0%

TOTAL 3 100 118 -0.37 -0.64 -0.10 -2.67 <.01 14 0.00 1 0%

Supplementary Table 4. Meta-analytic results of the presurgical minus postsurgical difference in performance on visual memory tests in left- and right-sided
patients, by material and test type.

Material: trial type Test type Test measure k Hem N d Cl lo Cl_up z p Nfs Q Qp 12
Designs: Single Trial Immediate VR_I 16 L 548 0.07 -0.05 0.19 1.09 27 - 3.92 1 0%
R 540 -0.02 -0.14 0.10 -0.40 .69 - 7.63 .94 0%
BVRT_Cor 5 L 144 0.18 -0.27 0.64 0.79 43 - 15.04 .00 73%
R 161 -0.31 -0.57 -0.05 -2.36 .02 150 4.83 .30 24%
RCF_Im 2 L 65 0.18 -0.28 0.64 0.77 44 - 1.74 A9 42%
R 71 0.17 -0.16 0.50 0.99 .32 - 0.68 41 0%
TOTAL 23 L 757 0.11 0.01 0.21 2.10 .04 226 2259 43 0%
R 772 -0.07 -0.17 0.04 -1.27 .20 129  20.63 54 2%
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Designs: Single Trial

Designs: Single Trial

Designs: Repeated Trials

Delayed

% Retention

Learning

Delayed Recall

VR_II
RCF DI

TOTAL

VR_Pc
RCF_Pc

TOTAL

DCS Lm
DL_AMIPB_Lm
DCS_LmCap
FL_AMIPB_Im
ReccFLT_LrnRcg
RVDLT L
VSRT_CLTR

TOTAL

RVDLT DI

16

14

30

15

- v

- o

- 0 A A 0 A or

806
773
712
737
1518
1510

82
59
22
20
104
79

222
210
172
149
86
84

13
25
28
28
12
12
578
545

28

0.04
-0.04
0.23
0.17
0.13
0.07

0.01
-0.17
0.12
-0.04
0.03
-0.14

-0.16
-0.49
-0.03
-0.04
0.04
-0.11
-0.43
0.39
-0.02
-0.35
-0.28
-0.23
0.35
-0.18
-0.05
-0.20

0.32

-0.08
-0.14
0.09
0.07
0.03
-0.02

-0.30
-0.53
-0.47
-0.66
-0.24
-0.45

-0.38
-0.87
-0.24
-0.27
-0.26
-0.41
-1.37
-0.60
-0.79
-0.91
-0.80
-0.76
-0.46
-0.99
-0.21
-0.39

0.09

0.16
0.06
0.37
0.27
0.23
0.16

0.32
0.19
0.71
0.58
0.30
0.17

0.06
-0.10
0.18
0.19
0.33
0.19
0.50
1.38
0.75
0.21
0.25
0.30
1.15
0.62
0.10
-0.01

0.55

0.66
-0.79
3.24
3.29
2.58
1.45

0.05
-0.93
0.39
-0.14
0.23
-0.87

-1.45
-2.49
-0.26
-0.36
0.23
-0.71
-0.91
0.777
-0.05
-1.22
-1.03
-0.86
0.84
-0.45
-0.70
-2.06

2.71

51
43
<.01
<.01
<.01
A5

.96
.35
.70
.89
.82
.38

A5
.01
.80
72
.82
48
.36
44
.96
22
.30
.39
40
.65
49
.04

<.01

312
227
365

287

62

16.53
17.57
15.60
15.95
44.13
41.97

0.65
0.85

0.75
0.97

13.91
11.29
0.36
1.20
0.01
0.23

O O O O o o o

19.25
26.35

1.95

PP PR R R R

.35
29
27
.25
.04
.06

o
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-
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22%
0%
31%
29%
37%
29%

0%
0%
0%
0%
0%
0%

73%
65%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
27%
50%

49%
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Faces

Delayed Recognition

Immediate

Delayed

BVMT DI
FL_AMIPB_DI

TOTAL

DCS_RcgEr
DCS_RcgCor
RVDLT_Rcg

TOTAL

FacRMT_WARR
Faces_|_ WMS-III
GHFMT

TOTAL

Faces_Il_WMS-III
GHFMT

TOTAL

11

2

rr Ar Ar 0D r rr r r or rr r »r X

- o

28
25
22

378
346

83
77
40
40
105
93
228
210

177
177
26
32
43
50
246
259

26
32
43
50
69
82

0.02
-0.19
-0.08
-0.60
0.17
0.13
0.02

0.08
0.47
0.18
0.08
0.49
0.18
0.25
0.26

0.23
-0.30
0.36
0.15
0.50
0.13
0.29
-0.15

0.39
-0.02
0.41
0.04
0.40
0.02

-0.14
-0.74
-0.67
-1.55
-0.81
-0.14
-0.13

-0.23
0.15
-0.26
-0.35
0.21
-0.11
0.00
0.07

0.02
-0.51
-0.19
-0.34
0.07
-0.26
0.11
-0.33

-0.16
-0.51
-0.02
-0.35
0.07
-0.29

0.19
0.37
0.51
0.34
1.15
0.39
0.17

0.38
0.79
0.62
0.52
0.76
0.46
0.50
0.46

0.44
-0.08
0.91
0.64
0.93
0.53
0.47
0.02

0.94
0.47
0.84
0.43
0.74
0.32

0.2788
-0.67
-0.26
-1.25
0.34
0.95
0.25

0.48
2.87
0.79
0.38
3.47
1.20
1.95
2.6928

2.12
-2.72
1.28
0.59
2.263
0.67
3.16
-1.72

1.38
-0.07
1.89
0.19
2.3388
0.11

.78
51
.80
21
.73
.34
.80

.63
<.01
43
.70
<.001
.23
.05
<.01

.03
<.01
.20
.55
.02
.50
<.01
.09

A7
.95
.06
.85
.02
91

154
201

.92
.55
.98
.55
44
73
.95
.38

.53
.64
52
.61
.85
92

0%
0%
0%
0%
0%
57%
0%

0%
0%
0%
0%
0%
0%
40%
0%

0%
0%
0%
0%
0%
0%
0%
0%

0%
0%
0%
0%
0%
0%



Spatial Learning 7/24 SLT Lm 1 L 58 0.00 -0.36 0.36 0.00 1.00 - 0 1 0%
R 59 -0.02 -0.38 0.34 -0.09 .93 - 0 1 0%

Delayed 7/24 SLT_LoDI 1 L 58 -0.05 -0.42 0.31 -0.2856 78 - 0 1 0%

R 59 -0.12 -0.48 0.24 -0.65 .52 - 0 1 0%

NVSRT_DI 1 L 34 0.18 -0.30 0.66 0.7393 46 - 0 1 0%

R 44 -0.44 -0.86 -0.01 -2.0275 .04 43 0 1 0%

TOTAL 2 L 92 0.03 -0.26 0.32 0.222 .82 - 0.58 45 0%

R 103 -0.26 -0.57 0.05 -1.6426 10 - 1.25 .26 20%

Supplementary Table 5. Meta-analytic results of the presurgical minus postsurgical difference in performance on uncategorised visual memory tests in left-
and right-sided patients.

o _Material Test type Test_measure k Hem N _Left N_Right d Cl lo Cl_up z p Nfs Q Qp 12

Presurgical

Scene Immediate FamPic WMS-III 4 159 112 -0.15 -0.40 0.11 -1.10 0.27 - 2.94 40 8%

TopogRMT_CAM 1 9 5 0.08 -1.01 1.17 0.14 0.89 - 0.00  1.00 0%

DoorsDP_pos_out 1 24 23 -2.00 -2.70 -1.30 -5.59 <0001 199  0.00 1.00 0%

Delayed FamPic_ WMS-IIT 5 176 124 -0.04 -0.27 0.19 -0.32 0.75 - 1.30 .86 0%

Associative (design/colour) Immediate VisPA_ WMS-R 3 148 128 0.30 -0.24 0.83 1.08 0.28 - 7.68 .02 78%

Delayed VisPA_ WMS-R 3 148 128 0.16 -0.08 0.40 1.32 0.19 - 2.12 35 0%

Associative (design/position) Learning VSLT Lm 1 36 29 0.04 -0.45 0.53 0.17 0.87 - 0.00 1 0%
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Postsurgical

Scene

Associative (design/location)

Associative (design/position)

Postsurgical change

Scene

Associative (design/position)

Delayed

Immediate

Delayed

Immediate

Delayed

Learning

Delayed

Immediate

Delayed

Learning

Delayed

VSLT LtPc

FamPic WMS-III

FamPic WMS-III

Designs. WMS-IV_Total

Designs. WMS-IV_Total

VSLT Lm

VSLT LtPc

FamPic WMS-III

FamPic WMS-III

VSLT L

VSLT LtPc

36 32
78 74
78 74
8 15
8 15
40 32
40 32
7

8
7

8
36

29

36

32

-0.10

-0.14

-0.07

-1.00

-0.35

0.15

-0.29

-0.54
-0.05

-0.57
-0.07

0.22
0.38

0.04
0.01

-0.57

-0.63

-0.45

-1.91

-1.21

-0.32

-0.76

-1.61
-1.03

-1.64
-1.05

-0.24
-0.13

-0.41
-0.48

0.38

0.35

0.30

-0.10

0.51

0.61

0.18

0.53
0.93

0.50
0.91

0.67
0.88

0.49
0.50

-0.39

-0.57

-0.38

-2.17

-0.79

0.62

-1.22

-0.99
-0.11

-1.04
-0.14

0.93
1.46

0.19
0.04

0.70

0.57

0.70

0.03

0.43

0.54

0.22

0.32
0.92

0.30
0.89

0.35
0.15

0.85
0.97

99

0.00

3.58

2.25

0.00

0.00

0.00

0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

17

32

1.00

1.00

1.00

1.00

1.00
1.00

1.00
1.00

1.00
1.00

1.00
1.00

0%

39%

14%

0%

0%

0%

0%

0%

0%

0%
0%

0%
0%

0%
0%




Supplementary Table 6. Meta-analytic results of the presurgical minus postsurgical difference in performance on composite visual memory measures in left-
and right-sided patients.

Surgery status Composite measure k Hem N_Left N_Right d Cl_lo Cl_up z p Nfs Q Qp 12
Presurgical
VM_WMS-R 15 423 382 -0.03 -0.17 0.11 -0.40 0.69 - 15.62 .34 1%
VII_WMS-III 4 226 188 -0.26 -0.45 -0.06 -2.59 <01 99 0.45 .93 0%
VDI_WMS-III 4 258 207 -0.24 -0.42 -0.05 -2.51 0.01 90 0.73 .87 0%
VMI_WMS-IV 1 28 29 -0.26 -0.78 0.26 -0.98 0.33 - 0.00 1.00 0%
RCF/AFLT_DI_Composite 1 10 15 -0.37 -1.18 0.43 -0.91 0.36 - 0.00 1.00 0%
RCF/VRII_WMS-R 1 26 18 -0.27 -0.87 0.34 -0.86 0.39 - 0.00 1.00 0%
VM_FACT 1 12 14 -0.78 -1.58 0.02 -1.92 0.05 - 0.00 1.00 0%
VMI_MAS 1 51 50 -0.40 -0.80 -0.09 -2.00 0.05 - 0.00 1.00 0%
—_
s Postsurgical
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PMQ_WMS-I 1 6 6 -0.55 -1.39 0.29 -1.29 0.20 - 0.00 1.00 0%

Posturgical change
VM_WMS-R 5 L 174 0.11 0.32 0.11 -0.10 0.32 - 0.49 97 0%
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Segue to Chapter 3

The meta-analysis in Chapter 2 provided evidence that different types of nonverbal
materials had an effect on the prediction of right versus left temporal lobe pathology, such that
tests of facial and spatial memory showed larger effect sizes than did design memory tests. By
contrast, differences in the type of learning format (single trial versus multiple trials) and the

time of memory testing following learning trials (immediate or delayed) had little effect.

Chapter 2 provided insights into the validity of clinical tests for assessing right
temporal lobe pathology. The results also highlight that clear gaps remain between clinical
and experimental findings, with promising experimental findings (as reviewed in Chapter 1)
not necessarily translating into tests with high clinical utility. Bridging this gap requires a
more in-depth understanding of the underlying cognitive and brain processes related to
lateralisation in healthy individuals. While the temporal lobes of persons with lateralised
pathology are of critical importance for understanding memory function, the temporal lobes
are not the only brain region important for memory, nor does the pattern of lateralisation in
persons with pathology necessarily reflect the patterns in persons without pathology. As
reviewed in Chapter 1, the parietal regions have been closely associated with differential
patterns of lateralisation for different kinds of spatial tasks, and the frontal regions have

shown differing sensitivity to the type of memory process involved (encoding or retrieval).

Another important consideration is that the meta-analytic method involves comparing
broad groups of varieties of clinical tests in a necessarily post-hoc fashion. By contrast,
experiments which actively manipulate and precisely control the variables of interest in
Chapter 2 (material and processing) could more clearly reveal the underlying causes of
lateralisation. The results of experimental findings would usefully complement and inform
those of the meta-analysis, and potentially provide clues into how clinical tests could be
developed to maximise their lateralising potential. While the meta-analytic and experimental
methods each have their advantages and disadvantages, the complementary use of both

techniques may yield a more nuanced and complete picture of the factors associated with
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lateralisation than would a uniform focus on the temporal lobe alone. Insights taken from
experimental studies could be potentially used to improve the development of appropriate

tools for persons with lateralised brain pathology.

More specifically, previous ERP/EEG research findings had found memory effects
(e.g., “old/new” effects in which previously learned items produced larger ERPs than never-
learned items) primarily at frontal and parietal electrode locations (see Chapters 3 and 4 for
full details). Yet there has been little investigation of material or processing effects on
lateralisation within these studies. The aim of the empirical Chapters 3 and 4 was to
meaningfully build upon these findings in the context of potentially superimposed
lateralisation effects, by measuring from scalp locations that were at least roughly comparable
to the underlying brain regions measured in previous research. A focus only on electrodes
directly over the temporal lobes would have resulted in a missed opportunity in this regard.
Furthermore, temporal electrodes, while highly lateralised, are known to be produce a much
noisier, less reliable signal than frontal and parietal electrodes. Recording from electrodes (F7,
F8, P7, P8) that were lateralised and adjacent to temporal electrodes, along with more mildly
lateralised sites (F3, F4, P3, P4) that have been frequently associated with memory effects,
was considered an acceptable compromise between the needs to detect both “memory eftects”
and patterns of lateralisation. Furthermore, while it is true that the frontal and parietal scalp
locations are most sensitive to neural activity from these respective brain regions, the EEG
signal in these regions is also sensitive (though not exclusively) to activity in the medial

temporal region such as the hippocampus (see Chapters 3 and 4 for more detail).

In this vein, Chapters 3 and 4 further investigated the relative effects of material
(verbal versus nonverbal) and task demands (encoding versus retrieval) on hemispheric
lateralisation measured by electroencephalographic recordings from the frontal and parietal

brain regions.

In the following empirical Chapters 3 to 6, spatial rather than facial materials were

used for the experimental nonverbal memory tasks, for a number of reasons. Chapters 1 and 2
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revealed great promise regarding particular kinds of spatial memory tests, albeit these
required further investigation, while in contrast there had been a much larger number of
studies dedicated to facial memory. Hence there was considered to be a larger gap in the
research literature for investigating lateralisation associated with spatial memory. A potential
limitation of facial memory tests is their vulnerability to cultural bias, for example, the faces
subtest of the Warrington Face Recognition Memory test presents only male Caucasian
stimuli, and may therefore have reduced predictive value in non-Caucasian patients. By
contrast, tests of spatial memory tap into functions that are less likely to have intrinsic cultural
bias, such as navigation of a route or identifying the spatial relation between locations on a
map. Moreover, spatial stimuli are easier to manipulate than facial stimuli, allowing for
precise control over perceptual attributes such as spatial frequency, which were explored in
Chapters 5 and 6. In sum, while Chapters 3 to 6 were experimental in nature, the experimental
tasks were designed to maximise their potential clinical value in the future, should the results

suggest they were an effective method of eliciting right-lateralised brain activity.
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Abstract

Verbal memory impairment is consistently associated with left temporal lobe pathology, but
nonverbal memory impairment does not reliably predict right temporal lobe pathology,
undermining the traditional material specificity model. An alternative model — hemispheric
encoding retrieval asymmetry (HERA) - predicts that, regardless of material type, the left
prefrontal cortex is more involved in memory encoding than in retrieval, while the right
prefrontal cortex shows the opposite pattern. While research into material and processing
effects has centred on the medial temporal and prefrontal cortices respectively, recent research
suggests that these lateralising influences may interact within and across both of these
regions. Therefore, considering the lateralising effects of both material and processing may
guide improvements in the clinical assessment of right medial temporal pathology. The
precise timing of lateralisation related to material and processing, however, remains poorly
understood. In order to examine the interaction between the effects of material type (verbal,
nonverbal) and processing type (encoding, retrieval) on lateralisation in the temporal domain,
we measured event-related potentials (ERPs) in 22 healthy adults during encoding and
retrieval of verbal (printed pseudoword) and nonverbal (dot pattern) material at frontal and
parietal sites. The nonverbal memory task was associated with right-lateralisation that was
particularly strong during encoding for early peaks (N170) over the parietal cortex, while
verbal material did not show expected left-lateralisation. Processing-related lateralisation was
related to brain region and timing, with stronger support for the HERA model at frontal sites,
while results from parietal sites either opposed or were neutral with regards to HERA.
Overall, these findings suggest an important spatiotemporal relationship for material- and

processing-related lateralisation and their interaction in early neural responses.
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1. Introduction

Early observations of memory deficits after unilateral temporal lobe resection led to
the idea of material specificity: the medial temporal lobe (MTL) in the left hemisphere
mediates memory for verbal material and its right hemisphere counterpart mediates memory
for nonverbal material, assuming left hemisphere language dominance (Blakemore &
Falconer, 1967; Kimura, 1963; Milner, 1970). Subsequent studies of unilateral temporal lobe
epilepsy patients have reliably shown effects of left-sided damage on verbal memory (e.g.,
Alpherts et al., 2006; Ojemann & Dodrill, 1985), but not of right-sided damage on nonverbal
memory (Barr, 1997; Bell & Davies, 1998; Lee, Yip, & Jones-Gotman, 2002; Vaz, 2004).
Most clinical tests of nonverbal memory involve memory for abstract designs (Vaz, 2004). In
contrast, meta-analyses suggest that clinical tests of facial memory and experimental tests of
spatial memory are better than design memory tests in detecting right MTL pathology

(Kessels, de Haan, Kappelle, & Postma, 2001; Sherman et al., 2011; Vaz, 2004).

The reason for these differences may be due to the lower verbalisability of the facial
and spatial stimuli, and hence the reduced involvement of left-lateralised verbal processing
(Barr, 1997). This suggestion has been supported in neuroimaging studies with healthy
participants which showed that the level of verbalisability, as measured by a dual-task verbal
interference paradigm, differed between types of nonverbal stimuli (i.e., scenes > faces >
abstract patterns), with the degree of verbalisability correlating negatively with the extent of
right-lateralised MTL activity (Golby et al., 2001). In addition, spatial processing appears to
play an important role, with a meta-analysis of indicating the right-MTL has a greater role in
memory for spatial information compared with non-spatial information (Kuhn & Gallinat,
2014). Taken together, the use of stimuli that are difficult to verbalise and place heavy

demands on spatial processing, may form the conditions to engage the right-MTL.

In comparison with the effects of material, the impact of differences in processing on
hemispheric lateralisation has attracted less consideration. A large collection of imaging

evidence (i.e., positron emission tomography, PET; functional magnetic resonance imaging,
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fMRI) supports the hemispheric encoding retrieval asymmetry (HERA) model (e.g., Babiloni
et al., 2006; Blanchet et al., 2001; Cabeza & Nyberg, 2000; Desgranges, Baron, & Eustache,
1998; Nyberg, Cabeza, & Tulving, 1996; Rossi et al., 2001; Tulving, Kapur, Craik,
Moscovitch, & Houle, 1994). The most recent instantiation of HERA predicts that,
independent of material type, the left prefrontal cortex is more involved with memory
encoding than later retrieval, while the right prefrontal cortex shows a greater involvement in
retrieval than in encoding (Habib, Nyberg, & Tulving, 2003). HERA is supported for many
types of verbal and nonverbal materials and across a variety of encoding and retrieval

conditions (see review by Nyberg, Cabeza, & Tulving, 1996).

While HERA explicitly involves the prefrontal cortex and the material specificity
model primarily applies to lateralisation within the MTL, HERA is sufficiently influential to
be compared experimentally with material specificity accounts of lateralisation. However, the
prefrontal and MTL regions are closely interconnected both anatomically and functionally,
suggesting cross-region or within-region interactions between lateralisation effects due to
material and processing (Anderson, Rajagovindan, Ghacibeh, Meador, & Ding, 2010;
Fernandez & Tendolkar, 2001; Schacter & Wagner, 1999). Within the prefrontal cortex, some
findings provide support for both proposals (e.g., Johnson, Raye, Mitchell, Greene, &
Anderson, 2003; McDermott, Buckner, Petersen, Kelley, & Sanders, 1999; Nyberg et al.,
2000), while others suggest material specificity over HERA (e.g., Golby et al., 2001; Kelley et
al., 1998; Lee, Robbins, Pickard, & Owen, 2000; Opitz, Mecklinger, & Friederici, 2000;
Wagner et al., 1998). Within the MTL, one fMRI study suggests both processing and material
specific lateralisation effects, with the left entorhinal cortex involved during encoding, right
hippocampal activation for nonverbal material, and left entorhinal and perirhinal regions
involved for verbal material (Kennepohl, Sziklas, Garver, Wagner, & Jones-Gotman, 2007).
Further investigation of processing relative to material are required to disambiguate the

relative strength of each effect and how they interact across brain regions.

Taken together, it is possible that the material specificity and HERA models could be
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integrated to ascertain the type of memory task that elicits the strongest right-lateralisation.
These possibilities will be explored here using electroencephalography (EEG) with a four-
way design: material (verbal, nonverbal) by processing (encoding, retrieval) by region
(frontal, parietal) by hemisphere (left, right). Event-related potentials (ERPs) add a novel and
informative temporal dimension in addressing the effects of material and processing on
lateralisation due to the millisecond resolution of the electrophysiological response to neural
activity, in contrast with the 5 to 10 second resolution of haemodynamic or neurometabolic
measures. ERP evidence suggests material and processing effects may dissociate in the
temporal domain, since material specific hemispheric lateralisation appears to be strongest
during higher-order perceptual processing which occurs up to 250 ms after stimulus
presentation while semantic, decisional and retrieval processes occur from 250 to 800 ms
post-stimulus (Friedman & Johnson, 2000; Rugg & Curran, 2007) and show less material-
related lateralisation (Friedman, Cycowicz, & Gaeta, 2001; Maillard et al., 2011). In addition,
hemispheric differences due to material type are more strongly associated with parietal brain
regions while conscious, voluntary aspects of retrieval have been related to frontal regions
(Friedman & Johnson, 2000). Therefore, the ERP technique could help determine the relative

lateralisation effects of material and processing type.

The current study involved healthy adults learning two types of visual stimuli: printed
pseudowords (verbal) and spatial dot patterns (nonverbal). The effects of stimulus familiarity
were minimised as neither contained semantic information, and the memory task, which
involved an encoding phase followed by yes/no recognition judgments, was matched. The
recognition format is more appropriate than recall for comparing verbal and nonverbal tasks
as it avoids confounding the modality of the response (spoken for verbal recall and drawn for
nonverbal recall) with the learned material type. We used a recognition task and considered
this an appropriate format to test the predictions of HERA. The HER A model has been
supported across a variety of different types of retrieval conditions, including recall, in which

retrieving the memory involves a deliberate search of memory, and recognition, in which
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memory retrieval does not require an explicit search since the original stimulus is re-presented

(see review by Nyberg, Cabeza, & Tulving, 1996).

We measured lateralisation of brain activity by measuring ERPs during each memory
task. ERPs were measured at frontal and parietal brain regions (known to be involved in
memory, e.g., Friedman & Johnson, 2000) to test whether the relative effects of material and
processing may differ between posterior and anterior regions of the brain. This was done as
the majority of studies supporting HER A have shown the relevant effects occur in the
prefrontal cortex or other frontal regions. We measured ERP peaks during three time windows
of theoretical interest: 140 to 220, 220 to 340, and 340 to 800 ms following stimulus onset.
The first time window, includes the N170, a negative-going ERP peak occurring from 140 to
220 ms following stimulus presentation/onset, maximal at occipitotemporal sites, that shows
material specific hemispheric lateralisation for visual stimuli (left: words; right: pictures,
faces, and spatial locations; Baker & Holroyd, 2013; Bentin, Mouchetant-Rostaing, Giard,
Echallier, & Pernier, 1999; Cohen et al., 2000; Maillard et al., 2011; Martinez, Di Russo,
Anllo-Vento, & Hillyard, 2001). For visual stimuli, the N170 likely reflects higher-order
perceptual processing (Barbeau et al., 2008; Henson et al., 2003; Maillard et al., 2011). We
measured the N170 at lateral parietal sites and also measured the vertex positive potential
(VPP), a polarity reversed (i.e., positive-going) functionally equivalent frontal counterpart to

the N170 (Joyce & Roisson, 2005).

The second time window includes the N270 and P300 peaks that occur between
approximately 220 and 340 ms. The N270 is maximal at fronto-central sites, and has shown
both material specific lateralisation and retrieval-related processing, including the “old/new
effect” whereby retrieval testing of previously seen “old” stimuli produces greater positive
amplitude than “new” foil stimuli (Barbeau et al., 2008; Maillard et al., 2011). The P300 is a
positive peak (also termed ‘P3b’) which occurs from 300 to 500 ms, is maximal at parietal
sites and is involved with attentional processes related to memory encoding and also to

novelty-related changes, both of which are thought to involve hippocampal processing
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(Azizian & Polich, 2007; Brazdil, Roman, Daniel, & Rektor, 2003; Friedman et al., 2001;

Knight & Nakada, 1998; Polich, 2007; Shucard, Tekok-Kilic, Shiels, & Shucard, 2009).

During memory tasks, the ERP peaks within a third time window from 340 to 800 ms
includes the N400 which has been linked to semantic access, the FN400 which has been
associated with item familiarity, and the P600 which has been considered an index of
successful episodic recollection (Duzel, Yonelinas, Mangun, Heinze, & Tulving, 1997;
Fernandez et al., 1999; Kutas & Federmeier, 2011; Rugg & Curran, 2007). To anticipate the
results, we did not see large peaks within this time window and therefore no analysis was

conducted; in later discussion possible reasons for their absence are considered.

In summary, ERP peaks were measured in the frontal and parietal regions to
investigate the separate and interacting effects of material and process type on lateralisation
during memory retrieval. We predicted that 1) material would influence lateralisation, with
left-lateralisation for verbal materials and right-lateralisation for nonverbal materials; and 2)
the type of memory-related process would influence hemispheric lateralisation, with left-

lateralisation for encoding and right-lateralisation for retrieval.
2. Materials and Methods

2.1  Participants

Twenty-two adults (mean age = 22.23 years, SD = 5.00, range 18 to 37; 17 females)
were paid $30 to participate in the experiment. Data from two additional participants were
excluded due to significant EEG artefacts (i.e., more than 30% of epochs rejected). All
participants reported normal or corrected-to-normal vision and that they were right-handed for
writing. The experimental methods were approved by the Macquarie University Human
Research Ethics Committee (Ref# 5201100342) in accordance with the Declaration of

Helsinki. Informed consent was obtained from all participants.
2.2  Apparatus

Testing occurred in a dimly lit room, with participants at a viewing distance 60 cm
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from an 18 Sony Trinitron CRT monitor (resolution 1024 x 768 pixels, 32 bit, 96 dpi, 100 Hz
refresh rate) showing a light grey background. Task instructions for both conditions were
displayed onscreen. Stimuli were controlled using Presentation (Neurobehavioral Systems
Inc, Version 10.3) and EEG was recorded with NeuroScan Synamps2. Participants responded
with a Cedrus® RB830 button box, pressing one of two buttons that were positioned to the

immediate left and right of the box’s midline.
2.3  Stimuli
2.3.1 Verbal (printed pseudowords)

Target stimuli for the verbal condition were six, disyllabic, eight-letter pseudowords
(boltrens, morphalt, prealent, breatish, calthern, slempern). Foils always differed from the
target stimuli by one letter, which could be any of the eight letters regardless of position in the
word or whether a consonant or vowel (e.g. boltrons, morthalt, crealent, etc.) as long as the
syllabic structure of the word was not altered. The resulting target-foil visual similarity was
designed to require careful analysis of the entire pseudoword. These pseudowords were
presented on the computer screen in Courier New font, subtending a maximum of 6.5 x 1.1°

visual angle. There were 48 foils, 96 in total, and eight different foils per target stimulus.
2.3.2 Nonverbal (dot patterns)

Target stimuli for the nonverbal condition were six spatial arrays of three dark grey
dots each with a diameter subtending a 0.63° visual angle, as shown in Figure 1(a). Pilot
experiments indicated that these three-dot arrays were both difficult to verbalise in healthy
participants and difficult to remember for people with right temporal lobe damage, suggesting
their potential value in activating the right hemisphere (Lee, Gonzalez, & Savage, 2007).
Each three-dot array was freely positioned, without a grid or outer boundary, within a

maximum two-dimensional range of 9.12° by 6.30° visual angle centred on the screen.
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A. Stimuli

Verbal Nonverbal

Targets calthern

Foils colthern
B. Encoding C. Retrieval
1000 ms 400 - 600ms
TARGET TEST
1500 ms 1500 ms
Wait
1400 - 1600 ms + 400 - 600 ms
RESPONSE
1000 ms ? (response time)
. | TARGET ¢ ¢ Feedback
1500 ms orrect | 500 ms
+ 1400 - 1600 ms 400 - 600 ms
TEST
1000 ms « | 1500 ms
® + Wait
° 400 - 600 ms
[
RESPONSE
? (response time)
Feedback
D. Task Design Incorrect | 550 ms
1. Encoding | (6 Targets x 4 repetitions) +
2. Encoding Test (6 Targets, 6 foils) 400 - 600 ms
3. Encoding |l (6 Targets x 4 repetitions)
4. Retrieval | (6 Targets x 4 repetitions, 24 Foils) ®
5. Retrieval Il (6 Targets x 4 repetitions, 24 Foils) [ ]
[

Fig 1. Experimental design. (a) Experimental stimuli - examples of targets and related foils for both

material types. (b) Encoding phase - target presentation followed by interval of randomised duration;

(c) Retrieval phase - test stimulus presentation (intermixed sequence of targets and foils) followed by

interval of randomised duration, response screen and feedback. (d) Task Design — list of task phases

including number of targets and foils per phase.

Arrays could take any combination of positions within the specified range with five

135



restrictions: 1) no pair of dots was completely aligned along the horizontal or vertical axis; 2)
dots could not be aligned to form a straight line along any angle or point directly towards a
corner of the screen as these may be verbalised (e.g., as “line”, “top left corner”); 3) no array
configuration (i.e., the specific combination of angles between dots) could be repeated,
transposed or rotated; 4) there was a minimum of a 0.81° visual angle between the nearest
outer edges of adjacent dots; and 5) dots were separated from each other by at least this
minimum distance. These restrictions encouraged encoding of exact dot locations and also
their spatial inter-relation. The foils corresponding with each target stimulus were produced
by rearrangement of target dot positions such that there was one to three with a changed

position, and the average positional change in any direction was 1.11° visual angle per dot

(SD = 0.13, maximum 5.37). Otherwise, foil arrays had the same restrictions as target stimuli.
2.4 Procedure
2.4.1 Task design

The format of the memory task, depicted in Figure 1(b,c), was equivalent for both
material types, and involved five phases: Encoding [; Encoding Test; Encoding II; Retrieval I,
Retrieval II. In Encoding I, participants were instructed to remember the target stimuli, with
no instructions to categorise or label the stimuli. The six stimuli were presented sequentially
in pseudorandom order, then repeated four times with the restriction that immediate
repetitions were avoided. This was followed by an Encoding Test (six target items and six
foils with no repetitions, intermixed in pseudorandom order) in order to ensure that
participants were learning and understood the task. Encoding I was then repeated with a re-
randomised stimulus order (Encoding II). Note that memory performance and ERP data were

analysed from Encoding I and II phases but not the Encoding Test.

The Encoding phases were followed by two consecutive Retrieval phases in which the
six target items were repeated four times (48 total target trials), intermixed with 24 different

foils, shown once each (with 24 foil trials over 2 phases, eight unique foils per target stimulus,
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and no foil repeated). Each target was repeated 8 times and foils were refreshed with each
repetition to ensure that memory for multiple aspects of the target stimuli were being tested.
For example, for different pseudoword foils, different letters within the words were changed
in order to ensure that memory for the target word as a whole was tested rather than only the
initial letter cluster, thereby requiring encoding, and subsequent recognition, of all associated

word features.

Across all phases the stimuli were presented for 1500 ms, and, to enhance sustained
attention to the task, the duration of pre- and post-stimulus intervals, during which
participants were instructed to fixate a cross, was jittered randomly (Encoding: between 1400
and 1600 ms; Retrieval: 400 to 600 ms) as shown in Figure 1(b,c). During the Encoding Test
and Retrieval I and II phases, participants fixated the cross before either a target or foil
stimulus was presented and pressed one button to indicate a match to a target stimulus
(“yes—seen before”) or a second button to indicate a new item (“no—unseen”). On-screen
feedback was provided in both the Encoding Test and Retrieval I and II phases (“correct” or
“incorrect”). Participants were encouraged to respond quickly and accurately. To account for
potential response-hand-related hemispheric lateralisation in ERP peaks, response-hand was
counterbalanced between participants: half used the right button for “yes” and the left for

“no” for both types of task, with the assignment reversed for the other half.

2.5 EEG recording and offline analysis

EEG data were recorded during all five task phases using sintered Ag-AgCl electrodes
mounted in an Easy-Cap according to the 10-20 system (FP1, FP2, F7, F3, Fz, F4, F§, FT7,
FC3, FCz, FT8, T7, C3, Cz, C4, T8, TP7, CP3, CPz, CP4, TP§, P7, P3, Pz, P4, P§, O1, Oz,
and O2). The ground electrode was positioned between FPz and Fz. Activity from both
mastoids was recorded and the left mastoid served as the online reference. Vertical eye
movements (VEOG; vertical electrooculogram) were measured with electrodes placed above
and below the left eye. Horizontal eye movements were measured with electrodes on the outer

canthi of each eye. Electrode impedance was kept below 5 kQ. The signal was amplified
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20,000 times (SynAmps2 amplifier, Compumedics Limited), sampled at 500 Hz, low-pass

filtered at 100 Hz online and saved to a hard disk.

Oftline analysis was conducted using NeuroScan Edit software (Compumedics
Limited). First, portions of EEG data containing large movement-related artefacts were
rejected manually. The data were then re-referenced to the average activity of the left and
right mastoids. The influence of VEOG activity was reduced using an ocular artefact rejection
algorithm that was calculated from at least 40 x 400 ms epochs containing a clear blink (as
subjectively judged by visualisation), and an amplitude increase of 10% of the maximum
activity recorded at the VEOG channel. Data were band-pass filtered between 0.1 to 30 Hz
(FIR, 12 dB roll-off). The EEG was divided into 1600 ms epochs with a -100 ms pre-stimulus
interval relative to the onset of each stimulus (target or foil) in the Encoding (I and II) phases
(ERPs were not calculated during the Encoding Test) and Retrieval (I and II) phases. Epochs
were baseline corrected between -100 and 0 ms, and epochs with amplitude variations above
100 pV were removed from the analysis. The mean number of epochs rejected out of a
possible 144 (48 for Encoding, 96 for Retrieval) was negligible (verbal: 3.37%; nonverbal:
2.46%). Epochs associated with incorrect responses were also excluded from further analysis:

verbal M =94.31% accepted, SD = 6.11; nonverbal M = 84.54% accepted, SD = 8.67.

2.6 ERPs

Accepted epochs were used to create 32 ERPs per participant: eight lateralised sites
(left: F3, F7, P3, P7; right: F44, F§, P4, P8) by two material types (verbal, nonverbal) by two
processes (encoding, retrieval). Visual inspection of the grand average and individual average
waveforms showed a large positive-going peak (P100) at parietal sites and a smaller negative-
going peak at frontal sites (N100) from 80 to 120ms, a large parietal negative-going peak
(N170) and a large frontal positive-going peak (vertex positive potential, VPP) from 140 to
220 ms, and a large positive-going peak at parietal sites (P300) and a large negative-going
peak at frontal sites (N270) from 220 to 340 ms. From 340 ms to 1500 ms there were no clear

peaks and amplitudes deviated little from zero, therefore no peaks were calculated in this
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period.

Mean amplitudes were calculated for each peak then corrected for the mean amplitude
of the previous peak (e.g., corrected N170 = N170 minus P100; corrected N270 = N270
minus VPP). These corrections an extra precaution to ensure that any hemispheric differences
measured occurred uniquely in the time window of interest, rather than as an artefact of
earlier hemispheric differences or an increase in background noise (for more on the general
effects of the baseline on mean amplitude measures see e.g., Clayson, Baldwin, & Larson,
2012). The corrected mean amplitudes are henceforth referred to as N170, VPP, P300, and
N270. Region-wide measures were obtained by averaging the corrected mean amplitudes of
P7 and P3 (left parietal), P8 and P4 (right parietal), F7 and F3 (left frontal), and F8 and F4
(right frontal), resulting in 32 measures for analysis (2 material types x 2 processes X 2

regions X 2 hemispheres x 2 time windows).

2.7 Statistical analyses

2.7.1 Memory performance

Mean percentage correct target and foil responses were calculated during the Retrieval
Phase, from which mean percentage correct and sensitivity (d ) values for target/foil
discrimination were calculated to ensure that each material type was learned adequately. d’ is
based on z-score transformations and takes into account both hits and false alarms, controlling
for response biases (McNicol, 1972). Response times (RTs) were calculated by subtracting the
time of response from the onset time of the response screen (see Figure 1), and median RTs
were calculated for each participant. For analysis, RTs were inverse-transformed (i.e., 1/RT)

to reduce the impact of outliers.

In order to determine whether task performance had a significant impact on EEG
measures, correlations were calculated between: 1) the difference in retrieval accuracy (d”)
between the materials (i.€., d verbal — d ‘nonverbal), and 2) the difference in ERP measures between

the materials (i.e., ERPverbal — ERPnonverbal), for each of the 8 ERP peak measures (all
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combinations of Peak [VPP/N170, N270/P300] x Processing [encoding, retrieval], Region
[Parietal, Frontal] x Hemisphere [left, right]). Equivalent correlations were calculated
between (inverse-transformed) RTs and ERP measures. To calculate 95% confidence intervals
for each correlation, a bootstrap method was conducted with 1000 samples (IBM SPSS

Statistics version 22).

2.71.2 ERP hemispheric lateralisation and memory (old/new) effects

The key predictions of material and process effects on hemispheric differences were
tested by comparing mean amplitudes using four-way repeated measures ANOVA with:
material (verbal, nonverbal) x process (encoding, retrieval) x region (frontal, parietal) x
hemisphere (left, right). Separate ANOVAs were run for peaks in each time window (i.e., 1.
N170 and VPP; 2. N270 and P300). We analysed main effects and interactions between these
factors as well as planned contrasts to compare material and process effects. As we used an
experimental procedure with multiple repeated items and trials, in order to maximise the
proportion of correct responses, we did not compare ERPs to correct and incorrect stimuli due
to the low proportion, and hence poor reliability, of the incorrect ERPs. Instead, to assess
memory for the Retrieval Phase, we compared repeated (old) with foil (new) stimuli using
separate Material x Repetition (repeated, non-repeated) x Region x Hemisphere ANOVAs and

contrast tests for each time window.

As each pair of peaks within each time window strongly resembled inverted versions
of each other (negative N170 and positive VPP within 140 to 220 ms; positive P300 and
negative N270 within 220 to 340 ms), the absolute values of the negative-going peaks (i.e.,
IN170] and |[N270|) were calculated to standardise all measures as positive amplitudes.
Therefore, positive means, ¢, and d values always corresponded to differences in the following
directions: verbal > nonverbal (material), encoding > retrieval (process), parietal > frontal
(region), and left > right (hemisphere), with negative values indicating the respective opposite
effects (e.g., nonverbal > verbal for material). In-text reporting of contrasts is restricted to

comparisons of direct theoretical relevance; for brevity, only p, values are shown. Complete
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inferential statistics for material/process ANOVAs are reported in Supplementary Tables 2 and

3, respectively, for VPP/N170 and N270/P300.
2.7.3 Data treatment, effect sizes and accounting for multiple comparisons

To ensure that analyses of accuracy, RT, and ERP measures were robust to the effect of
outliers, extreme values were subjected to a Winsorisation procedure whereby values greater
than the 95th or less than the 5th percentiles were adjusted to these cut-off values. Extreme
values accounted for less than 5% of the data across variables. Effect size for all ANOVAs is
reported as partial eta-squared (#,°), the proportion of variance explained controlling for other
effects (interpreted as small: .01 to .09; medium: .09 to .25; or large: > 0.25; Kenny, 1987).
For interaction contrast tests, the effect size (d) is reported, adjusted for repeated measures
using Morris and DeShon’s (2002) method and appraised according to Lipsey and Wilson
(2001; i.e., small: < 0.3; medium: 0.3 to 0.7; large: > 0.7). For contrast tests, p-values were
adjusted for multiple comparisons (reported as p,) using a permutation testing procedure
designed for repeated measures (10000 permutations, MATLAB function
"mult_comp perm_t1" by Groppe, Urbach, & Kutas, 2011). Like Bonferroni correction, this
method adjusts p-values to control the family-wise error rate. However, for ERP data, the
permutation method is more powerful than Bonferroni due to high within-subject correlations
between sites and conditions (Blair & Karniski, 1993; Burgess & Gruzelier, 2000; Good,

1994; Manly, 1997).
3. Results
3.1 Behavioural performance

Retrieval accuracy (d’) was significantly higher for verbal stimuli, M= 3.53 [Clos:
3.14 3.93] (94% correct), than nonverbal stimuli, M =2.22 [1.90 2.54] (84%), t(21)=5.49, p
<.001. RTs did not significantly differ between verbal stimuli, M = 324 ms [291 365], and
nonverbal stimuli, M =326 ms [294 366], F(1,21) =0.01, p =.91. There was minimal impact

of performance variables on lateralisation of ERP measures, as differences in ERP measures
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between the materials (i.e., verbal — nonverbal; averaged across process type, region, and
hemisphere) did not significantly correlate with differences in d” between the materials, #(20)
=-.03, p = .91, or with differences in RT between the materials, #(20) = .09, p = .68.
Correlations between performance variables and ERP measures were also not significant
when ERP measures were separated by region, and hemisphere (see Supplementary Tables 1
to 3 for complete statistics for 4’ and RT). In sum, the impact of differences in retrieval

accuracy or response speed on ERP measures is minimal.
3.2 ERP hemispheric lateralisation: material and processing

Figure 2 shows grand average ERPs for both material types at frontal and parietal
regions separated by task phase (encoding, retrieval) and hemisphere (left, right). As
mentioned in the methods, negative amplitudes were reversed to standardise measures as
positive, and therefore positive means, ¢, and d values always corresponded to differences in
the following directions: verbal > nonverbal (material), encoding > retrieval (process),

parietal > frontal (region), and left > right (hemisphere).
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Fig. 2. Grand average ERP waveforms for verbal and nonverbal materials during encoding and
retrieval with left and right hemisphere electrodes at frontal and parietal sites. Shaded areas indicate
time intervals over which mean amplitude was calculated for VPP and N170 (140 to 220 ms) and

N270 and P300 (220 to 340 ms).

3.2.1 VPP and N170 mean amplitude

The ANOVA revealed a significant main effect of material (nonverbal > verbal), p

<.001, process (retrieval > encoding), p = .002, and region (parietal > frontal), p <.001, but
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the effect of hemisphere was not significant, p = .41. The following interactions were
significant: Material x Region, p <.001; Material x Hemisphere, p <.001; Process x

Hemisphere, p = .02, and Material x Process x Region x Hemisphere, p = .01.
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Fig. 3. Mean peak amplitude (corrected and standardised, with standard error bars) for combined early
peak data (VPP/N170) in the left and right hemisphere for verbal and nonverbal material. Asterisks
refer to significant simple contrasts for hemispheric lateralisation (left — right, located by x-axis labels)
and for material (verbal — nonverbal, by legend labels) within each hemisphere for the Material x

Hemisphere interaction. ** p < .01.

Further analysis showed right-lateralisation of mean amplitude of the early peaks for
nonverbal compared with verbal material, p, <.001, and for nonverbal materials in isolation,
the right-lateralisation was significant, p, = .009 (verbal, p, = .66; see Figure 3), supporting
the material hypothesis. Indicating the consistency of the nonverbal-right hemisphere
relationship, nonverbal material produced significantly larger peaks in the right hemisphere
than the left during both encoding and retrieval, all pps <.001, in the frontal and parietal
regions, pps < .001, and for each combination of process and region in the four-way

interaction, pps < .04.
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Fig. 4. Mean peak amplitude (corrected and standardised, with standard error bars) for combined early
peak data (VPP/N170) in the left and right hemisphere during encoding and retrieval. Asterisks refer
to significant contrasts for process (encoding — retrieval, located by x-axis labels) within each

hemisphere for the Process x Hemisphere interaction. ** p <.01.

The right hemisphere peaks were significantly larger during retrieval than encoding,
supporting the process hypothesis, p, = .005 (left, p, = .07; see Figure 4). The four-way
interaction was explained by a larger process effect (retrieval > encoding) in the right than left
frontal VPP for both material types, pps = .003, supporting the process hypothesis. In contrast
for the parietal N170, this effect was only significant for verbal material, p, = .04, indicating
that the process hypothesis was supported for verbal material but not for nonverbal material.
In addition the relative right-lateralisation of nonverbal versus verbal materials was only
significant for the parietal N170 during encoding, p, = .004 (retrieval, p, = .99). Figure 5
shows the pattern of hemispheric lateralisation for early peaks across all combinations of
material and process, with region separated by panel: frontal in the upper, parietal in the
lower. All contrasts for hemispheric lateralisation (left — right) were not significant (p,s > .05)

for the Material x Process x Region x Hemisphere interaction.
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Fig. 5. Mean peak amplitude (corrected and standardised, with standard error bars) for early peaks in
the left and right hemisphere for all combinations of material and process. Top: frontal VPP. Bottom:

parietal N170.

3.2.2 N270 and P300 mean amplitude

The ANOVA revealed a significant main effect of material (nonverbal > verbal), p
=.002, and region (parietal > frontal), p <.001, while effects of hemisphere, p = .07, and
process, p = .30, were not significant. The following interactions were significant: Material x
Region, p = .045; Material x Hemisphere, p = .02; Region x Hemisphere, p <.001; Material x

Process x Region, p = .03; and Process x Region x Hemisphere, p <.001.
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Fig. 6. Mean peak amplitude (corrected and standardised, with standard error bars) for combined late
peak data (N270/P300) in the left and right hemisphere for encoding and retrieval. Asterisks refer to
significant contrasts for hemispheric lateralisation (left - right, by legend labels) within each process

for the Process x Region x Hemisphere interaction. * p < .05, *** p < .001.

Further analysis showed nonverbal material produced larger peaks than verbal
material in the right hemisphere, p, = .004, supporting the material hypothesis. In the frontal
region there was significant left-lateralisation during encoding, p, < .001, but not during
retrieval, p, = .77 (encoding > retrieval, p, = .003; see Figure 6), consistent with the process
hypothesis. In contrast, in the parietal region there was significant right-lateralisation during
both encoding, p, < .001, and retrieval, p, = .03 (encoding > retrieval, p, = .02), challenging
the process hypothesis. The above effects occurred in the context of overall right-lateralisation
of the parietal P300, p, < .001, versus left-lateralisation of the frontal N270, p, = .003. Figure

7 shows the pattern of hemispheric lateralisation for late peaks across all combinations of
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material and process.
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Fig. 7. Mean peak amplitude (corrected and standardised, with standard error bars) for late peaks in
the left and right hemisphere for all combinations of material and process. Top: frontal N270. Bottom:
parietal P300. Asterisks refer to significant contrasts for hemispheric lateralisation (left — right) within

the Material x Process x Region x Hemisphere interaction. * p < .05, *** p <.001.
3.3 Mean amplitude effects due to item repetition (old/new effect)

For both VPP/N170 and N270/P300 all main effects, interactions, and contrasts
associated with Repetition were non-significant, pps > .053 (i.e., there were no old/new
memory effects for early or late peaks; complete inferential statistics for repetition (old versus
new) analyses for VPP/N170 and N270/P300 respectively can be found in Supplementary

Tables 4 and 5).
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4. Discussion

The aim of this study was to investigate the separate and interacting effects of material
and processing on hemispheric lateralisation of memory processing. The first prediction was
that material would have an effect on lateralisation, with relative left-lateralisation for verbal
material and relative right-lateralisation for nonverbal material. The second prediction was
that the type of memory processing would also have an effect on hemispheric lateralisation,
with relative left-lateralisation for encoding and relative right-lateralisation for retrieval. We
also explored the mediating effects of brain region by measuring event-related potentials
(ERPs) in frontal and parietal regions, and whether the effects would occur relatively early or
late following stimulus onset. To our knowledge, this study is the first to use ERPs to directly

compare material and processing accounts of hemispheric lateralisation.

The results showed a consistent effect of material on lateralisation. Compared with
verbal material, nonverbal material produced larger peak amplitudes over the right-
hemisphere during encoding and retrieval, in early peaks (140 to 220 ms, frontal VPP and
parietal N170) and late peaks (220 to 340 ms, frontal N270 and parietal P300, albeit weaker in
strength). However, there was a partial material specific hemispheric dissociation; when

considered in isolation, verbal material was not associated with left-lateralisation.

The effect of process on lateralisation depended on the brain region and whether early
or late ERP peaks were involved. In general, the results supported the process hypothesis in
frontal regions for both early and late peaks: regardless of material type, the frontal VPP was
right-lateralised during retrieval relative to encoding, and the frontal N270 was more left-
lateralised for encoding compared with retrieval. In contrast, the results for the parietal N170
for nonverbal material contradicted the processing hypothesis, with right-lateralisation during
encoding compared with retrieval, and for the parietal P300 there was right-lateralisation

regardless of the process type.

In summary, the data support an account in which nonverbal material affects right-

lateralisation in a consistent manner, while the effects of processing are consistent with HERA
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predictions at frontal sites, but are affected by interactions with material type at parietal sites.
Therefore, the effects of material and process on lateralisation interact in a manner that
depended on the timing of the brain response by brain region. The finding that process
affected lateralisation in the manner predicted by HERA at frontal sites but only for verbal
materials at parietal sites, is broadly consistent with evidence of process-related lateralisation
in the prefrontal cortex (e.g., Cabeza & Nyberg, 2000) and with interactions between brain
regions by processing by material (e.g., McDermott et al., 1999; Nyberg et al., 2000). In this
study, while nonverbal materials did not adhere to the predictions of HERA for parietal peaks,
supporting previous assertions that the HERA model may not be valid for nonverbal material
(Wagner et al., 1998), the pattern of lateralisation for nonverbal material at frontal sites did

support HERA.

It has been suggested that attempts to verbalise nonverbal materials may explain left
frontal activations during encoding (e.g., Wagner et al., 1998). However, the findings of the
current study suggest that the left frontal N270 involved during encoding is not related to the
verbalisability of the material, as left-lateralisation occurred for both verbal and nonverbal
stimuli (see Figure 7, top). In addition, neither stimulus type contained semantic information,
and participants were not instructed to categorise or label the stimuli, likely reducing the
chance that verbalisation confounded the results of our study compared to previous studies.
Therefore, the findings for the frontal N270 peak are interpreted as more likely to reflect a left
frontal neural substrate for encoding, consistent with previous findings supporting HERA.
Future investigations with quantification of the level of verbalisability may cast further light

on the effect of verbalisation on lateralisation in frontal regions.

Our findings of an association between nonverbal material and right-lateralisation is
consistent with previous neuropsychological, neuroimaging, and ERP evidence of right-
lateralisation during memory processing of nonverbal materials such as abstract geometric
figures or spatial positions (Bellgowan, Buftalo, Bodurka, & Martin, 2009; Bohbot et al.,
1998; Diaz-Asper, Dopkins, Potolicchio, & Caputy, 2006; Kessels, Postma, de Haan, &
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Kappelle, 2002). The strength of this nonverbal material effect was greater for the early peaks
than for late peaks, consistent with previous ERP findings (Baker & Holroyd, 2013;
Beisteiner et al., 1996; Maillard et al., 2011). In addition, the finding that processing of
nonverbal stimuli was more right-lateralised during encoding than during retrieval supports
previous neuropsychological findings that right MTL damage has a greater effect on initial
learning of material than on its subsequent retrieval after a delay (Jones-Gotman, Smith,

Frisk, & Routhier, 1996; Majdan, Sziklas, & Jones-Gotman, 1996).

The absence of left-lateralised processing of verbal material stands in contrast with
studies showing left hemisphere dominance for pseudoword processing (e.g., Bentin et al.,
1999; Falk, Cole, & Glosser, 2002; Kotz, Cappa, von Cramon, & Friederici, 2002; Moser,
Baker, Sanchez, Rorden, & Fridriksson, 2009). Our findings are indirectly supported,
however, by some findings of relative right-lateralisation for processing pseudowords
compared with real words (Doyle, Rugg, & Wells, 1996; Evans & Federmeier, 2007;
Marsolek, Kosslyn, & Squire, 1992; Sekiguchi, Koyama, & Kakigi, 2001; Swick & Knight,
1997). Pseudowords lack meaning, and have novel orthographic and phonological forms. In
the case of our stimuli, as foils only differed from targets by one letter in any position,
detailed visual analysis was required to successfully perform the memory task, and both foils
and targets lacked orthographic or phonological neighbours from which existing networks
could be drawn to aid memory. Therefore, relative to real words, remembering pseudowords
is likely to require a greater dependence on processes that have been associated with right-
lateralised brain activity, such as letter-by-letter reading and spatial localisation and ordering
of the letters (e.g., Bouma, 1987; Ellis et al., 2004; Gross, 1972; Pirozzolo & Rayner, 1977).
Nevertheless, we observed greater involvement of the right hemisphere in memory for the dot
arrays than the pseudowords, suggesting that the added requirement for spatial memory
increased right-lateralisation above and beyond the influences of novelty and spatial attention

per se.
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4.1 Limitations and future research

One limitation of this study relates to the absence of large ERP peaks from 340 to 800
ms (e.g., FN400 and a late positive component/P600) that have been associated with memory
encoding and retrieval tasks (e.g., Friedman & Johnson, 2000; Rugg & Curran, 2007). It is not
clear why these later components did not emerge and drive commonly reported “old/new”
memory effects. The absence of the memory effects may suggest that the observed material-
and process-related hemispheric differences exclusively reflect non-memory processing such
as perceptual priming. This account of the data seems unlikely, however: If repetition was
sufficiently suppressive as to obscure old/new memory effects, it is unclear why other effects
remained large in size (e.g., of material, processing, and hemisphere, with complex
interactions). The main effects of processing type are particularly hard to explain since these
occurred regardless of the type of stimulus, therefore obviating a perceptual priming
explanation. Furthermore, this explanation would include a novelty effect (new > old) during
retrieval as targets were repeated while foils were not, but this was not evident. Old/new
memory effects were likely to be smaller than other effects (e.g., main effects of material) and
hence were obscured while the latter were sufficiently large to remain statistically reliable.
Given this account, and the lack of significant differences in ERPs due to accuracy, we

interpret our findings as not confounded by repetition or priming effects.

Another important factor is the non-semantic nature of the materials used. Memory
tasks using highly novel abstract items have often failed to produce an old/new effect
(Beisteiner et al., 1996; Mecklinger & Miiller, 1996; van Petten & Senkfor, 1996; Voss &
Paller, 2009). Both our nonverbal and verbal materials may have failed to elicit the old/new
effect due to their low level of meaningfulness (e.g., Voss & Paller, 2007; Yovel & Paller,
2004). Replication with the level of meaningfulness systematically manipulated could

confirm the importance of this factor for demonstrating old/new effects.

An important issue relating to interpretation of the material effects is the potential role

of low-level stimulus characteristics such as size and spatial frequency, since ERPs are
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sensitive to differences in both (e.g., Luck, 2005; Sergent, 1982). The dot arrays were larger
in size and lower in spatial frequency than the pseudowords, and there is evidence that both of
these attributes are associated with increased right-lateralised attentional processes and hence
confound the effects of spatial memory observed in the current study (e.g., van der Ham,
Postma, & Laeng, 2014). To some extent, this is an intrinsic confound: spatial processing and
memory usually pertain to lower spatial frequencies and larger stimulus sizes than word
stimuli, and therefore the stimuli we used were ecologically valid and accurately represented
each material type as they typically appear. However, to completely exclude these factors, this
study should be replicated controlling for spatial frequency and size between the verbal and

nonverbal stimuli (as carried out in Chapters 5 and 6).

Regarding the HERA model, our findings must be interpreted with caution. We
acknowledge that aspects of our methodology, including multiple repetitions of stimuli across
encoding trials (versus a simple study-test design) and the use of ERPs (versus PET or fMRI),
do not directly conform with previous studies. Due to the low spatial resolution of ERPs and
only four electrode sites, we cannot definitively attribute our results to hemispheric
differences specifically between the temporal or prefrontal regions (e.g., Golby et al., 2001).
Nor can we equate our findings with those from unilateral temporal lobe (or prefrontal cortex)
patients (e.g., Redoblado, Grayson, & Miller, 2003). In addition, we did not observe the
old/new effects for N400 and P600 peaks that have been connected with rhinal and
hippocampal functioning (e.g., Fernandez et al., 1999; Smith, 1993). However, an MEG study
investigating retrieval for words and kaleidoscope pictures found greater left activation for
words and right activation for pictures in both temporoparietal regions (underlying the P7, P8
electrode sites we used) and the medial temporal lobe (Papanicolaou et al., 2002). Therefore,
our observed right parietal lateralisation for nonverbal material may also be associated with
similar medial temporal lobe asymmetries. Replication of our findings using techniques high
spatial resolution and patients with lateralised lesions would clarify the role of both brain

regions in the hemispheric asymmetries we observed.
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4.2 Conclusion

The results of this ERP study confirm and expand upon previous research, showing
that lateralising influences of material and process interact across early stages of neural
processing (within 300 ms of stimulus onset). Importantly, lateralisation due to the type of
memory processing may affect the degree of right-lateralisation elicited by nonverbal memory
tasks. These findings suggest that considering both material specific and processing specific

lateralisation effects has relevance in the clinical assessment of right hemispheric pathology.
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Appendix

Supplementary Table 1
Correlations between d "ver — d 'Non and ERPver— ERPnon

ERP measure r [Clos] p
N170 —Enc-L -.23 [-.25 .57] 31
N170 -Enc-R 18 [-.25 .57] 43
VPP -Enc-L 22 [-.16 .64] .33
VPP -Enc-R -17 [-.53.27] 46
P300 - Enc-L .01 [-.56 .45] .98
P300 - Enc-R 25 [-.30 .66] .26
N270 —Enc - L 34 [-.14 .68] A2
N270 —Enc-R -12 [-.50 .32] .59
N170 - Rtv—L -.06 [-.45 .37] .80
N170 - Rtv—R A9 [-.27 .52] 41
VPP —Rtv - L -.04 [-.43 .37] .85
VPP - Rtv - R .01 [-.35 .39] 97
P300 - Rtv-L -.33 [-.61 -.06] A3
P300 - Rtv—R -.33 [-.58 -.05] A3
N270 - Rtv—L -.23 [-.50 .08] 31
N270 - Rtv—R -.15 [-.45 .24] Sl
Average — Enc 14 [-.30 .53] 53
Average — Rtv -.19 [-.49 .11] 41
Average — Total -.03 [-.37 .29] 91
gfghT.Verbal; Non = Nonverbal; Enc = Encoding; Rtv = Retrieval; L = Left; R =

r = correlation coefficient;
[Clgs] = lower and upper bounds of 95% confidence interval (1000x bootstrapped);
p = significance test.

Supplementary Table 2
Corl’elatlons betWeen RTVer - RTNon and ERPVer - ERPNon

ERP measure r [Clgs] p

N170-Enc-L -.28 [-.64 .21] 22
N170 -Enc-R -.16 [-.50 .31] 48
VPP -Enc-L .26 [-.19 .59] .25
VPP -Enc-R 19 [-.31 .54] 40
P300 - Enc-L -.05 [-.51 .40] .83
P300 - Enc-R -11 [-.56 .43] .63
N270 —-Enc-L .18 [-.34 .63] 43
N270 - Enc —R .28 [-.07 .63] .20
N170 - Rtv - L -.02 [-.45 .37] .93
N170 - Rtv-R .07 [-.47 .63] .80
VPP -Rtv-L .30 [-.26 .65] 22
VPP - Rtv-R -.04 [-.43 .48] .86
P300 - Rtv-L 14 [-.33.52] .58
P300 - Rtv—R -.33 [-.42 .73] 17
N270 - Rtv - L -.38 [-.73 .16] A1
N270 - Rtv - R -14 [-.58 .53] 57
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Average — Enc .08
Average — Rtv -.01
Average — Total .09

[-.34 .50] 72
[-.49 57] 98
[-.35 .46] 68

Ver = Verbal; Non = Nonverbal; Enc = Encoding; Rtv = Retrieval; L = Left; R =

Right;
r = correlation coefficient;

[Clgs] = lower and upper bounds of 95% confidence interval (1000x bootstrapped);

p = significance test.

Supplementary Table 3

Correlations between RTene— RTrwvand ERPgnc — ERPRy

ERP measure r [Cles] p

N170 — Ver—L -.18 [-.53.20] 43
N170 - Ver-R -.07 [-.42 .29] .75
VPP —Ver - L .20 [-.29 .53] .39
VPP - Ver —R .02 [-.43 .48] .92
P300 — Ver-L -13 [-.48 .31] 57
P300 - Ver-R -13 [-.44 .21] .59
N270 — Ver—L 13 [-.15 .41] .59
N270 — Ver —R .09 [-.41 .65] .70
N170 — Non - L -51 [-.83.12] .03
N170 — Non—R -31 [-.65 .10] 19
VPP — Non - L 33 [-.16 .69] A7
VPP —Non-R .06 [-.49 .52] 81
P300 — Non— L -16 [-.46 -.14] 52
P300 - Non-R -12 [-.44 -.27] .63
N270 — Non - L .05 [-.28 .35] .85
N270 — Non—R 15 [-.31 .48] 55
Average — Ver -.15 [-.53.17] .50
Average — Non -.26 [-.76 .12] .25
Average — Total -.36 [-.69 -.04] .10

Ver = Verbal; Non = Nonverbal; Enc = Encoding; Rtv = Retrieval; L = Left; R =

Right;

r = correlation coefficient;

[Cles] = lower and upper bounds of 95% confidence interval (1000x bootstrapped);

p = significance test.

Supplementary Table 4a.

Descriptive and test statistics for VPP/N170 mean amplitude.

Mat Pro Reg Hem M Cliow  Clygp
Ver Enc N170 L 185 122 247
R 138 068 2.08

VPP L 115 070 159

R 073 034 111

Rtv N170 L 246 168 3.25

R 260 175 344

VPP L 166 1.06 226

R 145 101 1.90
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Non Enc N170 L 2.58 1.94 3.23
R 3.73 3.02 444
VPP L 1.87 1.40 2.33
R 1.61 1.22 2.00
Rtv N170 L 3.14 250 3.77
R 3.71 3.02 440
VPP L 177 1.29 2.25
R 245  2.06 2.84
4b.
ANOVA Factor F(1,21) p o2
Mat 44.24 <.001 .68
Pro 12.03 .002 .36
Reg 132.18 <.001 .86
Hem 0.70 412 .03
Mat * Pro 3.80 .065 15
Mat * Reg 23.88 <.001 .53
Mat * Hem 38.42 <.001 .65
Pro * Hem 5.89 .024 22
Reg * Hem 0.73 404 .03
Pro * Reg 1.03 323 .05
Mat * Pro * Hem 1.82 192 .08
Mat * Reg * Hem 141 .249 .06
Mat * Pro * Reg 4.04 .057 .16
Pro * Reg * Hem 2.79 110 12
Mat * Pro * Reg *
Hem 7.25 .014 .26
4c.
Interaction contrasts Fixed Tested teritical t Pp r d
Mat * Pro Enc Mat 2.74 -5.63 <.001 47 -1.20
Rtv Mat 274 -472 <.001 79  -1.03
Ver Pro 2.74  -3.68 .007 .59 -0.80
Non Pro 274  -1.79 .287 .63 -0.38
Mat * Pro 274 -1.94 227 22 -0.42
Mat * Reg N170 Mat 242 -7.22 <.001 g4 -154
VPP Mat 242 -5.03 <.001 .66 -1.08
Mat * Reg 242 -4.87 <.001 .76 -1.08
Mat * Hem L Mat 2.71  -4.09 .002 81 -0.89
R Mat 271 -7.78 <.001 .68 -1.68
Ver Hem 2.71 1.08 .657 54 023
Non Hem 271 -355 .009 72 -0.76
Mat * Hem 2.71 6.22 <.001 .70 1.37
Pro * Hem L Pro 278 -257 .073 .80 -0.60
R Pro 278 -3.81 .005 .64 -0.82
Enc Hem 2.78 -0.01 999 .56 0.00
Rtv Hem 2.78 -1.53 419 .68 -0.33
Pro * Hem 2.78 244 .095 75 0.53
Reg * Hem N170 Hem 238 -0.92 .616 A5 -0.20
VPP Hem 2.38 0.28 .958 .50 0.06
Reg * Hem 2.38 -0.85 .664 -34  -0.19
Pro * Reg N170 Pro 242 -3.04 013 .70 -0.68
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Mat * Pro * Hem

Mat * Reg * Hem

Mat * Pro * Reg

Pro * Reg * Hem

Mat * Pro * Reg *

Hem

VPP

Enc/L
Enc/R
Rtv/L
Rtv/R
Ver/L
Ver /R
Non /L
Non/R
Ver /Enc
Ver / Rec
Non / Enc
Non / Rec
Enc

Rtv

Ver

Non
N170/L
N170/R
VPP /L
VPP /R
Ver / N170
Non / N170
Ver [/ VPP
Non / VPP
N170

VPP
Enc/N170
Rtv / N170
Enc / VPP
Rtv / VPP
N170/N170
VPP / N170
N170/ VPP
VPP / VPP
N170

VPP
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N170/R
VPP /L
VPP /R
Enc/N170
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Enc / VPP
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N170

VPP

Enc/L/N170

Pro

Pro * Reg
Mat

Mat

Mat

Mat

Pro

Pro

Pro

Pro

Hem

Hem

Hem

Hem

Mat * Hem
Mat * Hem
Pro * Hem
Pro * Hem
Mat

Mat

Mat

Mat

Hem

Hem

Hem

Hem

Mat * Hem
Mat * Hem
Mat

Mat

Mat

Mat

Pro

Pro

Pro

Pro

Mat * Pro
Mat * Pro
Pro

Pro

Pro

Pro

Hem

Hem

Hem

Hem

Pro * Hem
Pro * Hem

Mat

2.42
242
3.18
3.18
3.18
3.18
3.18
3.18
3.18
3.18
3.18
3.18
3.18
3.18
3.18
3.18
3.18
3.18
3.03
3.03
3.03
3.03
3.03
3.03
3.03
3.03
3.03
3.03
2.98
2.98
2.98
2.98
2.98
2.98
2.98
2.98
2.98
2.98
2.98
2.98
2.98
2.98
2.98
2.98
2.98
2.98
2.98
2.98

3.47

-3.93
-1.03
-3.53
-6.84
-2.60
-5.63
-2.49
-451
-1.48
-1.81

2.05

0.13
-2.49
-3.96

5.79

4.48

2.86

1.19
-3.65
-7.09
-2.34
-6.01

0.37
-2.44

1.46
-1.14

3.62

2.63
-6.17
-4.68
-4.05
-4.14
-3.53
-1.19
-3.64
-2.41
-2.24
-1.19
-3.34
-2.30
-1.19
-5.34
-0.87
-0.90

2.19
-1.01

0.07

2.91

-2.97

.002
.500
.025
<.001
.166
<.001
.208
.002
.761
.556
405
.999
.207
.009
<.001
.002
104
.901
011
<.001
197
<.001
999
.166
674
.849
.013
113
<.001
<.001
.006
.005
.017
757
.013
147
196
.758
024
213
.839
<.001
951
.943
.258
913
999
.057

141

71
91
54
49
.86
72
.65
.63
.76
.50
.56
.61
.68
.76
7
.64
.79
74
.80
.70
.64
.59
.07
.26
45
48
18
.30
.46
.78
.38
75
.56
.62
.62
.61
.16
.30
.85
.66
.69
.64
.05
.30
57
.38
57
.23

.67

-0.86
-0.31
-0.75
-1.46
-0.60
-1.23
-0.55
-0.97
-0.32
-0.39

0.44

0.03
-0.53
-0.85

1.26

0.98

0.61

0.28
-0.78
-1.54
-0.50
-1.29

0.08
-0.52

0.31
-0.25

0.78

0.56
-1.32
-1.01
-0.86
-0.91
-0.77
-0.25
-0.79
-0.52
-0.48
-0.26
-0.74
-0.50
-0.27
-1.15
-0.19
-0.19

0.47
-0.22

0.02

0.62

-0.63
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Enc/R/N170 Mat 347 -6.58 <.001 44 -1.40

Enc/L/VPP Mat 347 -2.66 .262 24 -0.57
Enc/R/VPP Mat 347 -4.57 .003 46 -0.97
Rtv /L /N170 Mat 3.47 -3.26 .077 .84  -0.73
Rtv/R/N170 Mat 347 -361 .036 .67 -0.79
Rtv/ L/ VPP Mat 3.47 -0.58 999 .70 -0.13
Rtv/ R/ VPP Mat 3.47 -5.97 <.001 .65 -1.28
Ver /L /N170 Pro 3.47 -261 .285 .78 -0.58
Non /L /N170 Pro 347 -2.96 144 .82 -0.63
Ver /L /VPP Pro 3.47 -2.01 .650 53 -0.44
Non/L /VPP Pro 3.47 0.43 .999 .53 0.09
Ver /R /N170 Pro 3.47 -3.63 .034 .61 -0.79
Non/R/N170 Pro 3.47 0.05 .999 44 0.01
Ver /R / VPP Pro 3.47 -4.28 .007 .64 -0.92
Non/R/VPP Pro 347 -4.78 .002 57 -1.02
Ver /Enc/N170 Hem 3.47 1.08 .993 .10 0.23
Non / Enc/ N170 Hem 347 -2.67 .257 13 -0.57
Ver [ Enc / VPP Hem 3.47 211 579 .52 0.45
Non / Enc / VPP Hem 3.47 1.26 .980 54 0.27
Ver / Rtv / N170 Hem 3.47  -0.27 .999 .20 -0.06
Non / Rtv/ N170 Hem 347 -1.62 .881 39 -0.35
Ver / Rtv / VPP Hem 3.47 0.68 .999 34 0.15
Non / Rtv / VPP Hem 347 -2.73 .230 30 -0.59
Enc/N170 Mat * Hem 3.47 4.50 .004 35 0.99
Rtv/N170 Mat * Hem 3.47 0.66 .999 44 0.14
Enc/ VPP Mat * Hem 3.47 1.22 .983 .06 0.27
Rtv/ VPP Mat * Hem 3.47 3.35 .065 .03 0.72
N170/L Pro * Hem 3.47 -0.27 999 36 -0.06
N170/R Pro * Hem 347 -1.85 759 .06 -0.40
VPP /L Pro * Hem 347 -2.72 232 14  -0.58
VPP /R Pro * Hem 3.47 0.63 .999 44 0.13

Mat = Material (Verbal - Nonverbal); Pro = Process (Encoding - Retrieval); Reg = Region (Parietal - Frontal); Hem =
Hemisphere (Left - Right); Ver = Verbal; Non = Nonverbal; Enc = Encoding; Rtv = Retrieval; L = Left; R =
Right.

Supplementary Table 5.
Descriptive and test statistics for N270/P300 mean amplitude

Mat Pro Reg Hem M Cliow  Cluypp
Ver Enc P300 L 193 141 245
R 370 293 447

N270 L 206 174 237

R 119 068 1.70

Rtv P300 L 198 141 255

R 295 208 381

N270 L 179 124 233

R 138 092 184

Non Enc P300 L 147 102 192
R 245 184  3.06

N270 L 171 122 219

R 066 029 1.02
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Rtv P300 L 1.66 1.14 2.19
R 2.13 1.39 2.86
N270 L 1.15 0.57 1.72
R 1.05 0.57 1.53
5b.
ANOVA Factor F(1,21) p o
Mat 12.71 .002 .38
Pro 1.15 .296 .05
Reg 59.61 <.001 74
Hem 3.76 .066 .15
Mat * Pro 0.27 611 .01
Mat * Reg 4.56 .045 .18
Mat * Hem 6.03 .023 22
Pro * Hem 0.05 .826 .00
Reg * Hem 32.73 <.001 .61
Pro * Reg 3.17 .089 13
Mat * Pro * Hem 411 .056 .16
Mat * Reg * Hem 2.56 125 A1
Mat * Pro * Reg 5.43 .030 21
Pro * Reg * Hem 26.17 <.001 .56
Mat * Pro * Reg *
Hem 0.15 .703 .01
5c.
Interaction contrasts Fixed Tested teritical t Pp r d
Mat * Pro Enc Mat 282 -3.29 .020 54 -0.71
Rtv Mat 2.82 -2.43 .103 .66 -0.52
Ver Pro 2.82 0.40 .975 .78 0.09
Non Pro 2.82 1.04 124 .69 0.23
Mat * Pro 2.82 -0.55 941 31 -0.12
Mat * Reg P300 Mat 2.37 -3.36 .005 .69 -0.73
N270 Mat 237 -3.50 .004 74  -0.76
Mat * Reg 237 -2.25 .066 .88  -0.67
Mat * Hem L Mat 276 -2.69 .057 .63 -0.58
R Mat 2.76 -3.83 .004 .73 -0.83
Ver Hem 276 -0.69 .891 .87 -0.16
Non Hem 276 -2.64 .064 .87 -0.69
Mat * Hem 2.76 2.33 115 e 0.51
Pro * Hem L Pro 2.73 1.23 .622 .83 0.30
R Pro 2.73 0.72 .890 .81 0.16
Enc Hem 273 -1.45 482 .79  -0.36
Rtv Hem 273 -2.15 170 92 -0.53
Pro * Hem 2.73 0.28 .993 .68 0.06
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Reg * Hem

Pro * Reg

Mat * Pro * Hem

Mat * Reg * Hem

Mat * Pro * Reg

Pro * Reg * Hem

P300
N270

P300
N270

Enc/L
Enc/R
Rtv/L
Rtv/R
Ver/L
Ver /R
Non/L
Non/R
Ver / Enc
Ver / Rec
Non/Enc
Non / Rec
Enc

Rtv

Ver

Non
P300/L
P300/R
N270/L
N270/R
Ver / P300

Non / P300
Ver [ N270
Non/ N270
P300

N270

Enc / P300
Rtv / P300
Enc / N270
Rtv / N270
P300 / P300
N270/P300
P300/N270
N270 / N270
P300

N270
P300/L
P300/R
N270/L
N270/R

Enc / P300
Rtv / P300

Hem
Hem

Reg * Hem
Pro

Pro

Pro * Reg
Mat

Mat

Mat

Mat

Pro

Pro

Pro

Pro

Hem

Hem

Hem

Hem

Mat * Hem
Mat * Hem
Pro * Hem
Pro * Hem
Mat

Mat

Mat

Mat

Hem

Hem

Hem

Hem

Mat * Hem
Mat * Hem
Mat

Mat

Mat

Mat

Pro

Pro

Pro

Pro

Mat * Pro
Mat * Pro
Pro

Pro

Pro

Pro

Hem
Hem

241
241

241
2.46
2.46
2.46
3.22
3.22
3.22
3.22
3.22
3.22
3.22
3.22
3.22
3.22
3.22
3.22
3.22
3.22
3.22
3.22
3.05
3.05
3.05
3.05
3.05

3.05
3.05
3.05
3.05
3.05
2.94
2.94
2.94
2.94
2.94
2.94
2.94
2.94
2.94
2.94
3.04
3.04
3.04
3.04

3.04
3.04

-5.23
3.58

-5.66
1.62
0.38
191

-2.05

-3.92

-2.16

-2.41
0.99

-0.30
0.66
1.24
0.24

-1.49

-2.64

-2.08
3.02
0.52
1.39

-1.29

-2.05

-3.34

-2.49

-3.39

-2.98

-5.42
3.12
3.02
2.23

-0.40

-3.43

-2.20

-2.71

-2.62
0.38
1.72
0.42
0.20

-1.05
0.11

-0.99
2.81
2.39

-2.08

-6.06
-3.35

<.001
.003

<.001
276
931
167
438
.009
.376
249
.966
.999
997
.904
.999
787
167
420
.078
.999
.836
.884
312
.026
.146
.024
.056

<.001
.042
.052
231
.999
.018
.206
.080
.095
.997
433
.996
.999
.832
.999
.909
.078
178
.304

<.001
.027

74
.60

.25
.88
74
81
.39
.62
57
.69
.65
.79
.69
.69
71
.89
.85
.89
72
.78
.56
.82
.69
.58
.53
.83
.61

72
.65
42
41
.26
54
.64
.53
.70
79
.78
7
47
40
15
87
.82
.66
75

.62
7

-1.20
0.77

121
0.37
0.09
0.41

-0.44

-0.87

-0.46

-0.51
0.22

-0.07
0.15
0.26
0.05

-0.34

0.77

-0.49
0.65
0.11
0.30

-0.30

-0.44

0.72

-0.54

0.73

-0.67

-1.27
0.67
0.65
0.51

-0.09

-0.76

-0.47

-0.58

-0.57
0.09
0.37
0.10
0.04

-0.22
0.02

-0.22
0.62
0.56

-0.45

-1.36
-0.78
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Enc / N270 Hem 3.04 505 .001 42 110

Rtv / N270 Hem 3.04 129 771 .68  0.28
P300 Pro * Hem 3.04 -353 017 36 -0.79
N270 Pro * Hem 3.04 439 .003 48 094

Mat * Pro * Reg *

Hem Enc/L/P300 Mat 350 -2.03 .637 54 -0.44
Enc/R/P300 Mat 350 -3.59 .043 47 -0.78
Enc/L/N270 Mat 350 -1.36 961 18  -0.30
Enc/R/N270 Mat 350 -297 152 .69 -0.68
Rtv /L /P300 Mat 350 -1.50 .918 .69 -0.32
Rtv/ R /P300 Mat 350 -2.14 .567 52 -0.46
Rtv /L /N270 Mat 350 -2.33 450 48  -0.50
Rtv/ R /N270 Mat 350 -2.24 503 .85  -0.48
Ver/L/P300 Pro 350 -1.15 .990 .76 -0.25
Non /L /P300 Pro 350 -0.29 .999 .83  -0.06
Ver /L /N270 Pro 350 2.29 472 55 0.49
Non /L /N270 Pro 350 1.08 .994 37 025
Ver /R /P300 Pro 350 1.32 .968 73 0.29
Non /R /P300 Pro 3.50 2.52 341 12 0.54
Ver /R /N270 Pro 350 -2.70 .249 75  -0.62
Non /R /N270 Pro 350 -0.97 .998 .65 -0.21
Ver / Enc/P300 Hem 350 -3.46 .056 42 -0.76
Non / Enc / P300 Hem 3,50 -6.58 <.001 69 -1.54
Ver / Enc / N270 Hem 3.50 4.13 .013 .26 0.90
Non / Enc / N270 Hem 350 3.79 .028 42  0.86
Ver / Rtv / P300 Hem 350 -1.82 .766 70 -0.42
Non / Rtv / P300 Hem 350 -3.33 .075 .72 -0.80
Ver / Rtv / N270 Hem 350 033 .999 74 0.07
Non / Rtv / N270 Hem 350 1.66 .846 49  0.36
Enc / P300 Mat * Hem 3.50 2.53 334 48 0.57
Rtv / P300 Mat * Hem 350 061 .999 .09 0.13
Enc/ N270 Mat * Hem 350 1.49 .925 47 035
Rtv / N270 Mat * Hem 350 -1.44 .940 48 -0.36
P300/L Pro * Hem 350 -0.67 .999 09 -0.14
P300/R Pro * Hem 350 0.82 .999 -02 017
N270/L Pro * Hem 350 -1.12 .992 -02 -0.24
N270/R Pro * Hem 350 -1.22 .982 40  -0.26

Mat = Material (Verbal - Nonverbal); Pro = Process (Encoding - Retrieval); Reg = Region (Parietal - Frontal); Hem =
Hemisphere (Left - Right); Ver = Verbal; Non = Nonverbal; Enc = Encoding; Rtv = Retrieval; L = Left; R =
Right.

Supplementary Table 6a.
Descriptive and test statistics for VPP/N170 mean amplitude - Repetition effect
Mat Pro Reg Hem M Cliow  Clupp

Ver Old N170 L 292 214 371
R 385 297 472
VPP L 142 076 2.08
R 172 090 253
New N170 L 3.04 245 364
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R 400 316 484
VPP L 199 138 260
R 245 195 294
Non Old N170 L 249 167 331
R 240 147 332
VPP L 154 096 212
R 139 092 186
New N170 L 232 153 3.10
R 277 195 359
VPP L 183 110 256
R 153 099 207
6b.
ANOVA Factor F(1,21) p np?
Mat 16.39 .001 44
Rep 3.15 .090 13
Reg 102.13 <.001 .83
Hem 2.35 .140 .10
Mat * Rep 0.75 .396 .04
Mat * Reg 10.71 .004 34
Mat * Hem 17.41 <.001 45
Rep * Hem 0.89 .356 .04
Reg * Hem 0.68 418 .03
Rep * Reg 4.22 .053 A7
Mat * Rep * Hem 0.14 711 .01
Mat * Reg * Hem 0.09 .766 .00
Mat * Rep * Reg 1.29 270 .06
Rep * Reg * Hem 0.60 446 .03
Mat * Rep * Reg *
Hem 1.82 192 .08
6c.
Interaction contrasts Fixed Tested Leritical t Pp r d
Mat * Rep Old Mat 272 -262 .062 .70 -0.56
New Mat 272 -3.48  .009 .65 -0.75
Ver Rep 272 -125 .608 89  -0.27
Non Rep 272 -149 460 45 -0.32
Mat * Rep 272 087 .824 15 0.19
Mat * Reg N170 Mat 248 -4.88 <.001 77 -1.06
VPP Mat 248 -184 184 .64  -0.40
Mat * Reg 248 -3.27  .009 45 -0.70
Mat * Hem L Mat 273 -1.90 247 .86 -0.47
R Mat 273 -501 <.001 73 -1.07
Ver Hem 273 0.09 999 .62 0.02
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Rep * Hem

Reg * Hem

Rep * Reg

Mat * Rep * Hem

Mat * Reg * Hem

Mat * Rep * Reg

Rep * Reg * Hem

Non

L

R
Old
New

N170
VPP

N170
VPP

Old/L
Old/R
New /L
New /R
Ver/L

Ver /R
Non/L
Non/R
Ver /Old
Ver / Rec
Non/ Old
Non / Rec
Old

New

Ver

Non
N170/L
N170/R
VPP /L
VPP /R
Ver [ N170
Non/N170
Ver [ VPP
Non / VPP
N170

VPP

Old / N170
New / N170
Old / VPP
New / VPP
N170/N170
VPP / N170
N170/ VPP
VPP / VPP
N170

VPP
N170/L

Hem
Mat * Hem
Rep
Rep
Hem
Hem
Rep * Hem
Hem
Hem
Reg * Hem
Rep
Rep
Rep * Reg
Mat
Mat
Mat
Mat
Rep
Rep
Rep
Rep
Hem
Hem
Hem
Hem
Mat * Hem
Mat * Hem
Rep * Hem
Rep * Hem
Mat
Mat
Mat
Mat
Hem
Hem
Hem
Hem
Mat * Hem
Mat * Hem
Mat
Mat
Mat
Mat
Rep
Rep
Rep
Rep
Mat * Rep
Mat * Rep
Rep

2.73
2.73
2.72
2.72
2.72
2.72
2.72
2.37
2.37
2.37
2.36
2.36
2.36
3.25
3.25
3.25
3.25
3.25
3.25
3.25
3.25
3.25
3.25
3.25
3.25
3.25
3.25
3.25
3.25
2.97
2.97
2.97
2.97
2.97
2.97
2.97
2.97
2.97
2.97
2.99
2.99
2.99
2.99
2.99
2.99
2.99
2.99
2.99
2.99
2.89

-3.40

4.17
-1.22
-1.94
-1.01
-2.00

0.94
-1.28
-0.30
-0.83
-1.04
-1.99

2.05
-0.77
-3.70
-2.13
-3.91
-0.36
-1.76
-1.38
-1.40

0.45
-0.28
-2.31
-4.24

3.66

2.92

1.03

0.45
-2.76
-4.08
-0.09
-3.74
-0.37
-2.03

0.77
-1.41

1.97

2.86
-4.43
-4.01
-0.33
-2.61
-0.65
-0.80
-1.59
-1.66

0.17

1.10

0.15

.010
.002
.639
.249
762
.226
793
407
.956
.689
.535
120
.106
.994
.016
418
.010
.999
.661
.866
.858
.999
.999
314
.005
.018
.104
.969
.999
.080
.004
.999
.009
.999
.346
.982
735
377
.064
.001
.004
.999
.108
978
.953
575
.533
.999
.852
.999

.67
.59
.80
7
.59
71
.61
21
.35

92
49
74
74
69
76
51
.86
87
50
44
59
61
.60
79
61
63
28
74
83
67
63
72
22
15
40
34
02
50
77
65
35
62
89
81
83

-03
49

-13
87

-0.73

0.91
-0.26
-0.42
-0.22
-0.43

0.20
-0.27
-0.06
-0.18
-0.23
-0.43

0.57
-0.17
-0.80
-0.49
-0.83
-0.08
-0.37
-0.30
-0.30

0.10
-0.06
-0.50
-0.92

0.79

0.65

0.22

0.10
-0.61
-0.87
-0.02
-0.80
-0.08
-0.44

0.17
-0.30

0.43

0.64
-0.96
-0.86
-0.07
-0.56
-0.14
-0.17
-0.35
-0.36

0.04

0.24

0.03
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Mat * Rep * Reg *
Hem

N170/R
VPP /L
VPP /R
Old / N170
New / N170
Old / VPP
New / VPP
N170

VPP

Old /L /N170
Old/R/N170
Old/L/VPP
Old/ R/ VPP
New /L /N170
New /R /N170
New/ L/ VPP
New /R / VPP
Ver /L /N170
Non /L /N170
Ver/L/VPP
Non/L/VPP
Ver /R /N170
Non/R/N170
Ver /R / VPP
Non /R / VPP
Ver /Old / N170
Non/ Old / N170
Ver /0Old / VPP
Non/ Old / VPP
Ver / New / N170
Non/ New / N170
Ver / New / VPP
Non / New / VPP
Old / N170
New / N170
Old / VPP
New / VPP
N170/L
N170/R

VPP /L

VPP /R

Rep
Rep
Rep
Hem
Hem
Hem
Hem
Rep * Hem
Rep * Hem

Mat
Mat
Mat
Mat
Mat
Mat
Mat
Mat
Rep
Rep
Rep
Rep
Rep
Rep
Rep
Rep
Hem
Hem
Hem
Hem
Hem
Hem
Hem
Hem
Mat * Hem
Mat * Hem
Mat * Hem
Mat * Hem
Rep * Hem
Rep * Hem
Rep * Hem
Rep * Hem

2.89
2.89
2.89
2.89
2.89
2.89
2.89
2.89
2.89

3.43
3.43
3.43
3.43
3.43
3.43
3.43
3.43
3.43
3.43
3.43
3.43
3.43
3.43
3.43
3.43
3.43
3.43
3.43
3.43
3.43
3.43
3.43
3.43
3.43
3.43
3.43
3.43
3.43
3.43
3.43
3.43

-1.91
-1.85
-1.62
-0.86
-1.71
-0.28
-0.26

1.28

0.00

-1.67
-4.05
0.34
-0.93
-3.13
-3.30
-0.62
-3.67
0.97
-0.48
-1.20
-1.61
-2.14
-0.63
-0.69
-1.51
0.18
-1.67
0.50
-0.88
-0.95
-2.20
0.79
-1.60
221
1.39
131
2.58
1.15
0.71
-0.67
1.16

425
464
.620
974
.559
.999
999
.826
999

.881
.010
.999
999
.104
.069
.999
027
.999
999
.988
.902
597
999
.999
937
.999
879
.999
999
999
554
.999
.908
543
.962
978
.307
992
999
.999
991

.94
.64
41
18
24
43
34
.01
49

7
.66
.32
.46
.79
.56
.70
.50
.89
74
72
.33
.92
.82
.69

.23
.05
.35
.56
24
24
.26
44

.59
.26
32
.34
.20
-17
.07

-0.43
-0.40
-0.35
-0.18
-0.37
-0.06
-0.06

0.28

0.00

-0.36
-0.87
0.07
-0.22
-0.72
-0.70
-0.14
-0.78
0.21
-0.11
-0.27
-0.34
-0.48
-0.13
-0.15
-0.33
0.04
-0.36
0.11
-0.19
-0.20
-0.48
0.17
-0.35
0.48
0.30
0.29
0.55
0.25
0.16
-0.14
0.27

Mat = Material (Verbal - Nonverbal); Pro = Process (Encoding - Retrieval);
Reg = Region (Parietal - Frontal); Hem = Hemisphere (Left - Right); Ver =
Verbal; Non = Nonverbal; Enc = Encoding; Rtv = Retrieval; L = Left; R =

Right.

Supplementary Table 7a.

Descriptive and test statistics for N270/P300 mean amplitude - Repetition effect
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Mat Pro Reg Hem M Cliow  Clyp
Ver old P300 L 202 150 254
R 315 226 4.04
N270 L 131 072 191
R 099 035 163
New P300 L 197 130 264
R 3.06 222 3.89
N270 L 186 127 244
R 133 089 1.77
Non Old P300 L 153 098 2.09
R 184 089 279
N270 L 087 025 148
R 099 054 143
New P300 L 154 103 2.06
R 209 139 279
N270 L 123 066 1.80
R 098 047 148
7b.
ANOVA Factor F(1,21) p e
Mat 7.14 .014 .25
Rep 0.74 .398 .03
Reg 45.15 <.001 .68
Hem 5.57 .028 21
Mat * Rep 0.03 874 .00
Mat * Reg 5.04 .036 19
Mat * Hem 0.84 .370 .04
Rep * Hem 0.62 440 .03
Reg * Hem 9.33 .006 31
Rep * Reg 2.86 .106 12
Mat * Rep * Hem 0.08 .780 .00
Mat * Reg * Hem 341 .079 14
Mat * Rep * Reg 2.20 .153 .10
Rep * Reg * Hem 2.13 159 .09
Mat * Rep * Reg *
Hem 1.12 .302 .05
7c.
Interaction contrasts Fixed Tested Leritical t Pp r d
Mat * Rep old Mat 257 -211 145 48  -0.46
New Mat 257 -290 .022 .68  -0.62
Ver Rep 257 -0.78  .899 74 -0.17
Non Rep 257 -0.77  .903 53 -0.17
Mat * Rep 257 016  .999 .68  0.04
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Mat * Reg

Mat * Hem

Rep * Hem

Reg * Hem

Rep * Reg

Mat * Rep * Hem

Mat * Reg * Hem

Mat * Rep * Reg

P300
N270

Ver
Non

L

R
Old
New

P300
N270

P300
N270

Old/L
Old/R
New / L
New /R
Ver /L
Ver /R
Non/L
Non/R
Ver /Old
Ver / Rec
Non/ Old
Non / Rec
Old

New

Ver

Non
P300/L
P300/R
N270/L
N270 /R
Ver / P300
Non / P300
Ver / N270
Non/ N270
P300

N270

Old / P300
New / P300
Old / N270
New / N270
P300 / P300

Mat
Mat
Mat * Reg
Mat
Mat
Hem
Hem
Mat * Hem
Rep
Rep
Hem
Hem
Rep * Hem
Hem
Hem
Reg * Hem
Rep
Rep
Rep * Reg
Mat
Mat
Mat
Mat
Rep
Rep
Rep
Rep
Hem
Hem
Hem
Hem
Mat * Hem
Mat * Hem
Rep * Hem
Rep * Hem
Mat
Mat
Mat
Mat
Hem
Hem
Hem
Hem
Mat * Hem
Mat * Hem
Mat
Mat
Mat
Mat
Rep

2.45
2.45
2.45
2.73
2.73
2.73
2.73
2.73
2.60
2.60
2.60
2.60
2.60
2.41
241
2.41
2.19
2.19
2.19
3.19
3.19
3.19
3.19
3.19
3.19
3.19
3.19
3.19
3.19
3.19
3.19
3.19
3.19
3.19
3.19
3.03
3.03
3.03
3.03
3.03
3.03
3.03
3.03
3.03
3.03
2.84
2.84
2.84
2.84
2.84

-2.89
-1.87
-2.25
-2.36
-2.60
-1.34
-2.33

0.92
-0.96
-0.67
-2.27
-1.88
-0.79
-3.47

1.40
-3.05
-0.18
-1.22

1.69
-1.72
-2.18
-2.53
-2.72
-0.89
-0.59
-0.84
-0.57
-1.39
-1.04
-2.13
-1.82

0.89

0.69
-0.53
-0.67
-2.07
-2.62
-2.02
-1.06
-1.59
-3.33

0.35

1.86

1.66
-1.59
-2.63
-2.78
-0.80
-2.83
-0.57

.019
159
.078
.105
.066
.536
110
.788
.789
917
.108
.238
871
.004
.305
012
990
466
.257
.650
.357
197
131
.988
999
991
999
847
.968
.384
579
.988
997
.999
.998
314
115
.336
.882
.585
027
999
418
543
584
.078
.058
961
.051
.990

.56
51
.70
48
57
.88
.84
.73
43
75
.88
.89
.85
.73
.55
.39
.82
24
7
31
52
.66
.62
.65
.78
.23
71
.88
.86
.76
.84
.73
.65
.82
.78
.63
.39
.29
.68
.70
.58
.70
.28
.35
.53
44
.66
.34
.70
74

-0.62
-0.42
-0.52
-0.51
-0.56
-0.32
-0.58

0.20
-0.21
-0.14
-0.61
-0.41
-0.18
-0.81

0.30
-0.65
-0.04
-0.26

0.42
-0.38
-0.47
-0.55
-0.58
-0.19
-0.13
-0.18
-0.12
-0.32
-0.23
-0.52
-0.39

0.19

0.15
-0.11
-0.15
-0.45
-0.56
-0.45
-0.23
-0.39
-0.76

0.08

0.40

0.39
-0.37
-0.56
-0.61
-0.17
-0.61
-0.13
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Rep * Reg * Hem

Mat * Rep * Reg *

Hem

N270 / P300
P300/ N270
N270 / N270
P300

N270
P300/L
P300/R
N270/L
N270/R
Old / P300
New / P300
Old / N270
New / N270
P300

N270

Old /L /P300
Old /R /P300
Old /L / N270
Old/R/N270
New /L /P300
New / R /P300
New /L /N270
New /R /N270
Ver /L /P300
Non /L /P300
Ver /L /N270
Non /L /N270
Ver /R /P300
Non /R /P300
Ver /R /N270
Non/R/N270
Ver / Old / P300
Non / Old / P300
Ver / Old / N270
Non/ Old / N270
Ver / New / P300
Non / New / P300
Ver / New / N270

Non / New / N270

Old / P300
New / P300
Old / N270
New / N270
P300/L
P300/R
N270/L
N270/R

Rep
Rep
Rep
Mat * Rep
Mat * Rep
Rep
Rep
Rep
Rep
Hem
Hem
Hem
Hem
Rep * Hem
Rep * Hem

Mat
Mat
Mat
Mat
Mat
Mat
Mat
Mat
Rep
Rep
Rep
Rep
Rep
Rep
Rep
Rep
Hem
Hem
Hem
Hem
Hem
Hem
Hem
Hem
Mat * Hem
Mat * Hem
Mat * Hem
Mat * Hem
Rep * Hem
Rep * Hem
Rep * Hem
Rep * Hem

2.84
2.84
2.84
2.84
2.84
2.87
2.87
2.87
2.87
2.87
2.87
2.87
2.87
2.87
2.87

3.36
3.36
3.36
3.36
3.36
3.36
3.36
3.36
3.36
3.36
3.36
3.36
3.36
3.36
3.36
3.36
3.36
3.36
3.36
3.36
3.36
3.36
3.36
3.36
3.36
3.36
3.36
3.36
3.36
3.36
3.36
3.36

0.44
-1.01
-1.21
-0.87

0.99

0.12
-0.47
-1.43
-0.72
-3.04
-3.66

0.47

1.97

0.84
-1.30

-1.77
-2.48
-1.23
-0.01
-2.01
-2.49
-2.39
-2.46
-0.04
0.27
-1.53
-1.21
-0.91
0.51
0.07
-1.02
-0.97
-3.10
-0.57
1.06
-2.21
-3.33
1.12
2.20
1.67
-1.50
1.46
-1.13
-0.29
0.53
-1.06
1.31

997
.902
.807
.945
911
.999
.998
122
.984
.034
.008
.998
.366
.965
797

.796
337
981
.999
.636
.326
.388
347
.999
.999
911
.983
.999
.999
.999
.996
.998
.095
.999
.994
.504
.054
991
511
.852
921
937
.990
.999
.999
.994
970

.86
73
-.19
.73
37
.76
.88
10
48
.76
72
.55
.64
.76
71

44
.29
22
.53
.76
.46
.55
81
.66
.79
.66

.79
91
.73
.23
.73
.53
.70
48
.68
.61
.63
.55
.38
.59
.35
40
45
.66
.06
.60

0.10
-0.22
-0.26
-0.20

0.22

0.03
-0.10
-0.31
-0.15
-0.77
-0.80

0.10

0.42

0.18
-0.30

-0.38
-0.53
-0.26
0.00
-0.46
-0.54
-0.51
-0.54
-0.01
0.06
-0.33
-0.26
-0.21
0.11
0.02
-0.22
-0.25
-0.73
-0.13
0.23
-0.50
-0.73
0.24
0.48
0.39
-0.33
0.34
-0.27
-0.06
0.14
-0.23
0.33

Mat = Material (Verbal - Nonverbal); Pro = Process (Encoding - Retrieval);
Reg = Region (Parietal - Frontal); Hem = Hemisphere (Left - Right); Ver =
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Verbal; Non = Nonverbal; Enc = Encoding; Rtv = Retrieval; L = Left; R =
Right.

180



Segue to Chapter 4

In Chapter 3 the effects of material and processing type on lateralisation were
compared using event-related potential measures from healthy participants. In Chapter 4, the
same effects were explored using measures of electroencephalographic (EEG) power in the
theta and alpha frequency bands. Accordingly, some sections of Chapter 4 are identical to
those in Chapter 3, including Sections 2.1 to 2.4 and 2.6.3 of the Materials and Methods, and
parts of Section 3.1 of the Results which pertain to behavioural measures of participant

accuracy and response time.

EEG is an overlooked method through which to potentially investigate the relative
effects of material and processing on hemispheric lateralisation. While ERPs predominantly
measure neural activity evoked by sensory stimulation and are modulated by different
attentional and cognitive demands, EEG oscillations index aspects of neural activity that
ERPs filter out, including recurrent and reciprocal changes between cortical regions. Event-
related EEG is also particularly well-suited to measure longer-lasting cognitive processes (up
to many seconds after the stimulus), whilst ERPs predominantly index activity within 0 to 500
ms. For short periods after a stimulus (e.g., 0 to 500 ms), event-related EEG is partially
correlated with and partially independent of ERP measures. In sum, EEG is a temporally and
qualitatively different measure of neural activity than ERPs that usefully complements ERP

measurcs.

Importantly, memory performance has been associated with patterns of oscillatory
synchronisation in specific frequency bands: changes in the theta band (4 to 7 Hz) have been
related to working memory and encoding processes, while changes in the alpha band (8 to 13
Hz) have been related memory retrieval and may also show material specific lateralisation
(see Chapter 3 for more details). It is therefore possible that the use of frequency measures of
neural activity may lead to new insights about the nature of lateralisation effects as mediated

by the type of material and the type of processing, and their interaction.
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Abstract

There is an urgent need for reliable neuropsychological tools to assess right hemisphere
pathology in clinical settings. Recent neuroimaging evidence suggests that lateralisation due
to material (verbal, nonverbal) and memory process (encoding, retrieval) may interact across
different brain regions. Little is known about the electroencephalography (EEG) time-
frequency dimensions of such findings, however, despite the demonstrated role of theta (4-7
Hz) and alpha (8-13 Hz) oscillations in memory, which have included material specific
lateralisation. Moreover, previous findings have suggested a possible frequency-by-process
dissociation with greater involvement of theta frequency during encoding and greater
involvement of alpha during retrieval. In order to examine the interaction of material (verbal,
nonverbal) and processing (encoding, retrieval) in the time-frequency domain, we measured
event-related theta and alpha power in 22 healthy adults during encoding and retrieval of
verbal (printed pseudoword) and nonverbal (dot pattern) materials. Memory (old/new) for
nonverbal material was right-lateralised in late (500 to 1500 ms) theta power, while memory
for verbal material was not left-lateralised. During encoding there was right-lateralised theta
power (0 to 500 ms) than during retrieval, opposing the predictions of the hemispheric
encoding retrieval model (HERA) for the effect of processing type. Early alpha power also
showed an old/new memory effect but material and process did not affect lateralisation. Our
data support the idea that the lateralising influences of material and process type both aftect
theta power from 500 to 1500 ms, and support previous findings of an association between
spatial-navigational memory and right-lateralised theta power in the medial temporal region.
These findings suggest that considering both material specific and processing specific

lateralisation effects improve the clinical assessment of right hemispheric pathology.

183



1. Introduction

Material specificity is the most influential model of the hemispheric division of
memory function. Classical and contemporary findings have shown that memory for verbal
material (e.g., lists of words) is specifically impaired after left temporal lobe damage
(Alpherts et al., 2006; Glosser, Deutsch, Cole, Corwin, & Saykin, 1998; Ojemann & Dodrill,
1985; Pillon et al., 1999). Conversely, early findings connected right temporal damage and
impaired memory for nonverbal material (e.g., spatial locations, Smith & Milner, 1981),
however, this association is inconsistently replicated (Barr, 1997; Bell & Davies, 1998; Smith,

Malec, & Ivnik, 1992; Vaz, 2004).

In attempts to resolve this issue, neuroimaging findings have converged to support
both the verbal and nonverbal accounts of material specific lateralisation, with the caveat that
right hemispheric memory function may be confounded by the relative verbalisability of the
nonverbal material (e.g., Golby et al., 2001; Kelley et al., 1998). That is, memory for difficult-
to-verbalise stimuli such as abstract spatial patterns or unfamiliar faces appears to invoke
right-lateralisation compared with non-lateralised findings for easily nameable pictures
(Bellgowan, Buffalo, Bodurka, & Martin, 2009; Igloi, Doeller, Berthoz, Rondi-Reig, &
Burgess, 2010; Kelley et al., 1998; Kohler, Danckert, Gati, & Menon, 2005; Martin, Wiggs, &
Weisberg, 1997). In addition, neuroimaging studies have shown that tasks placing strong
demands on purely positional aspects of spatial memory are more closely associated with
right medial temporal lobe (MTL) function than tasks requiring memory for non-spatial
information including object identity which involves greater left MTL activity (e.g., see the
meta-analysis by Kuhn & Gallinat, 2014), with a similar pattern reported in studies of right
temporal lobe epilepsy patients (Kessels, de Haan, Kappelle, & Postma, 2001; Spiers et al.,
2001). Therefore, the use of nonverbal memory tests that are difficult to verbalise and focused

on spatial memory may improve the neuropsychological diagnosis of right MTL pathology.

Neuroimaging studies have also cast light on the lateralising effect of task-related

factors. Among these, perhaps the most important have provided evidence in support of the
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hemispheric encoding retrieval asymmetry model (HERA; see Nyberg, Cabeza, & Tulving,
1996 for a review), which predicts that the left prefrontal cortex is more involved with the
initial learning of stimuli (encoding) than with the later remembering of previously learned
stimuli (retrieval), while the right prefrontal cortex shows a greater involvement in retrieval
than in encoding (Habib, Nyberg, & Tulving, 2003). Importantly, HERA predicts that the
encoding/retrieval effect occurs independently of the material type, and across a variety of
conditions of encoding (e.g., incidental or intentional) and retrieval (e.g., recall and

recognition; Nyberg, Cabeza, & Tulving, 1996).

While there is evidence that patterns of lateralisation in the prefrontal cortices of
healthy participants support the predictions of HERA (e.g., Babiloni et al., 2006; Cabeza &
Nyberg, 2000; Desgranges, Baron, & Eustache, 1998), there is also evidence suggesting that
prefrontal lateralisation relates to material type rather than the type of processing (e.g., Lee,
Robbins, Pickard, & Owen, 2000; Opitz, Mecklinger, & Friederici, 2000). However, the
proponents of HERA have argued rather than one or the other model necessarily having to
predominate, material type and process may have simultaneous and independent effects on
hemispheric lateralisation (Habib et al., 2003). Supporting this idea, one study using whole-
brain PET found that lateralisation patterns consistent with HERA could operate within
material specific networks across multiple brain regions (Nyberg et al., 2000). Similarly, an
fMRI study showed that lateralisation related to both material and processing could occur
within the MTL (Kennepohl, Sziklas, Garver, Wagner, & Jones-Gotman, 2007). In sum,
consideration of the lateralising effects of both material type and processing type may help

guide clinical assessment of the right MTL.

Measures of task-related changes in electroencephalographic (EEG) power in the theta
(4 to 7 Hz) and alpha (8 to 13 Hz) EEG rhythms have been linked to memory processing.
Changes in theta power appear to reflect working memory processes (Klimesch, Freunberger,
& Sauseng, 2010; Klimesch, Freunberger, Sauseng, & Gruber, 2008; Klimesch, Schack, &
Sauseng, 2005), positively correlating with working memory load (Fingelkurts, Fingelkurts,
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Krause, & Sams, 2002; Gevins, Smith, McEvoy, & Yu, 1997; Jensen & Tesche, 2002;
Mecklinger, Kramer, & Strayer, 1992; Sauseng, Griesmayr, Freunberger, & Klimesch, 2010),
episodic over semantic components of encoding (Klimesch, Schimke, & Schwaiger, 1994),
and superior memory performance (Klimesch, 1999; Klimesch, Doppelmayr, Schimke, &
Ripper, 1997), including performance on the Rey Auditory Verbal Learning Test (RAVLT) in
patients with unilateral temporal lobe epilepsy (Babiloni et al., 2009). The association
between theta and memory is most commonly observed within the medial temporal region,
particularly the hippocampus, and the prefrontal cortex, as well as between and within
different structures in each region (Anderson et al., 2010; Babiloni et al., 2009; Nyhus &
Curran, 2010; Rutishauser, Ross, Mamelak, & Schuman, 2010). In sum, there is abundant
evidence for a link between changes in theta power and memory phenomena in regions

known to be involved in memory.

Episodic encoding success is also associated with increased theta activity during the
specific time period of the N170 event-related potential (ERP) peak (i.e., approximately 120
to 200 ms; Klimesch, Doppelmayr, Pachinger, & Russegger, 1997; Klimesch, Doppelmayr,
Schwaiger, Winkler, & Gruber, 2000; Klimesch, Freunberger, Sauseng, & Gruber, 2008;
Klimesch et al., 2001, 2004). This finding is particularly intriguing since it contrasts with
previous findings that lateralisation of the N170 relates to higher-order perceptual processing
rather than memory-related processing (e.g., Maillard et al., 2011), and suggests that early

theta power could also show material specific lateralisation mediated by memory demands.

Alpha power change may play a particularly important role during memory retrieval
and has been proposed to relate preferentially to the reactivation of semantic and perceptual
aspects of stored memory traces (Klimesch, 1999; Klimesch, Doppelmayr, Pachinger, et al.,
1997; Klimesch et al., 2005; Klimesch et al., 2008; Klimesch et al., 2010). Furthermore, there
1s evidence that alpha power suppression from 750 to 1250 ms post-stimulus is lateralised to
the left for word memory and to the right for face memory (Burgess & Gruzelier, 2000).

However, few studies have used EEG power to systematically investigate hemispheric

186



lateralisation. One study testing memory for scenes found some support for HERA but only in
the posterior parietal cortex and only for power in the gamma band, but different materials

were not compared (Babilioni et al., 2006).

In summary, changes in EEG rhythms have been associated with memory tasks and
may show functional dissociation by frequency, with theta power associated with encoding
processes and alpha power related to retrieval processes (Dujardin, Bourriez, & Guieu, 1994;
Fell et al., 2011; Guderian & Duzel, 2005; Klimesch, 1999; Klimesch et al., 2005). To our
knowledge, no study has explicitly tested the material specificity and HERA models of
hemispheric lateralisation using EEG frequency bands in the same participants. This question
will be explored here using EEG to examine the relative time-frequency profile of these

lateralising influences and whether they interact.

The current study asked healthy adults to encode and retrieve two types of visual
stimuli: printed pseudowords (verbal) and spatial dot patterns (nonverbal). The effects of
stimulus familiarity were minimised as neither material type contained semantic information,
and the memory task, which involved an encoding phase followed by yes/no recognition
judgments, was matched. The recognition format is more appropriate than recall for
comparing verbal and nonverbal tasks as it avoids confounding the modality of the response
(spoken for verbal recall and drawn for nonverbal recall) with the learned material type. The
HERA model has been supported across a variety of different types of retrieval conditions,
including recall, in which retrieving the memory involves a deliberate search of memory, and
recognition, in which memory retrieval does not require an explicit search since the original
stimulus 1s re-presented (see review by Nyberg, Cabeza, & Tulving, 1996). Therefore, we
used a recognition task and considered this an appropriate format to test the predictions of

HERA.

We measured hemispheric lateralisation of these materials during both encoding and
retrieval processes using event-related power change in the theta and alpha frequency bands.

The frequency ranges chosen for the theta (4 to 7 Hz) and alpha bands (8 to 13 Hz) closely
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reflect the “classical” ranges most commonly used (Rosanova et al., 2009). These measures
were recorded from frontal and parietal regions as these areas are commonly associated with
memory effects using EEG (e.g., see Friedman & Johnson, 2000, for a review of ERP studies
involving encoding and retrieval). Based on previous research, we focused on two time
windows of theoretical interest: 0 to 500 ms (early) and 500 to 1500 ms (late) following
stimulus onset. These two time windows were selected based on the differential temporal
response of theta and alpha: theta power shows a very rapid increase peaking at about 250 ms
following stimulus onset before declining rapidly to approach baseline level by 500 ms, while
alpha power decreases more slowly until reaching a minimum approximately 600 ms
following stimulus onset and then maintaining this level for several hundred milliseconds
(Klimesch, 1999). Power change was measured in both frequency bands in both time ranges
as memory-related effects have been reported for all four of these frequency-by-time
combinations (Klimesch, Sauseng, & Hanslmayr, 2007; Mitchell, McNaughton, Flanagan, &

Kirk, 2008).

It was predicted that material would have an effect on hemispheric lateralisation, with
left-lateralisation of theta and alpha for verbal materials and right-lateralisation of theta and
alpha for nonverbal materials. It was also predicted that the type of memory processing would
affect lateralisation with greater involvement of the left hemisphere during encoding than
during retrieval, and greater involvement of the right hemisphere during retrieval than during
encoding. As a secondary aim, we explored whether changes in different frequency bands
were related to the type of memory processing, specifically whether the theta band was more
involved in encoding than retrieval, and whether the alpha band was conversely more

involved in retrieval than encoding.
2. Materials and Methods
2.1  Participants

Twenty-two adults (mean age = 22.23 years, SD = 5.00, range 18 to 37; 17 females)

were paid $30 to participate in the experiment. Data from two additional participants were
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excluded due to significant EEG artefacts (i.e., more than 30% of epochs rejected). All
participants reported normal or corrected-to-normal vision and that they were right-handed for
writing. The experimental methods were approved by the Macquarie University Human
Research Ethics Committee (Ref# 5201100342) in accordance with the Declaration of

Helsinki. Informed consent was obtained from all participants.
2.2  Apparatus

Testing occurred in a dimly lit room, with participants sitting 60 cm away from an 18”
Sony Trinitron CRT monitor (resolution 1024 x 768 pixels, 32 bit, 96 dpi, 100 Hz refresh rate)
showing a light grey background colour. Task instructions for both conditions were displayed
onscreen. Stimuli were controlled using Presentation (Neurobehavioral Systems Inc, Version
10.3) and EEG data were recorded with NeuroScan Synamps2 software. Participants
responded with a Cedrus® RB830 button box, pressing one of two buttons that were

positioned to the immediate left and right of the box’s midline.
2.3 Stimuli
2.3.1 Verbal (printed pseudowords)

Target stimuli for the verbal condition were six, disyllabic, eight-letter pseudowords
(boltrens, morphalt, prealent, breatish, calthern, slempern). Foils always differed from the
target stimuli by one letter, which could be any of the eight letters regardless of position in the
word or whether a consonant or vowel (e.g. boltrons, morthalt, crealent, etc.) as long as the
syllabic structure of the word was not altered. The resulting target-foil visual similarity was
designed to require careful analysis of the entire pseudoword. These pseudowords were
presented on the computer screen in Courier New font, subtending a maximum of 6.5 x 1.1°

visual angle. There were 48 foils, 96 in total, and eight different foils per target stimulus.
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A. Stimuli

Verbal
Targets calthern
Foils colthern
B. Encoding
1000 ms 400 - 600ms
TARGET TEST
1500 ms 1500 ms
Wait
1400 - 1600 ms + 400 - 600 ms
RESPONSE
1000 ms ? (response time)
. | TARGET ¢ ¢ Feedback
1500 ms orrect | 500 ms
+ 1400 - 1600 ms 400 - 600 ms
TEST
1000 ms « | 1500 ms
® + Wait
°® 400 - 600 ms
o
RESPONSE
? (response time)
Feedback
D. Task Design Incorrect | ., o
1. Encoding | (6 Targets x 4 repetitions) +
2. Encoding Test (6 Targets, 6 foils) 400 - 600 ms
3. Encoding |l (6 Targets x 4 repetitions)
4. Retrieval | (6 Targets x 4 repetitions, 24 Foils) [ ]
5. Retrieval Il (6 Targets x 4 repetitions, 24 Foils) [ ]
[

Fig 1. Experimental design. (a) Experimental stimuli - examples of targets and related foils for both

material types. (b) Encoding phase - target presentation followed by interval of randomised duration;

(c) Retrieval phase - test stimulus presentation (intermixed sequence of targets and foils) followed by

interval of randomised duration, response screen and feedback. (d) Task Design — list of task phases

including number of targets and foils per phase.

190



2.3.2 Nonverbal (dot patterns)

Target stimuli for the nonverbal condition were six spatial arrays of three dark grey
dots each with a diameter subtending a 0.63° visual angle, as shown in Figure 1(a). Pilot
experiments indicated that these three-dot arrays were both difficult to verbalise in healthy
participants and difficult to remember for people with right temporal lobe damage, suggesting
their potential value in activating the right hemisphere (Lee, Gonzalez, & Savage, 2007).
Each three-dot array was freely positioned, without a grid or outer boundary, within a

maximum two-dimensional range of 9.12° by 6.30° visual angle centred on the screen.

Arrays could take any combination of positions within the specified range with five
restrictions: 1) no pair of dots was completely aligned along the horizontal or vertical axis; 2)
dots could not be aligned to form a straight line along any angle or point directly towards a
corner of the screen as these may be verbalised (e.g., as “line”, “top left corner”); 3) no array
configuration (i.e., the specific combination of angles between dots) could be repeated,
transposed or rotated; 4) there was a minimum of a 0.81° visual angle between the nearest
outer edges of adjacent dots; and 5) dots were separated from each other by at least this
minimum distance. These restrictions encouraged encoding of exact dot locations and also
their spatial inter-relation. The foils corresponding with each target stimulus were produced
by rearrangement of target dot positions such that there was one to three with a changed

position, and the average positional change in any direction was 1.11° visual angle per dot

(8D = 0.13, maximum 5.37). Otherwise, foil arrays had the same restrictions as target stimuli.
2.4 Procedure
24.1 Task design

The format of the memory task, depicted in Figure 1(b,c), was equivalent for both
material types, and involved five phases: Encoding I; Encoding Test; Encoding II; Retrieval I;
Retrieval II. In Encoding I, participants were instructed to remember the target stimuli, with

no instructions to categorise or label the stimuli. The six stimuli were presented sequentially
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in pseudorandom order, then repeated four times with the restriction that immediate
repetitions were avoided. This was followed by an Encoding Test (six target items and six
foils with no repetitions, intermixed in pseudorandom order) in order to ensure that
participants were learning and understood the task. Encoding I was then repeated with a re-
randomised stimulus order (Encoding II). Note that memory performance and ERP data were

analysed from Encoding I and II phases but not the Encoding Test.

The Encoding phases were followed by two consecutive Retrieval phases in which the
six target items were repeated four times (48 total target trials), intermixed with 24 different
foils, shown once each (with 24 foil trials over 2 phases, eight unique foils per target stimulus,
and no foil repeated). Each target was repeated 8 times and foils were refreshed with each
repetition to ensure that memory for multiple aspects of the target stimuli were being tested.
For example, for different pseudoword foils, different letters within the words were changed
in order to ensure that memory for the target word as a whole was tested rather than only the
initial letter cluster, thereby requiring encoding, and subsequent recognition, of all associated

word features.

Across all phases the stimuli were presented for 1500 ms, and, to enhance sustained
attention to the task, the duration of pre- and post-stimulus intervals, during which
participants were instructed to fixate a cross, was jittered randomly (Encoding: between 1400
and 1600 ms; Retrieval: 400 to 600 ms) as shown in Figure 1(b,c). During the Encoding Test
and Retrieval I and II phases, participants fixated the cross before either a target or foil
stimulus was presented and pressed one button to indicate a match to a target stimulus
(“yes—seen before™) or a second button to indicate a new item (“no—unseen”’). On-screen
feedback was provided in both the Encoding Test and Retrieval I and II phases (“correct” or
“incorrect”). Participants were encouraged to respond quickly and accurately. To account for
potential response-hand-related hemispheric lateralisation in ERP peaks, response-hand was
counterbalanced between participants: half used the right button for “yes” and the left for

“no” for both types of task, with the assignment reversed for the other half.
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2.5 EEG recording and offline analysis

EEG was recorded during all five phases using sintered Ag-AgCl electrodes mounted
in an Easy-Cap according to the 10-20 system (FP1, FP2, F7, F3, Fz, F4, F8, FT7, FC3, FCz,
FT8, T7, C3, Cz, C4, T8, TP7, CP3, CPz, CP4, TP, P7, P3, Pz, P4, P8, O1, Oz, and O2). The
ground electrode was positioned between FPz and Fz. Activity from both mastoids was
recorded and the left mastoid served as the online reference. Vertical eye movements (VEOG;
vertical electrooculogram) were measured with electrodes placed above and below the left
eye. Horizontal eye movements (HEOG; horizontal electrooculogram) were measured with
electrodes on the outer canthi of each eye. Electrode impedance was kept below 5 kQ. The
signal was amplified 20,000 times (SynAmps2 amplifier, Compumedics Limited), sampled at

500 Hz, low-pass filtered at 100 Hz online and saved to a hard disk.

Offline analysis was conducted using BESA Research software (version 6.0, BESA
GMbH, Grafelfing, Germany). First, portions of EEG containing large movement-related
artefacts were manually rejected. EEG was then set to reference-free and filtered (highpass
0.53Hz, forward, 6 db/octave; lowpass 8Hz, zero phase, 24 db/octave roll-off), for artefact
correction which was carried out using the adaptive method of the automatic artefact
correction tool in BESA. This method applied a predefined source model to the data,
combining three topographies accounting for EOG activities (HEOG, VEOG, blink) with a set
of 12 regional sources modelling the different scalp regions. If the EOG signals exceeded set
thresholds (HEOG amplitude 150pV, VEOG/Blink threshold 250u1V), then the current EEG
topography was accumulated and averaged over the whole EEG. The first principle
component of this averaged EOG signal served as the artefact topography that was used for
artefact correction, which was performed using an adaptive method (see Ille, Berg, & Scherg,

2002 for further details).

The EEG data were then divided into 2500 ms epochs with a 1000 ms pre-stimulus
interval and 1500 ms post-stimulus interval. These epochs were then re-referenced to the

average of the left and right mastoids, band pass filtered (highpass 0.53 Hz, forward phase, 6
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dB/octave roll-off; lowpass 200 Hz, zero phase, 24 dB/octave roll-off) and baseline corrected
the using mean pre-stimulus amplitude for the epoch. EEG artefacts, including blinks and
eye-movements, were rejected using the BESA artefact scan tool, which rejects trials based on
abnormally high amplitudes (120 uV), abrupt gradients in amplitude exceeding 75 uV, or
unusually low signal (below 0.01 uV). The mean number of epochs rejected was low (verbal
5.96%, nonverbal 5.38%, encoding 7.29%, retrieval 4.86 %). Epochs associated with
incorrect responses were also excluded from further analysis, resulting in the average
percentage of trials accepted: verbal 90.25%, nonverbal 84.31%, encoding 92.71%, retrieval

84.56%.

2.5.1 Event-related power change

EEG amplitudes for each accepted epoch and channel were squared in order to obtain
simple power estimates and averaged separately for each experimental condition and
participant. BESA was then used to conduct time-frequency analysis (frequency range 2 to 20
Hz, frequency/time sampling of 1 Hz/50 ms) resulting in 969 time-frequency measures (19
frequency samples x 51 time samples) per electrode. Based on these data, event-related power
change (power) values were calculated as the percentage decrease or increase in band power
during the test interval (stimulus onset to 1500 ms post-stimulus) compared with the reference
interval (1000 ms pre-stimulus to stimulus onset; Pfurtscheller & da Silva, 1999). Positive
power values indicated a mean power increase relative to baseline while negative values
indicated a mean power decrease. These power measures were then averaged to create 128
frequency- and time-specific power measures per participant: eight hemispherically
lateralised sites in frontal and parietal regions (F7, F3, F4, F8, P7, P4, P3, P8) by two
materials (verbal, nonverbal) by two processes (encoding, retrieval) by two frequency bands
(theta: 4 to 7 Hz; alpha: 8 to 13 Hz) by two time windows (early: 0 to 500 ms; late: 500 to
1500 ms). Region-wide measures were then obtained by averaging the mean power of F3 and
F7 (left frontal), F4 and F8 (right frontal), P3 and P7 (left parietal), P4 and P8 (right parietal),
resulting in 64 total measures used for analysis: Material (2) x Process (2) x Region (2) x
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Frequency (2) x Time (2) x Hemisphere (2).

2.6  Statistical analyses

2.6.1 Memory performance

Mean percentage correct responses to targets and foils were calculated during the
Retrieval Phase, from which mean percentage correct and sensitivity (d’) values for target/foil
discrimination were calculated to ensure the different kinds of stimuli in each condition were
adequately learned. d’ is based on z-score transformations and takes into account both hits
and false alarms, controlling for response biases (McNicol, 1972). Response times (RTs) were
calculated by subtracting the time of response from the onset time of the response screen (see
Figure 1), and median RTs were calculated for each participant. Response times were inverse-

transformed (i.e, 1/RT) to reduce the impact of outliers in the analysis.

In order to determine whether task performance had a significant impact on EEG
measures, correlations were calculated between: 1) the difference in retrieval accuracy (d°)
between the materials (i.e. d verbal — d nonverbal), and 2) the difference in power measures
between the materials (i.e. poweryerbal — pOWernonverbal), for the 32 relevant power measures (all
combinations of Frequency [theta, alpha] x Process [encoding, retrieval] x Time [early, late] x
Region [frontal, parietal] x Hemisphere [left, right] combinations). Equivalent correlations
were calculated between (inverse-transformed) RTs and EEG measures. To calculate 95%
confidence intervals for each correlation, a bootstrap method was conducted with 1000

samples (IBM SPSS Statistics version 22).

2.6.2 EEG hemispheric lateralisation and memory (old/new) effects

Using SPSS, the key predictions of material and process effects on hemispheric
differences were tested by comparing mean amplitudes using four-way repeated measures
ANOVA with factors material (verbal, nonverbal), process (encoding, retrieval), region
(frontal, parietal), and hemisphere (left, right). Separate ANOVAs were run for each of the

four combinations of frequency band (theta, alpha) and time window (early, late). We

195



analysed main effects and interactions between these factors as well as planned simple effects
to compare material and process effects. As we used an experimental procedure with multiple
repeated items and trials in order to maximise the proportion of correct responses, we did not
compare differential power change between correct and incorrect stimuli due to the likely low
proportion, and hence poor reliability, of incorrect trials. Instead, to assess correlates of
memory for the Retrieval Phase we also compared correct responses to repeated (old) and foil
(new) trials using separate Material x Repetition (repeated, non-repeated) x Region x
Hemisphere ANOVAs and contrast tests for each time window. In-text reporting of contrasts
is restricted to comparisons of direct theoretical relevance; for brevity, using p, values only.
Complete inferential statistics for theta are reported in Supplementary Tables 4 to 7 (see

Appendix).
2.6.3 Data treatment, effect size and accounting for multiple comparisons

To ensure that analyses were robust to the effect of outliers, extreme values were
subjected to a Winsorisation procedure where values greater than the 95th or less than the 5th
percentiles were adjusted to these respective cut-off values. Extreme values accounted for less
than 5% of the data across variables. Effect size for all ANOVAs was reported as partial eta-
squared (,°), the proportion of variance explained controlling for other effects (interpreted as
small: .01 to .09; medium: .09 to .25; or large: > 0.25; Kenny, 1987). For interaction contrast
tests the effect size (d) was reported, adjusted for repeated measures using Morris and
DeShon’s (2002) method and appraised according to the review of Lipsey and Wilson (2001),
1.e., small: <0.3; medium: 0.3 to 0.7; large: > 0.7). For contrasts analyses, p values were
adjusted for multiple comparisons (reported as p,) using a permutation testing procedure
designed for repeated measures (10000 permutations, MATLAB function
"mult_comp perm_t1" by Groppe, Urbach, & Kutas, 2011). Like Bonferroni correction, this
method adjusts p values in a way that controls the family-wise error rate. However, for EEG
data the permutation method is more powerful than Bonferroni correction due to high within-
subject correlations between sites and conditions (Blair & Karniski, 1993; Burgess &
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Gruzelier, 2000; Good, 1994; Manly, 1997).
3. Results
3.1  Behavioural results and correlation with EEG measures

Retrieval accuracy (d’) was significantly higher for verbal stimuli, M= 3.53 [Clos:

3.14 3.93] (94.31% correct), than nonverbal stimuli, M =2.22 [1.90 2.54] (84.54%), t(21) =
5.49, p <.001. RTs did not significantly differ between verbal stimuli, M = 324 ms [291 365],
and nonverbal stimuli, M = 326 ms [294 366], F(1,21) = 0.01, p = .91. Differences in d’
between the materials (i.e., verbal — nonverbal) and equivalent differences in EEG measures
were not significantly correlated with the exception of alpha measures during encoding in the
left hemisphere, 7(18) = .41 [Closmootstrap): .04 .75] and the right hemisphere, #(18) = .39

[ Closbootstrap): -01 .75] during encoding. Equivalent comparisons for response time differences

did not show any significant correlations.

To confirm whether d” had an independent effect on lateralisation it was entered as a
predictor along with variables material, process, and subject (i.e., differences between
participants) into a repeated-measures regression (sequential entry via “Enter” method) onto
all lateralised EEG (left — right) measures. It was found that d’did not independently predict
lateralisation for any of these measures, ps > .14, indicating the impact of retrieval accuracy
and speed on lateralisation of EEG measures was negligible. See Supplementary Tables 1, 2
and 3, respectively, in the Appendix for complete inferential statistics for d’, RT and

regression analyses.
3.2 EEG hemispheric lateralisation — material, process, and memory (old/new) effects
3.2.1 Early theta power (0 to 500 ms)

Figure 2 shows the left and right hemisphere mean event-related theta power change
across all combinations of material, process, and scalp region. As expected, for encoding the
theta response showed a rapid increase and subsequent decrease within approximately 500 ms

post-stimulus. For retrieval, the overall pattern was similar though there was a pre-stimulus

197



power decrease, the early theta increase was smaller, and after 500 ms theta power was

maintained below (rather than at) the pre-stimulus baseline.
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Fig. 2. Mean percentage theta power change from 0 to 1500 ms post-stimulus for verbal and nonverbal

materials during encoding and retrieval at frontal and parietal sites in both hemispheres.

Stimuli induced an early theta power increase and revealed a significant main effect of
material (nonverbal > verbal), p = .02, process (encoding > retrieval), p <.001, region
(parietal > frontal), p <.001, and hemisphere (right > left), p = .04. The following interactions
were significant: Material x Region, p <.001; Process x Hemisphere, p = .02; Process x
Region, p = .04; Material x Process x Region, p <.001. Interaction contrasts showed that the
main effect of material (nonverbal > verbal) did not differ between the hemispheres, p, = .50,

failing to support the material hypothesis. Early theta was significantly right-lateralised during
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encoding, p, = .006, but not during retrieval, p, = .94 (difference, p, = .048), opposing the
process hypothesis (see Figure 3). Early theta did not show a significant main effect of
repetition, p = .86, or interactions, ps > .17. Overall, the early theta response did not show any
material-specific pattern, and opposed our predictions for processing, with encoding shown to

be more right-lateralised than retrieval.
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Fig. 3. Mean percentage theta power change (right — left hemisphere, with standard error of
difference) from 0 to 500 ms during encoding and retrieval. Asterisks located above bars refers to

significant main effect of process (encoding > retrieval). * p <.05.
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Fig. 4. Mean percentage theta power change (with standard errors) for early and late post-stimulus
latencies during encoding and retrieval in both hemispheres. Early: 0 to 500 ms. Late: 500 to 1500 ms.
Asterisks above the bars refer to significant main effect of process within each time window (early:
encoding increase > retrieval increase; late: retrieval decrease > encoding decrease). ** p < .01, *** p
<.001.
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3.2.2 Late theta power (500 to 1500 ms)

Late theta power revealed a significant main effect of material (nonverbal > verbal
decrease), p = .049, process (retrieval > encoding decrease; see Figure 4), p <.001, and region
(parietal > frontal), p = .001. All interaction contrasts testing associations between material,

process, and lateralisation were not significant.

The main effect of Repetition was not significant, p = .16; however, the following
interactions were significant: Repetition x Hemisphere, p < .001; Material x Repetition x
Hemisphere, p <.001; Repetition x Region x Hemisphere, p <.001; Material x Repetition x
Region x Hemisphere, p <.001. There was a right-lateralised old/new effect (old > new)
overall, p, <.001 (see Figure 5, upper panel), with right-lateralisation for nonverbal materials
in isolation, p, < .001, but no lateralisation for verbal materials, p, = .99 (p, <.001 for

material difference; see Figure 5, lower panel), supporting the material hypothesis.
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Fig. 5. Mean percentage theta power change (with standard errors) from 500 to 1500 ms during
retrieval-stage memory effects. Upper panel: repetition effect (old decrease > new decrease) in left and
right hemisphere; asterisks below bars refers to significant lateralisation (right decrease > left
decrease). Lower panel: hemispheric difference (right decrease > left decrease) in repetition effect (old
—new) for verbal and nonverbal materials; asterisks above bars refers to significant main effect of

material (nonverbal > verbal). *** p < .001.
3.2.3 Early alpha power, 0 to 500 ms

Figure 6 shows alpha power increased very rapidly within the first 300 ms post-
stimullus, followed by a rapid and large decrease below baseline levels that was greatest at
approximately 500 ms and was maintained for several hundred millseconds. The pattern and
magnitude of power change were similar for encoding and retrieval with the exception of a

pre-stimulus power increase for retrieval. Complete inferential statistics for alpha are reported
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in the Appendix (Supplementary Tables 8 to 11).
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Fig. 6. Mean percent alpha power change from 0 to 1500 ms post-stimulus for verbal and nonverbal

materials during encoding and retrieval at frontal and parietal sites in both hemispheres.

ANOVA main effects were all non-significant, ps > .08. The Region x Hemisphere, p
= .01, and the Material x Process x Region, p = .02, interactions were significant. The Region
x Hemisphere interaction was explained by opposing, non-significant patterns of lateralisation
between the parietal (left > right, p, = .06) and frontal regions (right > left, p, = .14). The
main effect of repetition was significant (old > new), p = .03 (see Figure 7, left), but there
were no significant interactions, ps > .29. Contrasts showed the repetition effect was

significant in the right hemisphere, p, = .04, but not in the left, p, = .32 (lateralisation, p,
202



=.70). In summary, lateralisation of early alpha power was not affected by the type of

material or process, and there was a right-lateralised old/new memory effect.
3.2.4 Late alpha power, 500 to 1500 ms

For late alpha power, there was a significant main effect of Process (encoding >
retrieval decrease), p = .004, Region (parietal > frontal), p < .03, and Hemisphere (right >
left), p = .02. The Process x Region, p = .03, and Material x Process x Region x Hemisphere,
p = .02, interactions were significant. The main effect of Process (encoding > retrieval) was
highly specific to verbal material, showing significant differences for all combinations of
region and hemisphere, p,s < .03, except for in the right frontal region, p, = .19 (nonverbal,
prs > .12). However, the Process effect was not lateralised, p, = .94. All old/new main effects,
interactions, and contrasts were not significant, p,s > .07. In summary, late alpha showed
right-lateralisation (see Figure 7, right), but this was not affected by the type of material,

process, or memory demands.
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Fig. 7. Mean percentage alpha power change (with standard errors), collapsed across type of material
and processing. Left: early alpha, repeated (old) and non-repeated (new) stimuli. Right: late alpha, left

and right hemisphere. * p <.05.
4. Discussion

The aim of this study was to investigate the separate and interacting effects of material
(verbal, nonverbal) and processing (encoding, retrieval) on hemispheric lateralisation in the

theta and alpha frequency bands during a memory task. The first prediction was that changes
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in EEG power would show relative left-lateralisation for verbal materials and relative right-
lateralisation for nonverbal materials, consistent with the material specificity model. The
second prediction was that changes in EEG power would show relative left-lateralisation for
encoding and relative right-lateralisation for retrieval, consistent with the HERA model.
Overall, our prediction for material was partially supported, with nonverbal material showing
a right-lateralised old/new memory effect in theta power, however verbal materials did not
show relative left-lateralisation. For the second prediction, the results were in the opposite
direction, with theta power showing right-lateralisation during encoding relative to retrieval,
regardless of material. Alpha power did not show any hemispheric differences related to

material or processing type, in contrast to theta power.

A right-lateralised theta response while retrieving spatially arranged dot patterns
material is consistent with previous MEG findings for the retrieval of scenes (Osipova et al.,
2006) and an association between right parahippocampal theta in memory for navigated
routes (Baker & Holroyd, 2013). More broadly, the data are consistent with fMRI studies
showing selective right hippocampal activity during spatial and navigational memory tasks
(Bellgowan et al., 2009; Kuhn & Gallinat, 2014; Maguire et al., 1998; Maguire, Frith, &
Cipolotti, 2001; Suthana, Ekstrom, Moshirvaziri, Knowlton, & Bookheimer, 2009; White,
Congedo, Ciorciari, & Silberstein, 2012). The findings also correspond with lesion studies
showing right-lateralised involvement when encoding abstract spatial information (Bohbot et
al., 1998; Kessels, Postma, de Haan, & Kappelle, 2002; Spiers et al., 2001), and single-cell
recording evidence for “grid cells” and “place cells” in the human right hippocampal and

parahippocampal regions (Burgess, 2002; Ekstrom et al., 2003; Suthana et al., 2009).

In contrast to the results for the nonverbal memory task, the absence of left
hemispheric lateralisation for verbal material is inconsistent with previous
electrophysiological and neuropsychological studies showing left hemisphere dominance for
pseudoword processing (e.g., Bentin et al., 1999; Falk, Cole, & Glosser, 2002), but is
consistent with other findings showing less left hemisphere involvement (Doyle, Rugg &
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Wells, 1996; Evans & Federmeier, 2007; Sekiguchi, Koyama, & Kakigi, 2001; Swick &
Knight, 1997). Meaningful words were not used in this study in order to more precisely match
the novel, non-semantic nature of the spatial nonverbal stimuli. The right-lateralisation found
for nonverbal stimuli can therefore be directly attributable to their greater reliance on spatial

processing and less to their relative novelty or a lack of semantic processing per se.

Our results using EEG frequency offer little support for HERA, in contrast to much
existing literature (e.g., PET: Lee et al., 2000; Nyberg et al., 1996; review of PET and fMRI
studies: Cabeza & Nyberg, 2000). It is possible that frequency-specific measures of EEG
power are less sensitive to the process-related lateralisation effects that have been found using
blood flow measures. However, as there were effects in the opposite direction to those
predicted, this suggests that the theta frequency may be sensitive to other aspects of process
type than those found in neuroimaging studies. One possible explanation is that early theta is
sensitive to the relative novelty of the stimulus within the experimental context, since the
relative novelty is greater during encoding than retrieval. This type of novelty has been linked

to right-lateralisation regardless of material type (e.g., Martin, 1999).

Another possible source of the discrepancy may be the considerably shorter timescale
of the effect in theta power from 0 to 500 ms after stimulus onset, compared to a resolution of
at least 5 seconds for neuroimaging measures such as fMRI. Therefore, lateralisation of the
very rapid theta effect could be cancelled out across a 5 second span by other, later changes in
brain activity that are lateralised in the opposite pattern. More speculatively, a negative
correlation may exist between EEG frequency measures and blood flow measures (fMRI).
While some studies using simultaneous EEG-fMRI recordings have shown positive
correlations between theta power change and BOLD response using tasks involving memory
formation (Hanslmayr et al., 2011) and the encoding phase of a working memory task (Ozelo
et al., 2014), others using working memory tasks have found negative correlations between
theta power and the BOLD response (e.g. Michels et al., 2010; Scheeringa et al., 2009).
Therefore, it is possible that the observed right-lateralisation of theta power during encoding
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rather than retrieval (opposing HERA) could actually be associated with greater left-
lateralisation of BOLD response for encoding rather than for retrieval (consistent with
HERA). In contrast to theta, decreases in alpha as observed in this study are more reliably
associated with increases in BOLD response in the neocortex (Goldman et al., 2002; Laufs et
al., 2003; Moosmann et al., 2003; Scheeringa et al., 2009), causing no potential conflict in
interpreting the direction of lateralisation effects. Taken together, our findings regarding the
HERA model must be interpreted with caution as aspects of our methodology differ from
those of previous investigations, including the use of multiple repetitions of stimuli across
encoding trials (versus a simple study-test design) and the use of ERPs (versus PET or fMRI).

Future studies with simultaneous scalp EEG-fMRI may cast light on this matter.

As a secondary aim of this study we explored whether changes in different frequency
bands were related to the type of memory processing, specifically whether the theta band was
more involved during encoding than retrieval, and whether the alpha band showed the
opposite pattern. There was some support for this when the time window was considered, as
the increase in early theta power was more associated with encoding than retrieval, while the
decrease in late theta power was more strongly associated with retrieval than encoding (see
Figures 2 and 4 showing this distinction). This supports previous findings showing that theta
power is critical to both memory formation and retrieval (e.g., Klimesch et al., 2001; Nyhus &
Curran, 2010). In contrast, for alpha the effects were mixed, with early alpha showing an
old/new effect indicating some sensitivity to retrieval-related processing consistent with
previous studies (e.g., Burgess & Gruzelier, 2000), but late alpha showed larger power change
to encoding than retrieval, hence opposing the prediction. In sum, the results of this study
suggest that both theta and alpha band were involved in performing the memory tasks, with
the direction of theta power more affected by the particular kind of memory-related

processing involved.

Another important issue relating to interpretation of the material effects is the potential

role of low-level stimulus characteristics, since the dot arrays were larger in size and lower in
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spatial frequency than the pseudowords. ERPs are sensitive to differences in both size and
spatial frequency, with stimuli that are larger in size and lower in spatial frequency associated
with right-lateralisation of ERPs, and particularly the N170 (Luck, 2005; Martinez, di Russo,
Anllo-Vento, & Hillyard, 2001; Sergent, 1982; van der Ham, Postma, & Laeng, 2014).
Therefore, it is possible that size and/or spatial frequency may confound interpretation of the
material effects as related to the memory task. While this is possible, it seems unlikely since
the material-related lateralisation old/new effects in theta occurred in the time window from
500 to 1500 ms after stimulus onset, well after the period (within first 200 ms) typically
associated with these stimulus sizes and spatial frequency effects (e.g., Martinez et al., 2001).
However, to rule out these factors this study could be replicated with spatial frequency and

size controlled between the verbal and nonverbal stimuli.

The memory-related (old/new) effects we found in late theta and early alpha are
consistent with previous findings, with some minor divergence in the timing of the effects (cf.
early theta and late alpha; Burgess & Gruzelier, 1997, 2000). These studies also showed
material specific lateralisation of the old/new effect (i.e., left for real words and right for
faces), whereas we found a right-lateralised old/new effect for dot patterns but no left-
lateralised effect for pseudowords. These differences may be associated with the different
stimuli and therefore processing demands in this study relative to these previous studies. In
addition, these previous findings used narrower frequency bands and were also measured
relative to individualised peak alpha frequency (approximately, theta: 4 to 6 Hz; lower alpha:
7 to 10 Hz; upper alpha: 11 to 13 Hz; see Klimesch, 1999, for details), while we used the
broader, more commonly used “traditional” frequency band ranges (theta: 4 to 7 Hz; alpha 8
to 13 Hz). While the authors of these studies have argued that their method is required to
distinguish functionally different memory-related effects in the theta band from those in the
alpha band, there are many studies that have found effects relating to memory using the
traditional bands (e.g., Babiloni et al., 2009; Baker & Holroyd, 2013; Ekstrom et al., 2005;

Osipova et al., 2006). In addition, as the traditional frequency ranges are the most commonly
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used, they more readily permit comparison of our data with a wide range of studies with
differing methodologies (e.g., intracranial EEG, fMRI, animal studies). This is particularly
important as there remain very few investigations into memory-related lateralisation
employing frequency measures, fewer that have compared verbal with nonverbal material,
and none to our knowledge that have directly compared material specific lateralisation effects

to those relating to processing.

As scalp-measured EEG frequency measures have poor spatial resolution the precise
localisation of the observed effects is unknown. However, given the wealth of evidence for a
direct connection between spatial memory and theta band changes in the right medial
temporal lobe (e.g., Baker & Holroyd, 2013), this region is most likely involved. Replication
of our findings using fMRI of the medial temporal and prefrontal lobes would clarify the
localisation of EEG lateralisation effects due to material and processing. Nevertheless, our
findings suggest that EEG frequency measures usefully complement neuroimaging techniques
with high spatial resolution in testing the validity of the HERA model versus the material

specificity model.
4.1 Conclusion

The results of this study indicate that lateralisation of theta power is dependent on both
the type of material and the type of memory processing. Specifically, theta power shows right-
lateralisation of the old/new memory effect for nonverbal material compared with verbal
material, supporting the material specificity model, and during memory retrieval compared
with encoding, contradicting the HERA model. Alpha power, by contrast, was not sensitive to
material or process but early alpha power (0 to 500 ms) correlated with memory performance.
Previous findings of a correlation between spatial memory and theta power were confirmed.
The finding that opposed HERA may have been due to methodological differences between
this and previous studies. This study indicates that considering both material specific and
processing specific lateralisation effects may have relevance in the clinical assessment of right

hemispheric pathology.
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Appendix

Supplementary Table 1
Correlations between d'verbal — d nonverbal and POWETverbal
— Powernonverbal (averages)

EEG measure r [Cles] p
0-L-Enc -28 [-.56 .08] 21
0-R-Enc -31 [-.61.10] 16
a-L-Enc 41 [.04 .75]* .06
a-R-Enc 39 [.01.75]* .07
0-L-Rtv -16 [-.50 .20] 48
0-R-Rtv -25 [-.54 .04] 26
a-L-Rtv 18 [-.33 .60] 26
a-R-Rtv 15 [-.36 .56] 51

d' = d-prime (recognition accuracy); Power = event-related power
change; 0 = Theta; a = Alpha; Enc = Encoding; Rtv = Retrieval; L =
Left; R = Right; t1 = 0-500ms; t2 = 500-1500ms; r = correlation
coefficient; [Cles] = lower and upper bounds of 95% confidence interval
(1000x bootstrapped); p = significance test (not corrected for multiple
comparisons)

* = bootstrapped Cl is different from zero or p value significant (as appr
opriate).

Supplementary Table 2
Correlations between average RT differences and Power

differences

EEG measure r [Clgs] p
A. Material (Verbal - Nonverbal)

0-L-Enc -.18 [-.61 .40] 42
0-R-Enc -21 [-.64 .40] .35
a-L-Enc -.23 [-.64 .35] .30
a-R-Enc -37 [-.74 .24] .09
0-L-Rtv -.19 [-.54 .20] 40
0-R-Rtv -.16 [-.54 .24] A7
a-L-Rtv 30 [-.11 .64] 18
a-R-Rtv 22 [-.21.59] 32
B. Processing (Encoding - Retrieval)

0-L-Ver 13 [-.26 .42] .58
0-R-Ver 15 [-.30 .47] 50
o-L-Ver .06 [-.41 53] 78
a-R-Ver .09 [-.35.50] .70
0 -L - Non .28 [-.24 .57] 21
0-R-Non .36 [-.03.62] .10
a-L-Non 40 [-.24 .75] .06
a-R-Non 45 [-.19.78] .04*

RT = response time; Power = event-related power change;

0 = Theta; o = Alpha; Enc = Encoding; Rtv = Retrieval; t1 = 0-500ms;

t2 = 500-1500ms; Fro = Frontal; Par = Parietal; L = Left; R = Right.

Ver = Verbal; Non = Nonverbal; r = correlation coefficient; [Cles] = lower and
upper bounds of 95% confidence interval (1000x bootstrapped); p = significance
test (not corrected for multiple comparisons).

* = bootstrapped Cl is different from zero and/or p < 05 (as appropriate).
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Supplementary Table 3

Regression analysis of Subject, Material, Process, and d' on EEG

lateralisation

EEG measure Predictor R? AR? P
Lat Fro Th tl1 1. Subj 32 32 A1
2. Mat .32 .00 .58
3. Pro .33 .01 40
4. Mat x Pro .33 .00 .94
5. Acc .34 .01 45
Lat Fro_Th_t2 1. Subj .40 .40 .01*
2. Mat 41 .01 24
3. Pro 45 .04 .03*
4. Mat x Pro .46 .00 .63
5. Acc 46 .01 44
Lat Fro Al t1 1. Subj 24 24 46
2. Mat 24 .00 .96
3. Pro .26 .02 .20
4. Mat x Pro 27 .00 .65
5. Acc .27 .00 .53
Lat Fro_ Al _t2 1. Subj 37 37 .04*
2. Mat 37 .00 .99
3. Pro .39 .03 A1
4. Mat x Pro 45 .06 .01*
5. Acc 45 .00 .82
Lat Par Th t1 1. Subj .25 25 44
2. Mat .26 .01 41
3. Pro .33 .07 .01*
4. Mat x Pro .33 .00 79
5. Acc .35 .02 .22
Lat Par Th t2 1. Subj .34 34 .08
2. Mat .34 .01 .38
3. Pro .35 .00 .65
4. Mat x Pro .37 .02 17
5. Acc .39 .02 14
Lat Par Al t1 1. Subj .37 .37 .03*
2. Mat .38 .01 42
3. Pro .39 .01 24
4. Mat x Pro .39 .00 .65
5. Acc 40 .01 31
Lat Par Al t2 1. Subj A7 A7 .001*
2. Mat .48 .00 b1
3. Pro 48 .00 51
4. Mat x Pro 49 01 .18
5. Acc 49 .00 .75
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d' = d-prime (recognition accuracy); Power = event-related power change; Lat: Laterality
Index (left - right hemisphere); Th = Theta; Al = Alpha; Fro = Frontal; Par = Parietal; t1 =
0-500ms; t2 = 500-1500ms; R? = correlation coefficient; [Cles] = lower and upper bounds
of 95% confidence interval (1000x bootstrapped); p = significance test (not corrected for

multiple comparisons)
*p<.05.

Supplementary Table 4a.

Descriptive and test statistics for mean theta power change (0 to 500

ms)
Mat Pro Reg Hem M Cliow Clupp
Ver Enc Par L 30.52 20.86 40.18
R 34.95 23.19 46.72
Fro L 23.99 12.93 35.05
R 25.32 17.23 33.41
Rtv Par L 0.14 -7.06 7.34
R -1.90 -10.68 6.89
Fro L -8.39 -15.23 -1.55
R -9.11 -16.95 -1.26
Non Enc Par L 52.35 38.71 66.00
R 59.84 45.68 74.00
Fro L 3351 23.21 43.81
R 35.93 24.42 47.44
Rtv Par L 5.08 -1.75 11.91
R 4.66 -2.49 11.81
Fro L -7.05 -10.83 -3.26
R -6.35 -12.77 0.07
4b.
ANOVA Factor F(1,21) p np?
Mat 7.01 .015 .25
Pro 94.00 <.001 .82
Reg 56.80 <.001 73
Hem 4.71 .042 18
Mat * Pro 3.52 .075 14
Mat * Reg 25.46 <.001 .55
Mat * Hem 1.82 192 .08
Pro * Hem 7.09 .015 25
Reg * Hem 0.37 551 .02
Pro * Reg 4.68 .042 18
Mat * Pro * Hem 0.05 821 .00
Mat * Reg * Hem 0.10 757 .06
Mat * Pro * Reg 18.90 <.001 47
Pro * Reg * Hem 1.20 .285 .05
Mat * Pro * Reg * Hem 0.05 .827 .00
4c.
Interaction contrasts Fixed Tested teritical t Pp r d
Mat * Pro Enc Mat 273 -2.81 .043 34 -0.61
Rtv Mat 273 -0.91 779 .02 -0.20
Ver Pro 2.73 6.85 <.001 .25 1.48
Non Pro 2.73 8.03 <.001 21 1.88
Mat * Pro 2.73 -1.88 242 14 -041
Mat * Reg Par Mat 244  -3.29 .008 32 071
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Mat * Hem

Pro * Hem

Reg * Hem

Pro * Reg

Mat * Pro * Hem

Mat * Reg * Hem

Mat * Pro * Reg

Fro

Ver
Non

L
R
Enc
Rtv

Par
Fro

Par
Fro

Enc/L
Enc/R
Rtv/L
Rtv/R
Ver /L
Ver /R
Non/L
Non/R
Ver / Enc
Ver / Rec
Non/Enc
Non / Rec
Enc

Rtv

Ver

Non
Par/L
Par/R
Fro/L
Fro/R
Ver / Par
Non / Par
Ver [/ Fro
Non/ Fro
Par

Fro

Enc / Par
Rtv / Par
Enc / Fro
Rtv / Fro
Par / Par
Fro / Par
Par / Fro
Fro/Fro

Mat

Mat * Reg
Mat

Mat

Hem

Hem

Mat * Hem
Pro

Pro

Hem

Hem

Pro * Hem
Hem

Hem

Reg * Hem
Pro

Pro

Pro * Reg
Mat

Mat

Mat

Mat

Pro

Pro

Pro

Pro

Hem

Hem

Hem

Hem

Mat * Hem
Mat * Hem
Pro * Hem
Pro * Hem
Mat

Mat

Mat

Mat

Hem

Hem

Hem

Hem

Mat * Hem
Mat * Hem
Mat

Mat

Mat

Mat

Pro

Pro

Pro

Pro

2.44
2.44
2.64
2.64
2.64
2.64
2.64
2.65
2.65
2.65
2.65
2.65
2.47
2.47
2.47
2.47
2.47
2.47
3.13
3.13
3.13
3.13
3.13
3.13
3.13
3.13
3.13
3.13
3.13
3.13
3.13
3.13
3.13
3.13
2.96
2.96
2.96
2.96
2.96
2.96
2.96
2.96
2.96
2.96
2.89
2.89
2.89
2.89
2.89
2.89
2.89
2.89

-1.73
-5.05
-2.65
-2.60
-0.80
-2.38
1.35
9.37
9.63
-3.57
0.52
-2.66
-1.64
-0.68
-0.61
9.53
9.14
2.16
-2.77
-2.80
-0.84
-0.94
6.54
6.91
8.00
7.79
-2.25
1.01
-3.17
-0.09
1.13
0.86
-2.31
-2.09
-3.19
-3.21
-1.66
-1.67
-0.57
-2.39
-0.16
-1.00
1.05
0.59
-3.62
-1.19
-1.79
-0.53
6.56
8.18
6.75
7.43

.182
<.001
.049
.056
821
.093
.504
<.001
<.001
.006
.940
.048
.225
754
.799
<.001
<.001
.086
113
107
979
.963
<.001
<.001
<.001
<.001
.289
947
.045
.999
913
976
.261
372
.028
.026
.520
511
.993
.166
.999
.894
.875
.990
.012
.682
.346
973
<.001
<.001
.000
<.001

.30
94
.36
22
.96
.96
.96
31
24
97
.87
.92
.90
.85
42
.39
A7
.86
37
.30
12
.02
27
22
.20
.20
.96
.94
.97
.87
.96
.95
.93
.93
37
27
42
19
.84
.94
.83
.88
.89
.85
40
01
.30
A7
31
.33
21
.03

-0.37
-1.28
-0.57
-0.56
-0.17
-0.57
0.35
2.19
2.18
-0.77
0.12
-0.58
-0.35
-0.15
-0.13
2.28
2.04
0.47
-0.60
-0.61
-0.18
-0.20
1.43
1.48
1.89
1.78
-0.48
0.24
-0.74
-0.02
0.26
0.25
-0.50
-0.47
-0.69
-0.69
-0.36
-0.36
-0.12
-0.51
-0.03
-0.23
0.24
0.13
-0.79
-0.25
-0.38
-0.12
1.43
1.94
1.45
1.69
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Par Mat * Pro 289 -245 119 21

Fro Mat * Pro 289 -121 .673 .05
Pro * Reg * Hem Par /L Pro 294 912 <.001 41
Par/R Pro 2.94 8.72 <.001 .25
Fro/L Pro 294  8.06 <.001 14
Fro/R Pro 294  9.76 <.001 21
Enc / Par Hem 294 -241 148 .88
Rtv / Par Hem 2.94 0.59 .989 .68
Enc/ Fro Hem 294 -091 927 .88
Rtv / Fro Hem 2.94 0.01 999 .87
Par Pro * Hem 294 -2.03 294 74
Fro Pro * Hem 294 -0.85 .944 .87
Mat * Pro * Reg * Hem Enc/L /Par Mat 344 -3.28 .069 33
Enc/R/Par Mat 344 -3.73 .027 44
Enc/L/Fro Mat 344 -1.75 .795 44
Enc/R/Fro Mat 344 -1.63 .859 .08
Rtv/ L/ Par Mat 344  -1.17 .986 22
Rtv/ R/ Par Mat 344 -1.14 .988 -11
Rtv/L/Fro Mat 344 -0.38 .999 14
Rtv/R/Fro Mat 344 -0.63 .999 .20
Ver /L /Par Pro 3.44 6.66 <.001 40
Non/ L/ Par Pro 3.44 7.26 <.001 27
Ver /L /Fro Pro 3.44 5.51 .001 A3
Non/L/Fro Pro 3.44 7.78 <.001 .04
Ver /R /Par Pro 3.44 5.75 .001 .18
Non /R /Par Pro 3.44 8.30 <.001 .30
Ver /R [/ Fro Pro 3.44 7.47 <.001 .28
Non/R/Fro Pro 3.44 6.77 <.001 .03
Ver [ Enc / Par Hem 3.44 -1.36 .954 .82
Non/ Enc / Par Hem 3.44  -2.79 190 .92
Ver /[ Enc/ Fro Hem 3.44 -0.40 .999 a7
Non/Enc / Fro Hem 344 -1.01 .996 .90
Ver / Rtv / Par Hem 3.44 0.74 .999 .76
Non / Rtv / Par Hem 3.44 0.18 .999 76
Ver / Rtv / Fro Hem 3.44 0.45 .999 91
Non / Rtv / Fro Hem 3.44 -0.40 999 .87
Enc / Par Mat * Hem 3.44 0.91 .998 .87
Rtv / Par Mat * Hem 3.44 0.26 .999 .78
Enc/ Fro Mat * Hem 3.44 0.56 999 .87
Rtv / Fro Mat * Hem 3.44 0.74 999 .90
Par/L Pro * Hem 3.44 -2.30 435 .16
Par/R Pro * Hem 3.44  -1.27 973 .33
Fro/L Pro * Hem 3.44 -2.38 .385 31
Fro/R Pro * Hem 3.44 -1.03 .996 .03

-0.53
-0.26
211
2.04
1.87
211
-0.53
0.13
-0.21
0.00
-0.45
-0.19
-0.72
-0.80
-0.37
-0.35
-0.25
-0.24
-0.09
-0.14
1.45
1.69
1.22
1.84
1.24
1.94
1.59
1.50
-0.30
-0.60
-0.09
-0.22
0.16
0.04
0.10
-0.12
0.19
0.06
0.14
0.17
-0.50
-0.27
-0.51
-0.22

Mat = Material (Verbal - Nonverbal); Repetition (Old - New); Reg = Region (Parietal - Frontal); Hem =

Hemisphere (Left - Right); Ver = Verbal; Non = Nonverbal; Par = Parietal; Fro = Frontal; L = Left; R = Right.

Supplementary Table 5a.
Descriptive and test statistics for mean theta power change (500 to 1500 ms)

Mat Pro Reg Hem M Cliow Clypp

Ver Enc Par L 4,70 -1.79 11.19
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R 0.67 -7.56 8.89
Fro L 3.78 -2.81 10.36
R 3.24 -4.10 10.59
Rtv Par L -15.42  -22.29 -8.54
R -16.48  -23.81 -9.14
Fro L -13.68 -20.43 -6.94
R -11.97  -17.59 -6.35
Non Enc Par L 1.30 -4.19 6.80
R 0.92 -7.21 9.05
Fro L 2.18 -6.35 10.71
R 2.59 -5.56 10.74
Rtv Par L -25.17  -31.72 -18.63
R -27.04  -33.88 -20.20
Fro L -21.80 -28.37 -15.24
R -17.90 -23.94 -11.86
5b.
ANOVA Factor F(1,21) p o
Mat 4.36 .049 17
Pro 35.51 <.001 .63
Reg 16.31 .001 44
Hem 0.13 721 .01
Mat * Pro 2.39 137 .10
Mat * Reg 3.08 .094 13
Mat * Hem 3.67 .069 15
Pro * Hem 1.96 176 .09
Reg * Hem 4.05 .057 .16
Pro * Reg 4.25 .052 A7
Mat * Pro * Hem 2.68 A17 A1
Mat * Reg * Hem 0.01 939 .00
Mat * Pro * Reg 1.62 218 .07
Pro * Reg * Hem 0.68 420 .03
Mat * Pro * Reg * Hem 2.15 57 .09
ScC.
Interaction contrasts Fixed Tested teritical t Pp r d
Mat * Pro Enc Mat 2.76 0.36 .980 .37 0.08
Rtv Mat 2.76 3.05 .029 57  0.65
Ver Pro 2.76 3.97 .004 .04 085
Non Pro 2.76 6.06 <.001 21 1.30
Mat * Pro 2.76 -1.54 409 .02 -0.33
Mat * Reg Par Mat 2.47 2.29 073 47 049
Fro Mat 2.47 1.77 191 55  0.38
Mat * Reg 2.47 1.76 .196 92 039
Mat * Hem L Mat 2.75 2.50 .081 51 054
R Mat 2.75 1.67 .353 52 0.36
Ver Hem 2.75 1.15 .653 94 027
Non Hem 2.75 -0.82 .834 .97 -0.18
Mat * Hem 2.75 1.92 .236 95 043
Pro * Hem L Pro 2.68 6.28 <.001 A3 1.34
R Pro 2.68 547 <001 19 1.17
Enc Hem 2.68 0.94 762 93 022
Rtv Hem 2.68 -1.51 411 99 -0.32
Pro * Hem 2.68 1.40 478 94 030
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Reg * Hem

Pro * Reg

Mat * Pro * Hem

Mat * Reg * Hem

Mat * Pro * Reg

Pro * Reg * Hem

Par
Fro

Par
Fro

Enc/L
Enc/R
Rtv/L
Rtv/R
Ver /L
Ver /R
Non/L
Non/R
Ver / Enc
Ver / Rec
Non/ Enc
Non / Rec
Enc

Rtv

Ver

Non
Par/L
Par/R
Fro/L
Fro/R
Ver / Par
Non / Par
Ver / Fro
Non/ Fro
Par

Fro

Enc / Par
Rtv / Par
Enc/ Fro
Rtv / Fro
Par / Par
Fro / Par
Par / Fro
Fro/Fro
Par

Fro

Par /L
Par/R
Fro/L
Fro/R
Enc / Par
Rtv / Par
Enc/ Fro
Rtv / Fro
Par

Fro

Hem

Hem

Reg * Hem
Pro

Pro

Pro * Reg
Mat

Mat

Mat

Mat

Pro

Pro

Pro

Pro

Hem

Hem

Hem

Hem

Mat * Hem
Mat * Hem
Pro * Hem
Pro * Hem
Mat

Mat

Mat

Mat

Hem

Hem

Hem

Hem

Mat * Hem
Mat * Hem
Mat

Mat

Mat

Mat

Pro

Pro

Pro

Pro

Mat * Pro
Mat * Pro
Pro

Pro

Pro

Pro

Hem

Hem

Hem

Hem

Pro * Hem
Pro * Hem

2.46
2.46
2.46
2.49
2.49
2.49
3.15
3.15
3.15
3.15
3.15
3.15
3.15
3.15
3.15
3.15
3.15
3.15
3.15
3.15
3.15
3.15
2.97
2.97
2.97
2.97
2.97
2.97
2.97
2.97
2.97
2.97
2.96
2.96
2.96
2.96
2.96
2.96
2.96
2.96
2.96
2.96
2.99
2.99
2.99
2.99
2.99
2.99
2.99
2.99
2.99
2.99

1.74
-1.40
2.01
6.44
5.16
2.06
0.70
0.05
3.08
2.94
4.26
3.60
6.35
5.60
1.74
-0.49
-0.01
-1.86
2.30
0.82
2.15
0.65
2.69
1.81
2.03
1.41
1.86
0.99
-0.48
-2.12
1.04
1.46
0.41
3.35
0.28
2.59
4.03
7.15
3.78
4.76
-1.87
-1.18
6.88
5.63
5.17
4.94
1.36
1.10
0.05
-2.52
0.36
1.87

197
.336
122
<.001
<.001
115
.993
.999
.058
.076
.004
.018
<.001
<.001
.585
.999
.999
.505
.264
.985
.336
.996
.091
451
.328
.703
420
919
.998
.281
.900
.670
.993
.022
.999
.100
.005
<.001
.009
.001
317
.710
<.001
<.001
.001
.001
.688
.839
.999
124
.999
375

.90
.90
-22
18
12
.88
.35
40
.56
57

A1
21
.20
.94
.98
.94
.98
.97
.96
.96
.94
45
49
.54
.56
.86
.93
.86
.93
.88
.90
.34
.56
40
57
.06
.28
.01
A1
A1

15
19
.07
19
.88
.90
.90
.92
.85
.92

0.41
-0.30
0.43
1.37
1.10
0.44
0.15
0.01
0.66
0.63
0.91
0.77
1.36
1.21
0.42
-0.11
0.00
-0.40
0.56
0.18
0.46
0.14
0.57
0.39
0.45
0.30
0.41
0.26
-0.11
-0.46
0.23
0.31
0.09
0.72
0.06
0.55
0.86
1.52
0.81
1.03
-0.40
-0.25
1.48
1.20
1.10
1.06
0.35
0.24
0.01
-0.57
0.08
0.41
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Mat * Pro * Reg * Hem Enc /L /Par

Enc/R/Par
Enc/L/Fro
Enc/R/Fro
Rtv/ L/ Par
Rtv/ R/ Par
Rtv/L/Fro
Rtv/R/Fro
Ver /L /Par
Non /L /Par
Ver /L /Fro
Non /L /Fro
Ver /R [ Par
Non /R / Par
Ver /R /Fro
Non/R/Fro
Ver / Enc / Par
Non/ Enc / Par
Ver /Enc/Fro
Non/ Enc / Fro
Ver / Rtv / Par
Non/ Rtv / Par
Ver/Rtv/Fro
Non/ Rtv / Fro
Enc / Par

Rtv / Par

Enc/ Fro

Rtv / Fro

Par /L

Par/R

Fro/L

Fro/R

Mat

Mat

Mat

Mat

Mat

Mat

Mat

Mat

Pro

Pro

Pro

Pro

Pro

Pro

Pro

Pro

Hem

Hem

Hem

Hem

Hem

Hem

Hem

Hem

Mat * Hem
Mat * Hem
Mat * Hem
Mat * Hem
Pro * Hem
Pro * Hem
Pro * Hem
Pro * Hem

3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44

1.00 .994
-0.06 .999
0.39 .999
0.16 .999
3.15 .091
3.40 .055
2.77 198
2.27 441
4.66 .004
723 <.001
3.61 .035
4.98 .001
3.31 .068
6.52 <.001
3.79 .024
4.37 .006
1.95 .643
0.21 .999
0.31 .999
-0.27 .999
0.72 .999
1.25 .967
-1.19 978
-3.69 .030
1.75 778
0.53 .999
-0.62 .999
1.84 717
-1.49 .903
-1.21 973
-2.11 542
-1.08 .990

32
.36
37
43
.54
.59
.58
57
10
21
14
14
.05
.30
19
.08
.86
.92
.87
.93
91
.89
.90
.94
.89
.90
91
91
44
.38
43
.38

0.22
-0.01
0.08
0.03
0.67
0.73
0.59
0.48
0.99
1.55
0.77
1.07
0.71
1.40
0.82
0.94
0.45
0.06
0.07
-0.06
0.16
0.27
-0.27
-0.81
0.43
0.11
-0.13
0.41
-0.32
-0.26
-0.46
-0.23

Mat = Material (Verbal - Nonverbal); Repetition (Old - New); Reg = Region (Parietal - Frontal); Hem = Hemi

sphere (Left - Right); Ver = Verbal; Non = Nonverbal; Par = Parietal; Fro = Frontal; L = Left; R = Right.

Supplementary Table 6a.
Descriptive and test statistics for mean theta power change - Repetition effect (0 to 500 ms)

Mat Rep Reg Hem M Cliow  Clupp
Ver Old Par L 116 -541 7.72
R -2.68 -11.05 5.69

Fro L -9.49 -16.33 -2.65

R -7.97 -16.76  0.83

New Par L -1.12  -10.18 7.94

R -2.66 -12.03 6.72

Fro L -799 -1586 -0.13

R -9.78 -17.75 -1.81

Non Old Par L 537 -2.79 1352
R 487 -329 13.03

Fro L -7.82 -13.28 -2.36

R -7.59 -1451 -0.67
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New Par L 6.15 -1.08 13.38
R 501 -357 1358
Fro L -6.06 -10.55 -1.57
R -4.89 -12.25 247
6b.
ANOVA Factor F(1,21) P n
Mat 1.16 .294 .05
Rep 0.03 .858 .00
Reg 38.51 <.001 .65
Hem 0.39 541 .02
Mat * Rep 0.20 .660 .01
Mat * Reg 6.07 .023 22
Mat * Hem 0.62 438 .03
Rep * Hem 0.02 .884 .00
Reg * Hem 0.69 416 .03
Rep * Reg 1.36 .256 .06
Mat * Rep * Hem 0.10 .758 .01
Mat * Reg * Hem 0.09 770 .00
Mat * Rep * Reg 0.08 782 .00
Rep * Reg * Hem 131 .265 .06
Mat * Rep * Reg * Hem 2.01 A71 .09
6cC.
Interaction contrasts Fixed Tested teritical t Pp r d
Mat * Rep Old Mat 278 -0.72 879  -10 -0.15
New Mat 278 -1.19 .621 12 -0.26
Ver Rep 278 0.22 .996 .67 0.05
Non Rep 2.78 -0.46 .967 .53 -0.10
Mat * Rep 2.78 0.45 .969 55 0.10
Mat * Reg Par Mat 246 -1.42 314 .01 -0.30
Fro Mat 2.46 -0.60 .789 .20 -0.13
Mat * Reg 246 -2.46 .050 .94 -0.63
Mat * Hem L Mat 270 -1.03 .700 13 -0.22
R Mat 270 -1.09 .665 .03 -0.23
Ver Hem 270 1.02 .705 93 0.23
Non Hem 270 0.04 .999 .88 0.01
Mat*Hem 2.70 0.79 .834 95 0.21
Rep * Hem L Rep 275 -0.24 .994 .68 -0.05
R Rep 275 -0.12 .999 .66 -0.03
Old Hem 275 049 .958 .86 0.11
New Hem 275 061 .930 .87 013
Rep*Hem 275 -0.15 .999 .84 -0.03
Reg * Hem Par Hem 246 0.89 .676 71 0.19
Fro Hem 246 -0.20 .981 .86 -0.05
Reg*Hem 246 0.83 710  -.04 0.8
Rep * Reg Par Rep 250 0.16 .983 .68 0.03
Fro Rep 250 -0.54 .852 .69 -0.11
Rep * Reg 250 117 492 .84 0.25
Mat * Rep * Hem Old/L Mat 3.24 -0.66 997  -10 -0.14
Old/R Mat 3.24 -0.75 993  -05 -0.16
New /L Mat 324 -113 .936 22 -0.25
New/R Mat 324 -1.20 913 .06 -0.26
Ver/L Rep 324 013 .999 .64 0.03
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Mat * Reg * Hem

Mat * Rep * Reg

Rep * Reg * Hem

Mat * Rep * Reg * Hem

Ver /R
Non/L
Non/R

Ver /Old
Ver / Rec
Non/ Old
Non / Rec
Old

New

Ver

Non

Par/L
Par/R
Fro/L
Fro/R

Ver / Par
Non / Par
Ver / Fro
Non/ Fro
Par

Fro

Old / Par
New / Par
Old/ Fro
New / Fro
Par / Par
Fro / Par
Par / Fro
Fro/Fro
Par

Fro

Par/L
Par/R
Fro/L
Fro/R

Old / Par
New / Par
Old/ Fro
New / Fro
Par

Fro

Old/ L/ Par
Old/ R/ Par
Old/L/Fro
Old/R/Fro
New /L /Par
New /R / Par
New /L /Fro
New /R /Fro
Ver /L /Par
Non /L /Par
Ver /L /Fro

Rep
Rep
Rep
Hem
Hem
Hem
Hem
Mat * Hem
Mat * Hem
Rep * Hem
Rep * Hem
Mat
Mat
Mat
Mat
Hem
Hem
Hem
Hem
Mat * Hem
Mat * Hem
Mat
Mat
Mat
Mat
Rep
Rep
Rep
Rep
Mat * Rep
Mat * Rep
Rep
Rep
Rep
Rep
Hem
Hem
Hem
Hem
Rep * Hem
Rep * Hem
Mat
Mat
Mat
Mat
Mat
Mat
Mat
Mat
Rep
Rep
Rep

3.24
3.24
3.24
3.24
3.24
3.24
3.24
3.24
3.24
3.24
3.24
3.03
3.03
3.03
3.03
3.03
3.03
3.03
3.03
3.03
3.03
2.96
2.96
2.96
2.96
2.96
2.96
2.96
2.96
2.96
2.96
3.05
3.05
3.05
3.05
3.05
3.05
3.05
3.05
3.05
3.05
3.49
3.49
3.49
3.49
3.49
3.49
3.49
3.49
3.49
3.49
3.49

0.29
-0.45
-0.42

0.75

1.15

0.08
-0.01

0.58

0.75
-0.45

0.07
-1.33
-1.39
-0.54
-0.62

1.04

0.36

0.08
-0.43

0.66

0.43
-1.12
-1.40
-0.22
-0.86

0.37
-0.14

0.05
-0.77

0.33

0.52

0.35
-0.03
-0.87
-0.20

0.92

0.74
-0.62

0.18

0.57
-0.77
-0.82
-1.33
-0.38
-0.07
-1.51
-1.19
-0.49
-1.15

0.70
-0.24
-0.47

.999
.999
.999
.993
929
.999
.999
.999
992
.999
.999
.746
.715
.995
.989
.892
.999
.999
.999
.987
.999
787
622
.999
912
.998
.999
.999
.943
.999
.990
.999
.999
.962
.999
947
.982
.994
.999
.996
978
.999
.961
999
999
912
.984
999
.988
999
999
999

.69
49
.55
.93
.93
.88
.86
.95
.92
.93
.81
19
.06
19
.22
77
.78
.88
.88
.86
.89
A1
.07
.02
.26
.69
.59
.64
46
.59
45
74
.65
.64
.69
.60
.82
.86
.81
.80
74
.05
.02
.06
.03
.26
A1
.20
.33
.66
.60
.61

0.06
-0.10
-0.09

0.19

0.25

0.02

0.00

0.14

0.19
-0.10

0.02
-0.28
-0.30
-0.12
-0.13

0.23

0.08

0.02
-0.13

0.15

0.10
-0.24
-0.30
-0.05
-0.19

0.08
-0.03

0.01
-0.16

0.07

0.11

0.08
-0.01
-0.19
-0.04

0.20

0.16
-0.15

0.04

0.12
-0.17
-0.17
-0.28
-0.08
-0.02
-0.33
-0.25
-0.11
-0.24

0.16
-0.05
-0.10
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Non/L/Fro
Ver /R /Par
Non /R /Par
Ver /R /Fro
Non/R/Fro
Ver / Old / Par
Non / Old / Par
Ver /Old / Fro
Non /Old / Fro
Ver / New / Par
Non / New / Par
Ver / New / Fro
Non / New / Fro
Old / Par
New / Par
Old/ Fro
New / Fro

Par/ L

Par/R

Fro/L

Fro/R

Rep
Rep
Rep
Rep
Rep
Hem
Hem
Hem
Hem
Hem
Hem
Hem
Hem
Mat * Hem
Mat * Hem
Mat * Hem
Mat * Hem
Rep * Hem
Rep * Hem
Rep * Hem
Rep * Hem

3.49
3.49
3.49
3.49
3.49
3.49
3.49
3.49
3.49
3.49
3.49
3.49
3.49
3.49
3.49
3.49
3.49
3.49
3.49
3.49
3.49

-0.59
-0.01
-0.04
0.55
-0.85
1.32
0.19
-0.75
-0.14
0.60
0.42
0.95
-0.53
1.14
-0.53
0.10
1.38
0.61
0.05
0.02
0.98

.999
.999
.999
.999
.999
.964
.999
.999
.999
.999
.999
.998
.999
.989
.999
.999
.952
.999
.999
.999
997

23 -0.13
.73 0.00
54 -0.01
.67 012
.57 -0.18
.70 0.29
.78 0.04
.88 -0.18
.86 -0.03
.83 013
.75 0.09
.88 0.20
.81 -0.14
.86 0.25
.89 -0.12
.80 0.02
.87 0.30
-18 0.13
-25 0.01
-11  0.00
-02 021

Supplementary Table 7a.

Descriptive and test statistics for mean theta power change - Repetition effect (500 to 1500 ms)

Mat Rep Reg Hem M Cliow  Clupp
Ver Old Par L -16.42 -21.76 -11.07
R -18.18 -23.84 -12.52
Fro L -15.54 -21.12  -9.96
R -13.35 -17.87 -8.83
New Par L -13.38 -23.21 -3.54
R -1451 -24.14 -4.88
Fro L -11.48 -20.07 -2.88
R -10.39 -17.78 -3.01
Non Old Par L -23.35 -31.27 -15.43
R -25.99 -33.67 -18.30
Fro L -2251 -29.21 -15.82
R -17.56 -24.62 -10.49
New Par L -27.28 -33.15 -21.40
R -1433 -17.91 -10.75
Fro L -21.26 -27.60 -14.91
R -18.45 -23.73 -13.18
7b.
ANOVA Factor F(1,21) p np?
Mat 7.15 .014 .25
Rep 2.16 .156 .09
Reg 12.83 .002 .38
Hem 22.70 <.001 .52
Mat * Rep 0.16 691 .01
Mat * Reg 0.02 .883 .00
Mat * Hem 25.29 <.001 .55

231



Rep * Hem 22.84 <.001 .52
Reg * Hem 0.18 673 .01
Rep * Reg 2.77 111 12
Mat * Rep * Hem 22.74 <.001 .52
Mat * Reg * Hem 5.32 .031 .20
Mat * Rep * Reg 3.13 091 A3
Rep * Reg * Hem 34.07 <.001 .62
Mat * Rep * Reg * Hem 20.72 <.001 .50
7c.
Interaction contrasts Fixed Tested teritical t Pp r d
Mat * Rep Old Mat 2.74 2.00 .202 42 0.44
New Mat 2.74 2.50 .084 .65 0.62
Ver Rep 274 121 .602 75 -0.32
Non Rep 274 -0.92 775 g7 -0.22
Mat * Rep 274 -0.40 974 41 -0.09
Mat * Reg Par Mat 2.49 2.51 .048 .58 0.55
Fro Mat 2.49 2.77 .027 .58 0.59
Mat * Reg 249 -0.15 .987 94 -0.03
Mat * Hem L Mat 2.69 3.34 .012 57 0.71
R Mat 2.69 1.90 229 57 0.41
Ver Hem 269 -0.14 .999 .98  -0.03
Non Hem 269 -7.02 <.001 98 -1.63
Mat * Hem 2.69 5.03 <.001 .95 1.10
Rep * Hem L Rep 274 -0.55 944 .78  -0.13
R Rep 274 -251 .082 79  -0.54
Old Hem 274  -1.27 572 98  -0.27
New Hem 274 -6.17 <.001 99  -1.82
Rep * Hem 2.74 4.78 .001 .95 1.13
Reg * Hem Par Hem 243 -1.48 .286 90 -0.32
Fro Hem 243  -2.59 .036 92 -0.57
Reg * Hem 2.43 0.43 .889 .66 0.09
Rep * Reg Par Rep 248 -1.71 213 J4  -0.37
Fro Rep 248  -1.07 527 81 -0.24
Rep * Reg 248 -1.66 227 .87 -0.38
Mat * Rep * Hem Old/L Mat 3.22 2.08 401 .38 0.46
Old/R Mat 3.22 1.85 .540 44 0.41
New /L Mat 3.22 3.59 .024 .64 0.84
New /R Mat 3.22 1.26 .885 .65 0.33
Ver/L Rep 322 -118 917 74 -0.31
Ver /R Rep 322 121 .905 75 -0.31
Non /L Rep 3.22 0.57 .999 74 0.13
Non /R Rep 322 -240 241 .80 -0.65
Ver/Old Hem 322 -0.28 .999 95  -0.06
Ver / Rec Hem 3.22 0.03 .999 .99 0.01
Non / Old Hem 322 -145 .788 97 -0.31
Non / Rec Hem 322 -852 <.001 97  -2.95
Old Mat * Hem 3.22 0.82 .989 .94 0.18
New Mat * Hem 3.22 6.97 <.001 .94 151
Ver Rep * Hem 322  -0.30 .999 96 -0.07
Non Rep * Hem 3.22 5.83 <.001 .87 1.25
Mat * Reg * Hem Par /L Mat 2.97 3.58 .015 .59 0.77
Par/R Mat 2.97 1.30 726 .56 0.29
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Mat * Rep * Reg

Rep * Reg * Hem

Mat * Rep * Reg * Hem

Fro/L

Fro/R

Ver [ Par

Non / Par

Ver / Fro
Non/ Fro

Par

Fro

Old / Par
New / Par
Old/ Fro
New / Fro

Par / Par

Fro / Par

Par / Fro

Fro/ Fro

Par

Fro

Par/L

Par/R

Fro/L

Fro/R

Old / Par
New / Par

Old / Fro
New / Fro

Par

Fro

Old/ L/ Par
Old/ R/ Par
Old/L/Fro
Old/R/Fro
New /L /Par
New /R / Par
New /L /Fro
New /R /Fro
Ver /L /Par
Non/ L/ Par
Ver /L /Fro
Non/L/Fro
Ver /R [/ Par
Non /R /Par
Ver /R /Fro
Non /R /Fro
Ver/Old / Par
Non / Old / Par
Ver/Old/ Fro
Non /OIld / Fro
Ver / New / Par
Non / New / Par
Ver / New / Fro
Non / New / Fro

Mat
Mat
Hem
Hem
Hem
Hem
Mat * Hem
Mat * Hem
Mat
Mat
Mat
Mat
Rep
Rep
Rep
Rep
Mat * Rep
Mat * Rep
Rep
Rep
Rep
Rep
Hem
Hem
Hem
Hem
Rep * Hem
Rep * Hem
Mat
Mat
Mat
Mat
Mat
Mat
Mat
Mat
Rep
Rep
Rep
Rep
Rep
Rep
Rep
Rep
Hem
Hem
Hem
Hem
Hem
Hem
Hem
Hem

2.97
2.97
2.97
2.97
2.97
2.97
2.97
2.97
2.93
2.93
2.93
2.93
2.93
2.93
2.93
2.93
2.93
2.93
3.07
3.07
3.07
3.07
3.07
3.07
3.07
3.07
3.07
3.07
3.45
3.45
3.45
3.45
3.45
3.45
3.45
3.45
3.45
3.45
3.45
3.45
3.45
3.45
3.45
3.45
3.45
3.45
3.45
3.45
3.45
3.45
3.45
3.45

2.88
2.52
0.97
-3.67
-1.20
-3.86
4.55
2.02
2.16
1.88
1.78
3.11
-1.03
-1.43
-1.34
-0.10
0.12
-1.12
0.18
-3.97
-1.37
-0.62
1.65
-4.19
-3.37
-1.50
7.30
-1.57
191
2.25
2.04
1.34
3.74
-0.05
3.06
3.02
-0.85
1.33
-1.39
-0.63
-1.20
-4.30
-1.15
0.45
1.06
1.64
-1.34
-4.48
0.67
-7.89
-0.70
-2.09

.061
129
.892
011
.786
.006
.001
.303
.206
327
.380
.035
.810
581
.632
.999
.999
.759
.999
.006
.708
.987
.535
.004
027
.632
<.001
.586
672
454
.590
.948
.026
.999
117
126
.999
951
.934
.999
977
.008
.982
999
991
.838
.950
.005
999
<.001
999
561

.55
.61
91
.89
.90
.94
.88
.93
44
.63
40
.65
73
.68
73
.82
.28
.52
71
a7
.81
.81
.88
91
.90
.92
.89
.84
41
45
.34
44
.62
.62
.64
.66
.66
.64
71
.80
a7
73
.70
.81
.80
91
79
.95
.93
.85
.93
.90

0.62
0.54
0.21
-0.83
-0.27
-0.83
0.97
0.48
0.48
0.50
0.39
0.70
-0.27
-0.35
-0.34
-0.02
0.03
-0.24
0.04
-0.85
-0.32
-0.14
0.35
-0.95
-0.72
-0.34
1.72
-0.35
0.43
0.49
0.44
0.30
0.90
-0.01
0.69
0.69
-0.22
0.30
-0.33
-0.14
-0.32
-1.25
-0.28
0.10
0.23
0.35
-0.30
-0.97
0.14
-2.20
-0.16
-0.48
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Old / Par Mat * Hem 345 -0.46 .999 .86  -0.10

New / Par Mat * Hem 3.45 1.51 .893 .85 0.33
Old / Fro Mat * Hem 3.45 7.88 <.001 .89 1.68
New / Fro Mat * Hem 3.45 1.32 .954 .92 0.31
Par /L Rep * Hem 345 -156 874 .08 -0.33
Par /R Rep * Hem 345 -0.89 .998 21 -0.19
Fro/L Rep * Hem 3.45 1.86 .708 =11 0.40
Fro/R Rep * Hem 345 -121 975 .04 -0.26

Mat = Material (Verbal - Nonverbal); Repetition (Old - New); Reg = Region (Parietal - Frontal); Hem = Hemisp
here (Left - Right); Ver = Verbal; Non = Nonverbal; Par = Parietal; Fro = Frontal; L = Left; R = Right.

Supplementary Table 8a.
Descriptive and test statistics for mean alpha power change (0 to 500

ms)

Mat Pro Reg Hem M Cliow  Clup

Ver Enc Par L -1.71  11.70 8.29

R -7.66 18.23 2.92

Fro L -6.76 16.34 2.82

R -4.33 12.93 4.26

Rtv Par L 8.83 0.99 16.67

R 6.25 0.25 12.25

Fro L 408 -0.91 9.08

R 411 -2.13 10.36

Non Enc Par L 438 11.16 19.92

R 1.05 16.11 18.20

Fro L -2.15 15.16 10.85

R -0.29 13.87 13.29

Rtv Par L 3.98 -2.79 10.76

R 211 -2.78 7.01

Fro L 1.94 -4.20 8.07

R 2.67 -3.28 8.61

8b.

ANOVA Factor F(1,21) p o2
Mat 0.19 .668 .01
Pro 1.40 251 .06
Reg 3.33 .082 14
Hem 2.33 142 .10
Mat * Pro 2.69 116 A1
Mat * Reg 0.02 .900 .00
Mat * Hem 0.92 .348 .04
Pro * Hem 0.19 .668 .01
Reg * Hem 7.28 013 .26
Pro * Reg 0.04 .838 .00
Mat * Pro * Hem 0.04 .853 .00
Mat * Reg * Hem 0.24 .629 .01
Mat * Pro * Reg 6.13 022 .23
Pro * Reg * Hem 1.46 241 .07

234



Mat * Pro * Reg * Hem 0.49 491 .02
8c.
Interaction contrasts Fixed Tested Leritical t Pp r d
Mat * Pro Enc Mat 272 -112 661 .67 -0.27
Rtv Mat 272 117 633 52 0.25
Ver Pro 272 227 131 18  -0.50
Non Pro 272 -0.27 993 14 -0.06
Mat * Pro 272 -164  .365 16 -0.37
Mat * Reg Par Mat 252 -043  .903 .62 -0.10
Fro Mat 252 -042  .906 .60 -0.09
Mat * Reg 252 -0.13 991 90 -0.03
Mat * Hem L Mat 275 -0.29  .990 .60 -0.07
R Mat 275 -057  .939 .63 -0.13
Ver Hem 275 179  .297 96 0.38
Non Hem 275 0.78  .858 98 0.17
Mat * Hem 275 096  .765 96  0.20
Pro * Hem L Pro 268 -116  .633 14 -0.27
R Pro 268 -120 .611 18  -0.28
Enc Hem 268 133 526 99  0.30
Rtv Hem 268 143 466 97 031
Pro * Hem 268 044 969 99  0.09
Reg * Hem Par Hem 2.45 2.37 .057 91 0.51
Fro Hem 245 -191 143 98 -042
Reg * Hem 245 270  .029 .26 0.60
Pro * Reg Par Pro 246 -1.06 496 A7 -0.25
Fro Pro 246 -131  .355 16 -0.30
Pro * Reg 246 021 973 98  0.05
Mat * Pro * Hem Enc/L Mat 3.18 -1.07  .948 .67 -0.25
Enc/R Mat 318 -1.16  .925 .66 -0.28
Rtv/L Mat 318 123 901 51 0.26
Rtv/R Mat 3.18 1.06  .950 52 0.23
Ver /L Pro 318 -215 .361 14 -0.47
Ver /R Pro 318 -235 .264 23 -0.52
Non /L Pro 3.18 -0.27  .999 A7 -0.06
Non/R Pro 3.18 -0.27  .999 12 -0.07
Ver / Enc Hem 3.18 153 757 97 033
Ver / Rec Hem 318 140 824 95 030
Non / Enc Hem 3.18 0.64  .998 99 015
Non / Rec Hem 3.18 0.72  .996 96  0.17
Enc Mat * Hem 318 076 .994 97  0.17
Rtv Mat * Hem 3.18 0.64  .998 92 014
Ver Pro * Hem 3.18 040  .999 97  0.09
Non Pro * Hem 3.18 016  .999 99  0.04
Mat * Reg * Hem Par /L Mat 3.03 -0.17  .999 53 -0.04
Par /R Mat 3.03 -0.67 .981 .66 -0.15
Fro/L Mat 3.03 -040  .999 .61 -0.09
Fro/R Mat 3.03 -041 999 55 -0.09
Ver / Par Hem 3.03 229 .209 .84  0.49
Non / Par Hem 3.03 148 .645 92 032
Ver / Fro Hem 3.03 -1.23 .796 93 -0.26
Non / Fro Hem 3.03 -132 745 97  -0.29
Par Mat * Hem 3.03 076  .965 .82 0.16
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Mat * Pro * Reg

Pro * Reg * Hem

Mat * Pro * Reg * Hem

Fro

Enc / Par

Rtv / Par

Enc / Fro
Rtv / Fro

Par / Par

Fro / Par

Par / Fro
Fro/Fro

Par

Fro

Par/L

Par/R

Fro/L

Fro/R

Enc / Par

Rtv / Par

Enc / Fro
Rtv / Fro

Par

Fro
Enc/L/Par
Enc/R/Par
Enc/L/Fro
Enc/R/Fro
Rtv/ L/ Par
Rtv/ R/ Par
Rtv/L/Fro
Rtv/R/Fro
Ver /L /Par
Non/ L/ Par
Ver /L /Fro
Non/L/Fro
Ver / R/ Par
Non /R /Par
Ver /R /Fro
Non/R/Fro
Ver / Enc / Par
Non/ Enc / Par
Ver / Enc/ Fro
Non / Enc / Fro
Ver / Rtv / Par
Non/ Rtv / Par
Ver / Rtv / Fro
Non / Rtv / Fro
Enc / Par

Rtv / Par

Enc / Fro
Rtv / Fro
Par/L

Par/R

Fro/L

Mat * Hem
Mat

Mat

Mat

Mat

Pro

Pro

Pro

Pro

Mat * Pro
Mat * Pro
Pro

Pro

Pro

Pro

Hem

Hem

Hem

Hem

Pro * Hem
Pro * Hem
Mat

Mat

Mat

Mat

Mat

Mat

Mat

Mat

Pro

Pro

Pro

Pro

Pro

Pro

Pro

Pro

Hem

Hem

Hem

Hem

Hem

Hem

Hem

Hem

Mat * Hem
Mat * Hem
Mat * Hem
Mat * Hem
Pro * Hem
Pro * Hem
Pro * Hem

3.03
2.94
2.94
2.94
2.94
2.94
2.94
2.94
2.94
2.94
2.94
2.96
2.96
2.96
2.96
2.96
2.96
2.96
2.96
2.96
2.96
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44

0.05
-1.31
1.47
-0.86
0.71
-2.42
-0.04
-2.04
-0.54
-1.97
-1.18
-0.82
-1.27
-1.53
-1.08
2.49
1.25
-2.12
-0.40
1.08
-1.21
-1.10
-1.42
-0.93
-0.78
1.27
1.53
0.82
0.51
-1.90
0.05
-2.23
-0.67
-2.76
-0.13
-1.79
-0.42
2.36
1.54
-2.15
-1.26
1.09
0.95
-0.02
-0.52
0.92
-0.34
0.29
0.33
-1.86
-1.33
-1.96

.999
.651
.549
.888
942
.130
.999
.245
979
274
.730
932
714
.556
.824
134
731
247
.998
.823
754
992
932
.999
.999
971
.894
.999
.999
.689
.999
469
.999
.203
.999
.764
.999
.392
.889
.524
974
992
.998
.999
.999
.999
.999
.999
.999
716
961
.652

.89
.69
.46
.62
.57
24
A3
15
18
A4
19
.08
.29
24
.07
.95
.80
.98
.93
.93
.96
.68
.67
.62
.61
42
48
.53
.53
.18
.08
.16
.29
.30
21
15
.05
.87
97
97
97
.78
.80
.88
.88
.88
.95
75
.70
.67
.59
.59

0.01
-0.32
0.32
-0.20
0.15
-0.53
-0.01
-0.45
-0.13
-0.44
-0.27
-0.19
-0.32
-0.36
-0.24
0.55
0.29
-0.45
-0.09
0.23
-0.27
-0.26
-0.34
-0.21
-0.18
0.27
0.33
0.18
0.11
-0.41
0.01
-0.51
-0.16
-0.63
-0.03
-0.39
-0.10
0.51
0.35
-0.50
-0.27
0.25
0.22
0.00
-0.11
0.20
-0.07
0.07
0.07
-0.43
-0.29
-0.46
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Fro/R

Pro * Hem

3.44

-0.99

997

.62 -0.23

Mat = Material (Verbal - Nonverbal); Repetition (Old - New); Reg = Region (Parietal - Frontal); Hem =
Hemisphere (Left - Right); Ver = VVerbal; Non = Nonverbal; Par = Parietal; Fro = Frontal; L = Left; R =

Right.

Supplementary Table 9a.

Descriptive and test statistics for mean alpha power change (0 to 500 ms)

Mat Pro Reg Hem M Cliow Clypp
Ver Enc Par L -22.43  -31.09 -13.77
R -26.98 -36.98 -16.98
Fro L -22.69 -31.82 -13.57
R -20.38  -29.28 -11.47
Rtv Par L -5.65 -14.67 3.37
R -6.31  -14.73 2.11
Fro L -5.21  -12.06 1.64
R -7.84 -15.45 -0.22
Non Enc Par L -22.22  -30.82 -13.62
R -25.44  -36.03 -14.86
Fro L -20.24 -29.29 -11.20
R -20.88 -29.19 -12.57
Rtv Par L -10.73  -20.32 -1.15
R -15.28 -23.70 -6.86
Fro L -10.62 -18.23 -3.01
R -10.32  -18.41 -2.22
9b.
ANOVA Factor F(1,21) p 1np?
Mat 0.66 425 .03
Pro 10.65 .004 34
Reg 5.75 .026 22
Hem 6.80 .016 .25
Mat * Pro 3.22 .087 A3
Mat * Reg 1.62 216 .07
Mat * Hem 0.38 542 .02
Pro * Hem 0.26 .616 .01
Reg * Hem 1.86 .187 .08
Pro * Reg 524 .033 .20
Mat * Pro * Hem 0.07 .798 .00
Mat * Reg * Hem 0.18 .680 .01
Mat * Pro * Reg 2.66 118 A1
Pro * Reg * Hem 131 .265 .06
Mat * Pro * Reg * Hem 6.55 .018 24
9c.
Interaction contrasts Fixed Tested teritical t Pp r d
Mat * Pro Enc Mat 2.72 -0.30 .993 .74 -0.06
Rtv Mat 2.72 1.55 432 56 0.33
Ver Pro 2.72 -3.93 .004 43 -0.85
Non Pro 2.72 -2.18 154 31 -047
Mat * Pro 2.72 -1.79 .306 43 -0.38
Mat * Reg Par Mat 2.48 1.03 571 .65  0.22
Fro Mat 2.48 0.54 .856 .63 0.11
Mat * Reg 2.48 1.27 429 91 0.27
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Mat * Hem

Pro * Hem

Reg * Hem

Pro * Reg

Mat * Pro * Hem

Mat * Reg * Hem

Mat * Pro * Reg

Ver
Non

L
R
Enc
Rtv

Par
Fro

Par
Fro

Enc/L
Enc/R
Rtv/L
Rtv/R
Ver/L
Ver /R
Non/L
Non/R
Ver / Enc
Ver / Rec
Non/Enc
Non / Rec
Enc

Rtv

Ver

Non
Par/L
Par/R
Fro/L
Fro/R
Ver / Par
Non / Par
Ver [/ Fro
Non/ Fro
Par

Fro

Enc / Par
Rtv / Par
Enc / Fro
Rtv / Fro
Par / Par
Fro / Par
Par / Fro
Fro/Fro
Par

Fro

Mat

Mat

Hem

Hem

Mat * Hem
Pro

Pro

Hem

Hem

Pro * Hem
Hem

Hem

Reg * Hem
Pro

Pro

Pro * Reg
Mat

Mat

Mat

Mat

Pro

Pro

Pro

Pro

Hem

Hem

Hem

Hem

Mat * Hem
Mat * Hem
Pro * Hem
Pro * Hem
Mat

Mat

Mat

Mat

Hem

Hem

Hem

Hem

Mat * Hem
Mat * Hem
Mat

Mat

Mat

Mat

Pro

Pro

Pro

Pro

Mat * Pro
Mat * Pro

2.68
2.68
2.68
2.68
2.68
2.63
2.63
2.63
2.63
2.63
2.39
2.39
2.39
2.42
2.42
2.42
3.11
3.11
3.11
3.11
3.11
3.11
3.11
3.11
3.11
3.11
3.11
3.11
3.11
3.11
3.11
3.11
3.02
3.02
3.02
3.02
3.02
3.02
3.02
3.02
3.02
3.02
2.89
2.89
2.89
2.89
2.89
2.89
2.89
2.89
2.89
2.89

0.68
0.92
1.78
2.28
-0.62
-3.21
-3.30
2.50
221
-0.51
1.96
0.19
1.36
-3.36
-3.12
-2.29
-0.43
-0.16
1.43
1.63
-3.98
-3.85
-2.10
-2.24
1.82
1.54
1.94
1.95
-0.72
-0.36
-0.67
-0.17
0.74
1.20
0.51
0.54
1.43
1.76
0.16
0.16
-0.55
-0.01
-0.29
1.82
-0.29
1.19
-4.23
-2.14
-3.52
-2.19
-2.18
-1.31

.906
.801
.299
116
929
.012
.010
.068
JA21
.940
119
973
317
.006
.010
.063
.999
.999
.798
674
.007
.009
.370
294
.543
.730
465
.460
.995
.999
997
.999
973
.818
.995
.993
.683
481
.999
.999
.993
.999
.999
.368
.999
737
.003
219
011
198
.204
.667

.61
.67
.98
97
.93
.29
42
.99
97
.99
.88
.96
.62
37
.35
.98
72
74
.54
.57
41
46
24
.38
.99
.96
.98
.96
.94
.93
.98
.98
.56
.68
.60
.64
.88
.82
.95
.95
73
.92
a7
.55
.68
.57
45
31
41
31
47
37

0.15
0.20
0.39
0.51
-0.13
-0.69
-0.71
0.60
0.47
-0.11
0.43
0.04
0.29
-0.72
-0.67
-0.53
-0.09
-0.03
0.31
0.35
-0.85
-0.83
-0.45
-0.48
0.43
0.33
0.43
0.42
-0.15
-0.08
-0.14
-0.04
0.16
0.26
0.11
0.11
0.31
0.38
0.03
0.04
-0.12
0.00
-0.06
0.39
-0.06
0.26
-0.90
-0.46
-0.76
-0.47
-0.47
-0.28
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Pro * Reg * Hem

Mat * Pro * Reg * Hem

Par/ L

Par/R

Fro/L
Fro/R

Enc / Par

Rtv / Par

Enc / Fro

Rtv / Fro

Par

Fro
Enc/L/Par
Enc/R/Par
Enc/L/Fro
Enc/R/Fro
Rtv/ L/ Par
Rtv/ R/ Par
Rtv/L/Fro
Rtv/R/Fro
Ver /L /Par
Non/ L/ Par
Ver /L /Fro
Non/L/Fro
Ver /R /Par
Non /R /Par
Ver /R /Fro
Non/R/Fro
Ver [ Enc / Par
Non/ Enc / Par
Ver / Enc/ Fro
Non / Enc / Fro
Ver / Rtv / Par
Non / Rtv / Par
Ver [/ Rtv / Fro
Non / Rtv / Fro
Enc / Par

Rtv / Par

Enc / Fro

Rtv / Fro
Par/L

Par/R

Fro/L
Fro/R

Pro

Pro

Pro

Pro

Hem

Hem

Hem

Hem

Pro * Hem
Pro * Hem
Mat

Mat

Mat

Mat

Mat

Mat

Mat

Mat

Pro

Pro

Pro

Pro

Pro

Pro

Pro

Pro

Hem

Hem

Hem

Hem

Hem

Hem

Hem

Hem

Mat * Hem
Mat * Hem
Mat * Hem
Mat * Hem
Pro * Hem
Pro * Hem
Pro * Hem
Pro * Hem

2.94
2.94
2.94
2.94
2.94
2.94
2.94
2.94
2.94
2.94
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44

-3.05
-3.55
-3.29
-2.86
2.47
1.21
-0.93
0.96
0.71
-1.49
-0.07
-0.45
-0.69
0.15
1.13
2.34
1.65
0.71
-3.59
-2.12
-4.17
-2.00
-4.58
-2.06
-2.80
-2.31
2.96
141
-2.25
0.47
0.25
1.71
1.81
-0.23
0.58
-1.86
-1.24
2.01
-1.29
-2.14
-2.82
-0.48

.040
012
.023
.056
125
752
.899
.882
.964
577
.999
.999
.999
.999
.988
410
.850
.999
.034
.566
.009
.636
.003
597
.186
435
138
941
474
.999
.999
819
.764
.999
.999
733
.976
.630
.966
.549
178
.999

.28
47
34
.36
.95
.84
97
.93
.92
.95
72
7
.67
.66
.50
.55
.56
.58
40
.23
43
.29
49
44
37
.33
.95
.90
.97
.95
.80
.82
.92
.94
75
.90
.73
91
.68
.67
.69
.59

-0.65
-0.78
-0.71
-0.61
0.61
0.26
-0.20
0.21
0.15
-0.32
-0.01
-0.10
-0.15
0.03
0.24
0.50
0.35
0.15
-0.77
-0.45
-0.91
-0.43
-0.99
-0.45
-0.60
-0.49
0.69
0.33
-0.48
0.10
0.05
0.37
0.40
-0.05
0.12
-0.40
-0.27
0.43
-0.28
-0.46
-0.60
-0.10

Mat = Material (Verbal - Nonverbal); Repetition (Old - New); Reg = Region (Parietal - Frontal); Hem = Hemi

sphere (Left - Right); Ver = Verbal; Non = Nonverbal; Par = Parietal; Fro = Frontal; L = Left; R = Right.

Supplementary Table 10a.
Descriptive and test statistics for mean alpha power change (0 to 500 ms) - Repetition effect

Mat Rep Reg Hem M Cliow  Cluypp
Ver Old Par L 10.10 3.36 16.84
R 10.72 2.77 18.66

Fro L 6.28 -0.79 13.36

R 486 -1.64 11.35
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New Par L 6.78 -3.61 17.16
R 273 -295 842
Fro L 291 -255 838
R 3.00 -4.42 10.42
Non Old Par L 594 036 1151
R 467 -261 1195
Fro L 3.40 -4.01 10.80
R 478 -158 11.13
New Par L 262 -6.34 1158
R 031 -526 587
Fro L 003 -709 7.14
R 052 -521 6.24
10b.
ANOVA Factor F(1,21) p o
Mat 1.50 .235 .07
Rep 5.76 .026 22
Reg 471 .042 .18
Hem 131 .266 .06
Mat * Rep 0.01 933 .00
Mat * Reg 1.89 .183 .08
Mat * Hem 0.43 .520 .02
Rep * Hem 1.20 .286 .05
Reg * Hem 0.55 .465 .03
Rep * Reg 1.10 .306 .05
Mat * Rep * Hem 0.13 719 .01
Mat * Reg * Hem 0.18 .680 .01
Mat * Rep * Reg 1.18 .289 .05
Rep * Reg * Hem 0.51 483 .02
Mat * Rep * Reg * Hem 0.53 A74 .03
10c.
Interaction contrasts Fixed Tested teritical t Pp r d
Mat * Rep Old Mat 272 104 707 47 0.22
New Mat 272 096 .749 49 021
Ver Rep 272 151 431 .64 0.32
Non Rep 272 181 276 73 0.39
Mat * Rep 272 0.09 .999 .34 0.02
Mat * Reg Par Mat 250 141 .338 52 0.30
Fro Mat 250 0.88 .634 .63 0.19
Mat * Reg 250 138 .358 86 0.32
Mat * Hem L Mat 272 129 582 57 0.27
R Mat 272 109 .700 57 023
Ver Hem 272 141 504 96 031
Non Hem 272 043 971 94 0.10
Mat*Hem 272 065 .913 90 0.14
Rep * Hem L Rep 277 176 322 77 0.38
R Rep 277 288 .039 81 0.63
Old Hem 277 022 997 96 0.05
New Hem 277 142 508 .95 0.38
Rep*Hem 277 -1.09 .699 79 -0.24
Reg * Hem Par Hem 241 1.03 .505 .82 0.23
Fro Hem 241 -011 992 .90 -0.02
Reg*Hem 241 074 690 -56 0.16
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Rep * Reg

Mat * Rep * Hem

Mat * Reg * Hem

Mat * Rep * Reg

Rep * Reg * Hem

Mat * Rep * Reg * Hem

Par
Fro

Old/L
Old/R
New /L
New /R
Ver/L
Ver /R
Non/L
Non/R
Ver /Old
Ver / Rec
Non/ Old
Non / Rec
Old

New

Ver

Non

Par/ L
Par/R
Fro/L
Fro/R
Ver / Par
Non / Par
Ver /[ Fro
Non/ Fro
Par

Fro

Old / Par
New / Par
Old / Fro
New / Fro
Par / Par
Fro / Par
Par / Fro
Fro/ Fro
Par

Fro
Par/L
Par/R
Fro/L
Fro/R
Old / Par
New / Par
Old / Fro
New / Fro
Par

Fro

Old/ L/ Par
Old/ R/ Par
Old/L/Fro

Rep
Rep
Rep * Reg
Mat
Mat
Mat
Mat
Rep
Rep
Rep
Rep
Hem
Hem
Hem
Hem
Mat * Hem
Mat * Hem
Rep * Hem
Rep * Hem
Mat
Mat
Mat
Mat
Hem
Hem
Hem
Hem
Mat * Hem
Mat * Hem
Mat
Mat
Mat
Mat
Rep
Rep
Rep
Rep
Mat * Rep
Mat * Rep
Rep
Rep
Rep
Rep
Hem
Hem
Hem
Hem
Rep * Hem
Rep * Hem
Mat
Mat
Mat

2.57
2.57
2.57
3.20
3.20
3.20
3.20
3.20
3.20
3.20
3.20
3.20
3.20
3.20
3.20
3.20
3.20
3.20
3.20
3.01
3.01
3.01
3.01
3.01
3.01
3.01
3.01
3.01
3.01
2.99
2.99
2.99
2.99
2.99
2.99
2.99
2.99
2.99
2.99
3.10
3.10
3.10
3.10
3.10
3.10
3.10
3.10
3.10
3.10
3.48
3.48
3.48

2.52
1.85
1.05
1.18
0.87
1.02
0.85
1.17
1.81
1.53
1.83
0.40
1.93
-0.05
0.64
0.32
0.76
-1.38
-0.58
1.13
1.59
1.16
0.47
0.75
0.96
0.52
-0.50
-0.03
0.73
1.65
0.86
0.42
1.01
1.92
1.73
0.90
1.57
0.50
-0.30
1.17
3.11
1.64
1.72
0.17
1.19
0.02
-0.17
-0.91
0.19
1.41
1.53
0.74

.055
.188
.564
916
.983
.960
.985
922
.586
.755
576
.999
.509
.999
997
.999
991
.834
.999
.841
579
.828
.996
.968
910
.994
.995
.999
971
490
921
997
.859
.343
443
.906
541
991
.999
.829
.049
.549
.500
.999
.819
.999
.999
937
.999
934
.897
.999

7
.78
.68
51
41
49
46
.64
.63
.76
.67
.95
97
.93
.92
91
.92
.92
.73
46
.56
.62
.55
.79
.82
.90
.80
75

51
.39
40
57
.66
.73
.56
.68
47
15
.69
7
72
.78
.80
.76
.92
.80
.20
.64
.52
42
37

0.54
0.40
0.22
0.25
0.19
0.22
0.18
0.25
0.39
0.33
0.40
0.09
0.49
-0.01
0.17
0.07
0.18
-0.30
-0.12
0.24
0.34
0.25
0.10
0.17
0.22
0.11
-0.11
-0.01
0.16
0.36
0.19
0.09
0.22
0.41
0.37
0.19
0.34
0.11
-0.06
0.28
0.73
0.35
0.37
0.04
0.32
0.00
-0.04
-0.20
0.04
0.31
0.33
0.16
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Old/R/Fro
New /L /Par
New /R / Par
New /L /Fro
New /R /Fro
Ver /L /Par
Non/ L/ Par
Ver /L /Fro
Non/L/Fro
Ver / R/ Par
Non /R /Par
Ver /R /Fro
Non/R/Fro
Ver /Old / Par
Non / Old / Par
Ver /Old / Fro
Non / Old / Fro

Ver / New / Par
Non / New / Par
Ver / New / Fro
Non / New / Fro

Old / Par
New / Par
Old/ Fro
New / Fro
Par/ L
Par/R
Fro/L
Fro/R

Mat
Mat
Mat
Mat
Mat
Rep
Rep
Rep
Rep
Rep
Rep
Rep
Rep
Hem
Hem
Hem
Hem
Hem
Hem
Hem
Hem
Mat * Hem
Mat * Hem
Mat * Hem
Mat * Hem
Rep * Hem
Rep * Hem
Rep * Hem
Rep * Hem

3.48
3.48
3.48
3.48
3.48
3.48
3.48
3.48
3.48
3.48
3.48
3.48
3.48
3.48
3.48
3.48
3.48
3.48
3.48
3.48
3.48
3.48
3.48
3.48
3.48
3.48
3.48
3.48
3.48

0.02
0.82
0.76
0.92
0.74
0.88
1.07
111
0.97
2.92
1.26
0.61
2.03
-0.26
0.49
1.00
-1.04
1.33
0.67
-0.05
-0.16
-0.58
1.70
0.47
0.11
0.00
0.00
0.75
-0.63

.999 44
.999 41
.999 31
.998 48
.999 46
.999 .65
.992 .70
.988 .52
997 .50
.160 .70
.969 40
.999 .59
617 14
.999 .78
.999 .69
.996 91
.995 .93
.957 .85
.999 .60
.999 .89
.999 .50
.999 .59
.815 91
.999 .69
.999 .32
.999 .36
999 -21
999 -19
999  -.08

0.01
0.18
0.16
0.20
0.16
0.21
0.26
0.24
0.21
0.67
0.28
0.13
0.44
-0.06
0.11
0.22
-0.24
0.40
0.16
-0.01
-0.03
-0.13
0.39
0.11
0.02
0.00
0.00
0.16
-0.14

Ver = Verbal; Non = Nonverbal; Par = Parietal; Fro = Frontal; L = Left; R = Right.

Supplementary Table 11a.

Descriptive and test statistics for mean alpha power change (500 to 1500 ms) - Repetition effect

Mat Rep Reg Hem M Cliow Clupp
Ver Old Par L -4.81 -13.56 3.95
R -3.75  -13.40 5.90
Fro L -4.45  -12.02 3.12
R -6.76  -14.22 0.71
New Par L -8.43 -16.79  -0.07
R -8.95 -17.59  -0.30
Fro L -6.78 -13.61 0.05
R -10.39  -1755  -3.22
Non Old Par L -7.40 -18.85 4.04
R -12.75 -22.83  -2.66
Fro L -9.11 -18.83 0.62
R -6.77 -17.22 3.67
New Par L -12.92 -2267 -3.18
R -17.23 -25.78  -8.68
Fro L -11.38  -19.17  -3.59
R -12.67 -2056  -4.78

11b.
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ANOVA Factor F(1,21) p np?
Mat 1.78 197 .08
Rep 2.35 .140 10
Reg 1.01 .325 .05
Hem 4.98 .037 19
Mat * Rep 0.04 .836 .00
Mat * Reg 4.82 .040 19
Mat * Hem 0.38 .545 .02
Rep * Hem 3.19 .089 13
Reg * Hem 0.15 .699 .01
Rep * Reg 1.29 .269 .06
Mat * Rep * Hem 0.01 924 .00
Mat * Reg * Hem 4.70 .042 18
Mat * Rep * Reg 0.04 .841 .00
Rep * Reg * Hem 0.58 454 .03
Mat * Rep * Reg * Hem 1.13 .300 .05
1ic.
Interaction contrasts Fixed Tested teritical t Pp r d
Mat * Rep Old Mat 2.74 0.87 .833 44 0.19
New Mat 2.74 1.65 374 .68 0.35
Ver Rep 2.74 1.31 570 71 0.28
Non Rep 2.74 1.19 .650 .63 0.26
Mat * Rep 274 021 .997 52 -0.05
Mat * Reg Par Mat 2.53 1.66 .228 57 0.36
Fro Mat 2.53 0.90 .626 .59 0.20
Mat * Reg 2.53 2.20 .093 .92 0.49
Mat * Hem L Mat 2.62 1.17 .664 57 0.25
R Mat 2.62 1.46 AT7 .59 0.31
Ver Hem 2.62 1.35 546 .96 0.30
Non Hem 2.62 2.05 178 .97 0.45
Mat * Hem 262 -0.62 .935 93  -0.13
Rep * Hem L Rep 2.61 1.27 544 71 0.27
R Rep 2.61 1.76 .281 71 0.38
Old Hem 2.61 1.42 453 .98 0.30
New Hem 2.61 2.49 .067 .96 0.53
Rep * Hem 261 -1.78 .269 .96  -0.38
Reg * Hem Par Hem 2.49 1.20 426 .86 0.26
Fro Hem 2.49 1.08 494 .94 0.23
Reg * Hem 2.49 0.39 911 57 0.08
Rep * Reg Par Rep 2.48 1.61 243 .70 0.34
Fro Rep 2.48 1.40 333 72 0.30
Rep * Reg 2.48 1.14 AT75 .94 0.26
Mat * Rep * Hem Old/L Mat 3.14 0.79 .993 46 0.17
Old/R Mat 3.14 0.92 .980 40 0.20
New /L Mat 3.14 1.39 .837 .63 0.30
New /R Mat 3.14 1.83 567 71 0.39
Ver/L Rep 3.14 1.05 .961 .69 0.22
Ver/R Rep 3.14 1.52 773 72 0.32
Non/L Rep 3.14 1.05 .960 .67 0.23
Non/R Rep 3.14 1.30 .880 .59 0.28
Ver /Old Hem 3.14 0.59 .999 .96 0.13
Ver / Rec Hem 3.14 1.64 .699 .94 0.36
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Mat * Reg * Hem

Mat * Rep * Reg

Rep * Reg * Hem

Mat * Rep * Reg * Hem

Non/ Old
Non / Rec
Old

New

Ver

Non

Par /L
Par/R
Fro/L
Fro/R

Ver / Par
Non / Par
Ver / Fro
Non/ Fro
Par

Fro

Old / Par
New / Par
Old / Fro
New / Fro
Par / Par

Fro / Par

Par / Fro
Fro/Fro

Par

Fro

Par /L
Par/R
Fro/L
Fro/R

Old / Par
New / Par
Old / Fro
New / Fro
Par

Fro

Old/ L/ Par
Old/ R/ Par
Old/L/Fro
Old/R/Fro
New / L/ Par
New /R / Par
New /L /Fro
New /R /Fro
Ver /L /Par
Non /L /Par
Ver /L /Fro
Non /L /Fro
Ver /R [/ Par
Non /R / Par
Ver /R /Fro
Non/R/Fro

Hem
Hem
Mat * Hem
Mat * Hem
Rep * Hem
Rep * Hem
Mat
Mat
Mat
Mat
Hem
Hem
Hem
Hem
Mat * Hem
Mat * Hem
Mat
Mat
Mat
Mat
Rep
Rep
Rep
Rep
Mat * Rep
Mat * Rep
Rep
Rep
Rep
Rep
Hem
Hem
Hem
Hem
Rep * Hem
Rep * Hem
Mat
Mat
Mat
Mat
Mat
Mat
Mat
Mat
Rep
Rep
Rep
Rep
Rep
Rep
Rep
Rep

3.14
3.14
3.14
3.14
3.14
3.14
3.02
3.02
3.02
3.02
3.02
3.02
3.02
3.02
3.02
3.02
2.96
2.96
2.96
2.96
2.96
2.96
2.96
2.96
2.96
2.96
2.98
2.98
2.98
2.98
2.98
2.98
2.98
2.98
2.98
2.98
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.44

1.38
2.36
-0.57
-0.50
-1.18
-1.46
0.85
2.29
1.40
0.35
-0.12
1.87
2.27
-0.39
-1.66
2.52
1.16
1.92
0.51
1.20
1.36
1.25
1.14
1.07
-0.14
-0.27
1.46
1.62
0.88
1.80
1.17
1.03
-0.01
1.73
-0.15
-1.68
0.51
1.62
0.98
0.00
1.06
2.68
1.57
0.76
1.02
1.36
0.80
0.60
1.48
1.08
1.38
1.48

.843
.259
.999
.999
924
.807
.952
.216
707
.999
.999
412
224
.999
544
141
.789
.345
.989
.766
671
.735
.796
.829
.999
.999
.635
537
.926
425
.808
.867
.999
467
.999
496
.999
.875
.996
.999
.994
.249
.894
.999
.995
.956
.999
.999
924
.993
951
.928

.98
.96
.95
.89
91
.98
.53
.56
.56
.61
.83
.84
.92
.94
71
91
42
.66
43
.66
.68
.63
71
.62
.53
46
.70
.70
.69
72
.90
81
.94
91
.83
.85
47
.32
37
47
.54
72
.66
.66
.63
.69
.65

.69
.58
72
.62

0.30
0.51
-0.12
-0.11
-0.25
-0.33
0.19
0.49
0.30
0.08
-0.03
0.41
0.48
-0.08
-0.36
0.54
0.25
0.41
0.11
0.26
0.29
0.27
0.24
0.24
-0.03
-0.06
0.31
0.35
0.19
0.39
0.25
0.22
0.00
0.37
-0.03
-0.36
0.11
0.35
0.21
0.00
0.23
0.57
0.34
0.16
0.22
0.29
0.17
0.13
0.32
0.23
0.29
0.33
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Ver /Old / Par Hem 344 044 .999 .86  -0.10

Non / Old / Par Hem 3.44 1.90 725 .86 0.42
Ver/Old/ Fro Hem 3.44 1.39 .949 .90 0.30
Non / Old / Fro Hem 344  -1.43 .940 95 -0.31
Ver / New / Par Hem 3.44 0.17 .999 74 0.04
Non / New / Par Hem 3.44 1.59 .887 .82 0.35
Ver / New / Fro Hem 3.44 2.33 440 .90 0.50
Non / New / Fro Hem 3.44 0.82 999 91 0.17
Old / Par Mat * Hem 344  -1.73 .822 76 -0.37
New / Par Mat * Hem 3.44 2.21 517 .90 0.47
Old/ Fro Mat * Hem 3.44 -1.18 .985 .65 -0.27
New / Fro Mat * Hem 3.44 1.75 .812 .90 0.37
Par /L Rep * Hem 344 -044 999 35 -0.09
Par /R Rep * Hem 3.44 0.01 .999 .20 0.00
Fro/L Rep * Hem 3.44 0.15 .999 21 0.03
Fro/R Rep * Hem 344  -0.54 .999 24 -0.12

Mat = Material (Verbal - Nonverbal); Repetition (Old - New); Reg = Region (Parietal - Frontal); Hem = Hemisp
here (Left - Right); Ver = Verbal; Non = Nonverbal; Par = Parietal; Fro = Frontal; L = Left; R = Right.

Supplementary Table 11a.
Descriptive and test statistics for mean alpha power change (500 to 1500 ms) - Repetition effect

Mat Rep Reg Hem M Cliow  Clupp
Ver Old Par L -4.81 -13.56 3.95
R -3.75 -13.40 5.90
Fro L -4.45 -12.02 3.12
R -6.76  -14.22 0.71
New Par L -8.43 -16.79  -0.07
R -895 -1759 -0.30
Fro L -6.78 -13.61 0.05
R -10.39 -1755  -3.22
Non Old Par L -7.40 -18.85 4.04
R -12.75 -22.83  -2.66
Fro L -9.11 -18.83 0.62
R -6.77 -17.22 3.67
New Par L -12.92 -22.67 -3.18
R -17.23 -25.78  -8.68
Fro L -11.38 -19.17  -3.59
R -12.67 -20.56  -4.78
11b.
ANOVA Factor F(1,21) p np?
Mat 1.78 197 .08
Rep 2.35 140 .10
Reg 1.01 .325 .05
Hem 4.98 .037 19
Mat * Rep 0.04 .836 .00
Mat * Reg 4.82 .040 19
Mat * Hem 0.38 545 .02
Rep * Hem 3.19 .089 13
Reg * Hem 0.15 .699 .01
Rep * Reg 1.29 .269 .06
Mat * Rep * Hem 0.01 924 .00
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Mat * Reg * Hem 4.70 .042 .18

Mat * Rep * Reg 0.04 .841 .00
Rep * Reg * Hem 0.58 454 .03
Mat * Rep * Reg * Hem 1.13 .300 .05
1ic.
Interaction contrasts Fixed Tested Leritical t Pp r d
Mat * Rep Old Mat 2.74 0.87 .833 44 0.19
New Mat 2.74 1.65 374 .68 0.35
Ver Rep 2.74 1.31 570 71 0.28
Non Rep 2.74 1.19 .650 .63 0.26
Mat * Rep 274 021 .997 52 -0.05
Mat * Reg Par Mat 2.53 1.66 228 57 0.36
Fro Mat 2.53 0.90 .626 .59 0.20
Mat * Reg 2.53 2.20 .093 .92 0.49
Mat * Hem L Mat 2.62 1.17 .664 57 0.25
R Mat 2.62 1.46 AT7 .59 0.31
Ver Hem 2.62 1.35 546 .96 0.30
Non Hem 2.62 2.05 178 97 0.45
Mat * Hem 262 -0.62 935 93  -0.13
Rep * Hem L Rep 2.61 1.27 544 71 0.27
R Rep 2.61 1.76 .281 71 0.38
Old Hem 2.61 1.42 453 .98 0.30
New Hem 2.61 2.49 .067 .96 0.53
Rep * Hem 261 -1.78 .269 96 -0.38
Reg * Hem Par Hem 2.49 1.20 426 .86 0.26
Fro Hem 2.49 1.08 494 .94 0.23
Reg * Hem 2.49 0.39 911 -.57 0.08
Rep * Reg Par Rep 2.48 1.61 243 .70 0.34
Fro Rep 2.48 1.40 333 12 0.30
Rep * Reg 2.48 1.14 475 .94 0.26
Mat * Rep * Hem Old/L Mat 3.14 0.79 .993 46 0.17
Old/R Mat 3.14 0.92 .980 40 0.20
New / L Mat 3.14 1.39 .837 .63 0.30
New /R Mat 3.14 1.83 567 71 0.39
Ver/L Rep 3.14 1.05 961 .69 0.22
Ver/R Rep 3.14 1.52 773 12 0.32
Non /L Rep 3.14 1.05 .960 .67 0.23
Non/R Rep 3.14 1.30 .880 .59 0.28
Ver/Old Hem 3.14 0.59 .999 .96 0.13
Ver / Rec Hem 3.14 1.64 .699 .94 0.36
Non / Old Hem 3.14 1.38 .843 .98 0.30
Non / Rec Hem 3.14 2.36 .259 .96 0.51
Old Mat * Hem 3.14 -057 .999 95 -0.12
New Mat * Hem 3.14 -0.50 .999 89 -0.11
Ver Rep * Hem 3.14 -118 .924 91  -0.25
Non Rep * Hem 3.14 -146 .807 98 -0.33
Mat * Reg * Hem Par /L Mat 3.02 0.85 .952 .53 0.19
Par/R Mat 3.02 2.29 216 .56 0.49
Fro/L Mat 3.02 1.40 .707 .56 0.30
Fro/R Mat 3.02 0.35 .999 .61 0.08
Ver / Par Hem 3.02 -0.12 .999 .83 -0.03
Non / Par Hem 3.02 1.87 412 .84 0.41
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Ver / Fro Hem 3.02 2.27 224 92 0.48

Non / Fro Hem 3.02 -0.39 .999 .94  -0.08
Par Mat * Hem 3.02 -1.66 544 71 -0.36
Fro Mat * Hem 3.02 2.52 141 91 0.54
Mat * Rep * Reg Old / Par Mat 2.96 1.16 .789 42 0.25
New / Par Mat 2.96 1.92 .345 .66 0.41
Old / Fro Mat 2.96 0.51 .989 43 0.11
New / Fro Mat 2.96 1.20 .766 .66 0.26
Par / Par Rep 2.96 1.36 671 .68 0.29
Fro / Par Rep 2.96 1.25 .735 .63 0.27
Par / Fro Rep 2.96 1.14 .796 71 0.24
Fro/ Fro Rep 2.96 1.07 .829 .62 0.24
Par Mat * Rep 296 -0.14 .999 53 -0.03
Fro Mat * Rep 296  -0.27 .999 46 -0.06
Rep * Reg * Hem Par/L Rep 2.98 1.46 .635 .70 0.31
Par /R Rep 2.98 1.62 537 .70 0.35
Fro/L Rep 2.98 0.88 .926 .69 0.19
Fro/R Rep 2.98 1.80 425 72 0.39
Old / Par Hem 2.98 1.17 .808 .90 0.25
New / Par Hem 2.98 1.03 .867 81 0.22
Old / Fro Hem 298 -0.01 .999 94 0.00
New / Fro Hem 2.98 1.73 467 91 0.37
Par Rep * Hem 298 -0.15 .999 .83  -0.03
Fro Rep * Hem 298 -1.68 496 85 -0.36
Mat * Rep * Reg * Hem Old /L /Par Mat 3.44 0.51 .999 47 0.11
Old/ R/ Par Mat 3.44 1.62 875 32 0.35
Old/L/Fro Mat 3.44 0.98 .996 37 0.21
Old/R/Fro Mat 3.44 0.00 .999 47 0.00
New /L / Par Mat 3.44 1.06 .994 .54 0.23
New / R/ Par Mat 3.44 2.68 .249 12 0.57
New /L /Fro Mat 3.44 157 .894 .66 0.34
New /R /Fro Mat 3.44 0.76 .999 .66 0.16
Ver /L /Par Rep 3.44 1.02 .995 .63 0.22
Non /L / Par Rep 3.44 1.36 .956 .69 0.29
Ver/L/Fro Rep 3.44 0.80 .999 .65 0.17
Non /L /Fro Rep 3.44 0.60 .999 .61 0.13
Ver /R /Par Rep 3.44 1.48 924 .69 0.32
Non/R/ Par Rep 3.44 1.08 .993 .58 0.23
Ver/R/Fro Rep 3.44 1.38 951 72 0.29
Non /R /Fro Rep 3.44 1.48 .928 .62 0.33
Ver / Old / Par Hem 344  -044 .999 .86  -0.10
Non / Old / Par Hem 3.44 1.90 725 .86 0.42
Ver /Old / Fro Hem 3.44 1.39 .949 .90 0.30
Non /Old / Fro Hem 344  -1.43 940 95 -0.31
Ver / New / Par Hem 3.44 0.17 999 74 0.04
Non / New / Par Hem 3.44 1.59 .887 .82 0.35
Ver / New / Fro Hem 3.44 2.33 440 .90 0.50
Non / New / Fro Hem 3.44 0.82 999 91 0.17
Old / Par Mat * Hem 344  -1.73 .822 76 -0.37
New / Par Mat * Hem 3.44 2.21 517 .90 0.47
Old / Fro Mat * Hem 344  -1.18 .985 .65  -0.27
New / Fro Mat * Hem 3.44 1.75 812 .90 0.37
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Par /L Rep * Hem 344 -0.44 999 35 -0.09
Par /R Rep * Hem 3.44 0.01 .999 .20 0.00
Fro/L Rep * Hem 3.44 0.15 .999 21 0.03
Fro/R Rep * Hem 344  -0.54 .999 24 -0.12

Mat = Material (Verbal - Nonverbal); Repetition (Old - New); Reg = Region (Parietal -

Frontal); Hem = Hemisphere (Left - Right); Ver = Verbal; Non = Nonverbal; Par = Parietal;

Fro = Frontal; L = Left; R = Right.
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Segue to Chapter 5

In Chapters 3 and 4 the relative effects of material type and processing type on
hemispheric lateralisation were explored, with Chapter 3 using event-related potential (ERP)
measures and Chapter 4 using measures of frequency-specific EEG power. In Chapters 5 and
6 the findings of the Chapters 3 and 4 were expanded with greater focus on the role of lower-
level perceptual processing in material specific lateralisation. The potential confounding role
of stimulus differences has been discussed in Chapter 1, including the confound that spatial
stimuli are usually comprised of lower spatial frequencies than word stimuli. The primary aim
of Chapters 5 and 6 was to test the validity of the material specificity hypothesis of
lateralisation using different tasks that are matched in terms of lower-level stimulus attributes,
including the number of pixels, size, and spatial frequency. Another aim of Chapters 5 and 6
was to assess the impact of stimulus verbalisability on hemispheric lateralisation. The testing
of verbalisability when stimuli are completely controlled for lower-level perceptual attributes
provides a more powerful means to determine the strength of this putative confound

implicated in nonverbal memory tests.
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Abstract

There is abundant evidence that the medial temporal lobe plays a unique role in recent
memory function. As such, material specific hemispheric differences in the medial temporal
lobe (verbal: left; nonverbal: right) have been understood as being related primarily to
memory. There have been surprisingly few attempts, however, to examine the contribution of
perceptual processing to these putatively memory-related lateralisation effects, particularly
considering that material type and perceptual form are typically confounded. Furthermore,
while neuroimaging methods provide the most common means of investigating hemispheric
lateralisation in healthy participants, their low temporal resolution means that they have poor
ability to detect very early perceptual lateralisation effects. We investigated the separate and
interactive effects of memory-related and stimulus-related processing on material specific
lateralisation. Event-related potentials (ERPs) were measured in 20 healthy adults at parietal
electrodes during recognition of previously learned verbal materials (letter triplets) and spatial
materials (arrays of positions) that differed in task-irrelevant perceptual form (standard:
verbal or spatial only; hybrid: verbal-spatial). The results showed that spatial memory and
spatial form were independently associated with right-lateralisation of the N170 peak. The
P300 peak was left-lateralised by verbal perceptual form, however this effect was interpreted
cautiously due its origins in a complex interaction involving an old/new effect. Verbal
memory did not show expected left-lateralisation. The main findings of this study concerned
the N170 peak that showed right-lateralisation to spatial memory demands and spatial
perceptual processing. The outcomes support previous findings of an association between
right-lateralisation and spatial processing and additionally suggest that spatial memory tasks

show right-lateralisation due to separable perceptual- and memory-related components.
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1. Introduction

Classic studies on the type of memory deficits that are observed after unilateral
temporal lobe resection led to the theory of material specificity: that the medial temporal lobe
in the left hemisphere mediates memory for verbal material and its right hemisphere
counterpart mediates memory for nonverbal material, assuming left hemisphere language
dominance (Blakemore & Falconer, 1967; Kimura, 1963; Milner, 1970). Subsequent studies
of unilateral temporal lobe epilepsy patients before and after temporal lobectomy reliably
support the material specificity account for the effects of left-sided damage on verbal memory
(e.g., Alpherts et al., 2006; Ojemann & Dodrill, 1985), however a correlation between right
temporal lobe damage and nonverbal memory impairment has not been observed consistently

(e.g., Vaz, 2004).

On reason for this inconsistency may lie in the frequent use of nonverbal memory tests
with abstract design stimuli. The designs are often simple or contain features that are
amenable to verbalisation (i.e., verbal encoding), resulting in unwanted involvement of left-
hemispheric verbal processes (e.g., Barr, 1997). In contrast to memory for abstract designs,
clinical or experimental tests that involve memory for unfamiliar faces or exact spatial
information (e.g., position, distance) have shown greater specificity to right temporal lobe
damage (Diaz-Asper, Dopkins, Potolicchio, & Caputy, 2006; Hampstead et al., 2010; Kessels,
de Haan, Kappelle, & Postma, 2001; Kessels, Postma, de Haan, & Kappelle, 2002; Kessels et
al., 2006; Sherman et al., 2011; Vaz, 2004). Studies in neurologically intact subjects have
supported these neuropsychological findings, with a meta-analysis of neuroimaging studies
showing a specific role of the right hippocampus in the retrieval of navigational information
compared with other forms of episodic memory (Kuhn & Gallinat, 2014). Other
neuroimaging findings have linked the greater right-lateralisation of highly spatial materials
to their greater resistance to verbalisation (Golby et al., 2001). In short, the right-lateralising
capacity of nonverbal memory tasks could be improved by requiring participants to remember
novel, exact spatial information.
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Another important issue relating to interpretation of material effects, particularly when
neuroimaging is involved, is the potential role of low-level stimulus characteristics. In the
visual modality, the material specificity hypothesis is most commonly tested using printed
words as verbal stimuli and images of pictures, faces, or textures as nonverbal stimuli (e.g.,
Golby et al., 2001; Kelley et al., 1998). However, while the categories of these stimuli are
clearly different they also typically differ with respect to low-level stimulus characteristics
such as their contrast, colour, size or spatial frequency. For example, words are typically small
in size and change in contrast very frequently within this small area of space; that is, they are
made up of high spatial frequencies. By comparison, faces are typically presented as larger
stimuli and the arrangement of facial features, such as the outline of the head or the exact
distance between the eyes, change in contrast less frequently within this area and hence have
lower spatial frequency. Therefore, when comparing printed words with faces, both size and

spatial frequency are confounded with material type.

These stimulus confounds are very relevant to studies of lateralisation as both larger
size and lower spatial frequency have been associated with right-lateralisation of early neural
activity within 250 ms after stimulus onset (e.g., Martinez et al., 2001; Sergent, 1982; van der
Ham, Postma, & Laeng, 2014). Neuroimaging methods such as PET or fMRI have temporal
resolutions of 5 seconds or lower, which is not sufficiently sensitive to separate these early
lateralised effects from later neural activity related to task performance. To completely rule
out the effects of size and spatial frequency in nonverbal memory tasks, the use of methods
with higher temporal resolution is required to measure the lateralisation of neural activity,
such as electroencephalography (EEG), along with an appropriate design to control the effects

of size and spatial frequency.

In line with this approach, the current study asked 20 healthy adults to learn four types
of verbal and spatial stimuli while the lateralisation of brain activity was measured using
EEG. For each type of material to be remembered (verbal: letter triplets, spatial: spatial

positions), the materials were presented in two types of visual forms. For “standard” stimulus
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forms, the form of the stimulus was consistent with that usually expected with that type of
material: the stimuli in the verbal memory task were letter strings arranged horizontally like a
word (i.e., pronounceable CVCs or non-pronounceable CCCs that could not be rearranged to
form a real word), and the stimuli in the spatial memory task were spatially arranged nonsense
symbols (made of letters that were fragmented then rearranged). In contrast to the standard
forms, “hybrid” stimulus forms were letter triplets (again, pronounceable CVCs or non-
pronounceable CCCs) of which each individual letter was distributed in space, and hence
consisted of both verbal and spatial elements. Hereafter the four conditions are denoted firstly
by the type of material to-be-remembered and secondly by the type of stimulus form,
separated by a hyphen as follows: 1) verbal-standard, 2) spatial-standard, 3) verbal-hybrid,

and 4) spatial-hybrid. See Figure 1(a) for a depiction of these stimuli.

The “pure” effect of material-specific memory was tested by comparing verbal-hybrid
to spatial-hybrid as these tasks were perceptually equivalent. The effect of verbal perceptual
processing was tested by comparing the two spatial memory tasks as they only differed by the
additional letters in the spatial-hybrid task (which had verbal-spatial stimulus form) versus the
spatial-standard task (which only had spatial stimulus form). Conversely, the effect of spatial
perceptual processing was tested via comparing the two verbal memory tasks as they only
differed by the additional spatial stimulus elements in the verbal-hybrid task (letters were
spatially distributed) versus the verbal-standard task (letters were in string form). Using this
method ensured no overlap between memory-related and stimulus-related lateralisation
effects, as there was an inverse correlation between the type of memory being tested and the
type of perceptual processing compared. Following the four memory tasks, participants
performed a rating task to report if they used verbal labels to help them remember the items,
what the labels were, and how frequently they were used. The ratings were used to determine
if the verbal memory tasks had a higher degree of verbalisation than the spatial memory tasks,
as expected, and whether any difference in verbalisation correlated with the degree of

lateralisation.
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We measured hemispheric lateralisation due to these manipulations using event-related
potentials (ERPs) during memory testing at parietal scalp locations. Based on previous
research, we were interested in ERP peaks that appear during two time windows of theoretical
interest from approximately 100 to 400 ms post-stimulus. The N170 is maximal from 140 to
230 ms and shows perception-related hemispheric lateralisation for visual stimuli (left: words;
right: pictures, faces, or spatial locations; Baker & Holroyd, 2013; Bentin et al., 1999; Cohen
et al., 2000; Curran & Dien, 2003; Maillard et al., 2011; Martinez, Di Russo, Anllo-Vento, &
Hillyard, 2001). The second peak of interest, the P300 (300 to 500 ms, also termed ‘P3b’) is
involved with attentional processes related to memory encoding and has also been associated
with novelty-related changes originating from the hippocampus (Azizian & Polich, 2007;
Friedman, Cycowicz, & Gaeta, 2001; Polich, 2007; Shucard, Tekok-Kilic, Shiels, & Shucard,

2009).

In summary, we measured ERPs in the parietal region to investigate the relative effects
of memory task (verbal, spatial) and perceptual processing of stimuli (verbal, spatial) on
lateralisation during recognition memory. We predicted relative left hemispheric lateralisation
for verbal memory and relative right hemispheric lateralisation for nonverbal memory,
whether stimulus forms were controlled or not. We also predicted left-lateralisation for verbal
perceptual processing and right-lateralisation for spatial perceptual processing, given that the

memory task was controlled in both cases.
2. Materials and Methods
2.1  Participants

Twenty students (mean age = 24.20 years, SD = 4.82, range 18 to 33; eleven males)
were paid to participate in the experiment. Data from eight additional participants were
excluded prior to analysis due to significant electroencephalography (EEG) artefacts (i.e.,
more than 40% of epochs rejected). All participants reported normal or corrected-to-normal
vision and were right-handed according to the Edinburgh Handedness Inventory (M = 88.67,

SD = 13.91, range 66 to 100). The experimental methods were approved by the Macquarie
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University Human Research Ethics Committee in accordance with the Declaration of

Helsinki. Informed consent was obtained from all participants.

2.2 Apparatus

Testing occurred in a dimly lit room, with participants sitting 60 cm away from an 18”
Sony Trinitron CRT monitor (resolution 1024 x 768 pixels, 32 bit, 96 dpi, 100 Hz refresh rate)
showing a light grey background colour. Task instructions for both conditions were displayed
onscreen. Stimuli were controlled using Presentation (Neurobehavioral Systems Inc, Version
10.3) and EEG data were recorded with NeuroScan Synamps?2 software. Participants
responded with a Cedrus® RB830 button box, pressing one of two buttons that were

positioned to the immediate left and right of the box’s midline.

2.3 Stimuli and procedure

See Figure 1(a) for examples of the learned target stimuli, correct recognition stimuli,
and incorrect foils for all four stimulus types. The memory tasks involved six Encoding
blocks each followed by a Recognition block as shown in Figure 1(d). During Encoding
blocks, participants learned the Target stimuli while Recognition blocks involved
discriminating between Correct (equivalent to Target) and Foil (incorrect) stimuli (i.e.,

old/new judgements).
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A. Stimuli

Verbal-standard

Verbal-hybrid

Spatial-standard

Spatial-hybrid
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™
o
B. Encoding trial C. Recognition trial
Wait (Start of trial) Wait (Start of trial)
300 ms 300 ms
Fixate Fixate
600 - 1000 ms 300 - 800 ms
TARGET Wait
1500 ms 300 ms
Wait (Start of next trial) TEST: Target/Foll
1500 ms
300 ms
Fixate
+ | 400ms
RESPONSE (red fixation)
+ Response time
Wait (Start of next trial)
300 ms
D. Task Design
1. Encoding | (8 Targets) D ——— Recognition | (8 Targets, & Foils)
2. Encoding Il (8 Targets) — Recognition Il (8 Targets, 8 Foils)
3. Encoding Hll (8 Targets) — Recognition lll (8 Targets, 8 Foils)
4. Encoding IV (8 Targets) —p Recognition IV (8 Targets, 8 Foils})
5. Encoding V (8 Targets) —p Recognition V (8 Targets, & Foils)
6. Encoding VI (8 Targets) — Recognition VI (8 Targets, & Foils)

Fig 1. Experimental design. (A) Experimental stimuli - examples of targets and related foils for both

material types. (B) Procedure, Encoding phase - target stimulus presentation preceded by interval of

randomised duration; (C) Procedure, Recognition phase - test stimulus presentation (intermixed

sequence of targets and foils) preceded by interval of randomised duration and followed by response

screen. (D) Task Phases 1 to 6 — sequence of phases (Encoding followed by Recognition within each

phase) including number of targets and foils per phase.
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2.3.1 Verbal-standard stimuli

Target stimuli for the six Encoding blocks of the verbal-standard condition were a set
of eight letter triplets (i.e., G-M-T, E-O-V, A-X-Z, D-I-U, C-S-Y, F-K-L, B-J-N, H-P-R). The
triplets were chosen so that no mental rearrangement of the letters could form a real word.
Across the six encoding blocks the letters of each triplet were pre-randomised to have
different orders within the string (e.g., G-M-T, G-T-M, M-G-T, M-T-G, T-G-M, or T-M-G for
the Target G-M-T) to prevent the formation of letter-position associations. Twenty-four letters
of the alphabet were used with no letters repeated within the set. Letters were capitalised,
modified from Courier New font to each fit a square space subtending 0.53° visual angle
vertically and horizontally. Triplets were placed at the centre of the screen, with each letter

separated by 0.29° of visual angle.

Stimuli for the six Recognition blocks were comprised of Correct stimuli that
corresponded to re-presented Target stimuli, and six unique Foil items (one for each
Recognition block) per Target (48 in total). Foil items were created for each Target by varying
one letter of the Target (e.g., D-M-T, G-M-R, G-T-U, J-M-T, G-N-T, and H-M-T for the Target
G-M-T). Both Correct and Foil stimuli used the same set of 24 letters as for Target stimuli.
There were no restrictions on whether foils could be phonologically, orthographically or
visually confusable with their respective Targets. As for the set of Target stimuli, for Correct
and Foil the order of the letters within each triplet was pre-randomised (e.g., MGT, GTM,
MTG, MTG, TMG, MTG for Correct stimuli, and TMD, RMG, UTG, TMJ, GTL, MTH for Foil
stimuli). The pre-randomisation of letters was fixed for all stimulus sets (Target, Correct, Foil)

so that each participant experienced exactly the same stimuli across the task.
2.3.2 Spatial-standard stimuli

Each of the eight Target stimuli in the spatial-standard condition consisted of three
spatially distributed positions marked by symbols as shown in Figure 1(a). Each Target

stimulus was formed by selection of three positions from an irregular, asymmetric array of
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twenty-four positions within a maximum two-dimensional range of 11.23° x 9.31° visual
angle, centred on the screen without a grid or outer boundary. The positions were distributed
approximately evenly across and within each quadrant of this range. Adjacent positions were
separated by a minimum of 1.71° visual angle between the nearest outer edges of adjacent
letters (i.e., designed to be greater than twice the width/height of a symbol to reduce
perceptual grouping). Within the set of Target stimuli, all twenty-four positions were
exhausted per set (i.e., no position was used twice), analogously to the method used for the

verbal-standard stimuli.

The irregular design of the positional array meant that no pairs of positions could be
completely aligned along any horizontal or vertical axis, and no triplet of positions could be
aligned along a diagonal axis. In addition, no stimuli could “point” directly toward a corner,
and no array configuration (i.e., the specific combination of angles between letters) could be
exactly repeated in a transposed or rotated form. This particular array, and the restrictions,
were applied to discourage verbalisation or perceptual grouping of different positions into one
larger position, and instead promote encoding of the exact locations of and distances between

the positions.

Three unique symbols were created in order to match this condition with the verbal-
standard condition in terms of the variability of the non-mnemonic attribute (i.e., three
possible horizontal locations in the case of verbal-standard stimuli, see Section 2.3.1). The
symbols were constructed by dividing up the letter stimuli (used for verbal-standard stimuli)
into fragments using a graphics editor and then re-pasting them together. This method meant
that the average number of black pixels across the set of twenty-four letters (M = 555
pixels/letter, SD = 71.87) was statistically matched to the average for the symbols (M = 553
pixels/letter, SD = 32.36; #(46) = 0.13; p = .90). The three unique symbols were always used
in each stimulus and were randomly pre-assigned to each of the three positions per stimulus,

matching the use of letter order in the verbal-standard stimuli.

Spatial-standard stimuli for the Recognition blocks were comprised of six Correct
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stimuli per Target per block (48 in total) and six unique Foil items per Target per block (48 in
total). Foil items were created for each Target by varying one position of the Target. Correct
and Foil stimuli used the same set of 24 positions as Targets, and any position in a Target

could be re-used as part of a Foil (as for the letters in the verbal-standard stimuli).
2.3.3 Verbal-hybrid stimuli

For verbal-hybrid stimuli a set of eight, three-letter triplets were created as the set of
to-be-remembered Target stimuli (i.e., as for the verbal-standard stimuli). In contrast to
verbal-standard stimuli, the letters were not horizontally aligned as a string but distributed in
positions within the same array used for spatial-standard stimuli. In addition, Target stimuli
(and Correct and Foil stimuli accordingly) were composed of different combinations of the
same 24 letters used for verbal-standard stimuli. In this condition the relative position of the
letters within the array was pre-randomised in order to prevent letter-position associations
(i.e., corresponding to the pre-randomisation of the letter order in the strings in the verbal-
standard condition). Otherwise the stimuli, foil creation, and task conditions were identical to

verbal-standard stimuli.
2.3.4  Spatial-hybrid stimuli

For spatial-hybrid Target stimuli, the set of positions was fixed across blocks while the
letters were pre-randomised (i.e., in the opposite manner to the verbal-hybrid stimuli for
which the sets of spatial positions were instead pre-randomised). The three-position
combinations to be learned were different to those used in the spatial-standard stimuli.
Otherwise, all other aspects of the stimulus creation, randomisation and control were the same

as for spatial-standard stimuli.

2.3.5 Stimulus control — bigram frequency

Using the Windows program N-Watch, letter bigram frequency (e.g. of G-M
combination within G-M-T) was statistically controlled between verbal-standard, verbal-

hybrid, and spatial-hybrid stimuli and also between the Target, Correct, and Foil stimuli
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within each stimulus type. Trigram frequency (e.g., G-M-T) was always zero as none of the

triplets could be arranged to spell real words.
2.3.6  Stimulus control — spatial area

Foil items for spatial-standard and spatial-hybrid stimuli were created to be sufficiently
distinguishable from targets. In addition, the spatial area subtended by sets of array positions
was statistically controlled between spatial-standard, spatial-hybrid, and verbal-hybrid
stimuli. Area (4) was calculated within the triangle created by the lines connecting the centres
of each position using the formula for a scalene triangle: 4% = s.(s — a).(s — b).(s — ¢), where s
=(a+ b + c)/2. Area was chosen as an efficient summary measure that captures many spatial

attributes simultaneously such as total size and horizontal/vertical distance.
2.4 Recognition memory task design

The format of the memory task, depicted in Figure 1(b, ¢), was equivalent for all four
stimulus types and involved six phases, each of which consisted of 1) an Encoding block
(Targets) followed by ii) a Recognition block (Correct and Foils). In each of the six Encoding
blocks, participants were instructed to learn the eight Target stimuli, with no instructions to
categorise or label the stimuli. Target stimuli were presented sequentially in pseudorandom
order. The same eight Encoding stimuli were shown during each of the six Encoding blocks,
with constant memory-related attributes and pre-randomised stimulus-related attributes as
described in Sections 2.3.1 to 2.3.4. Each Encoding block was followed by a Recognition
block in which each Target stimulus was presented intermixed with eight Foil stimuli in a

pseudorandom order.

For each Recognition block, participants pressed one button on a button box to
indicate a match to a Target stimulus (“yes—seen before”) and a second button to indicate a
new item (“no—unseen’). To account for any response-hand-related hemispheric
lateralisation in ERP peaks, response instructions were counterbalanced between participants

so that half were instructed to press the right button for “yes” and the left for “no” for both
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tasks, and response instructions were reversed for the other half of the sample. Stimuli were
always presented for 1500 ms. To enhance sustained attention to the task, the duration of pre-
and post-stimulus intervals was jittered randomly between 600 and 1000 ms during Encoding
blocks and 300 to 800 ms during Recognition blocks, as shown in Figure 1(b, ¢). Participants
performed each of the four recognition tasks to completion before commencing a subsequent
stimulus type, and the recognition tasks were presented in counterbalanced order between
participants such that a verbal condition was always followed by a spatial condition and vice

versa.
2.4.1 Verbalisation rating task

Following the four memory tasks involving the four different stimulus sets
participants completed a surprise verbalisation rating task on the computer. One task
combined the two verbal memory conditions and one combined the two spatial memory
conditions. The tasks were administered in the same order that the memory tasks were
completed (e.g., verbal rating task administered first if a verbal memory task had been first).
Prior to task onset, participants were instructed to rate each stimulus by button press (i.e.,
“How often did you use a verbal label to help you remember the item during the task™, on a
scale: “0” (“never or don’t remember the item”), “1” (“occasionally”), “2” (“often) and “3”
(“always”). For each of the four memory tasks, all eight Learning stimuli (24 total) were
presented one at a time (1500 ms duration) in an intermixed, pre-randomised order that was
the same for every participant. Following the stimulus, a response screen was presented
showing the four rating options and the button press required for each as described above.
Although there was no time limit for the response participants were encouraged to respond as
quickly as possible. It was heavily emphasised that this was a rating of how often they had
used the verbal label during the task, rather than a test of their ability to think of appropriate
verbal labels following their experience on the task. Following their rating, participants were
asked by the experimenter what verbal label(s) they had used, if any. This was repeated for all

items, and then followed by the remaining rating task. Response data for this task was saved
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by the computer and the spoken responses were transcribed in full by the experimenter.
2.5 EEG recording and offline analysis

EEG was recorded during the Recognition Phase using sintered Ag-AgCl electrodes
mounted in an Easy-Cap according to the 10-20 system (FP1, FP2, F7, F3, Fz, F4, F§, FT7,
FC3, FCz, FT8, T7, C3, Cz, C4, T8, TP7, CP3, CPz, CP4, TPS, P7, P3, Pz, P4, P8, O1, Oz,
and O2). The ground electrode was positioned between FPz and Fz. Activity from both
mastoids was recorded and the left mastoid served as the online reference. Vertical eye
movements (VEOG) were measured with electrodes placed above and below the left eye.
Horizontal eye movements (HEOG) were measured with electrodes on the outer canthi of
each eye. Electrode impedance was kept below 5 kQ2. The signal was amplified 20,000 times
(SynAmps2 amplifier, Compumedics Limited), sampled at 500 Hz, low-pass filtered at 100

Hz online and saved to the computer’s hard disk.

Offline analysis was conducted using BESA Research software (version 6.0, BESA
GMbH, Grafelfing, Germany). First, portions of the EEG containing large movement-related
artefacts were manually rejected. The EEG was then set to reference-free and filtered
(highpass 0.53Hz, forward, 6 db/octave; lowpass 8Hz, zero phase, 24 db/octave roll-oft) for
artefact correction, which was carried out using the adaptive method of the automatic artefact
correction tool in BESA. This method applied a predefined source model to the data,
combining three topographies accounting for EOG activities (HEOG, VEOG, blink) with a set
of 12 regional sources modelling the different brain regions. If the EOG signals exceeded set
thresholds (HEOG amplitude 150pV, VEOG/Blink threshold 250u1V), then the current EEG
topography was accumulated and averaged over the whole EEG. The first principle
component of this averaged EOG signal served as the artifact topography that was used for
artifact correction, which was performed using an adaptive method (see Ille, Berg, & Scherg,

2002, for further details).

The EEG was then divided into 1450 ms epochs with a 200 ms pre-stimulus interval
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and 1250 ms post-stimulus interval. These epochs were then re-referenced to the average of
the left and right mastoids, band pass filtered (highpass 0.30 Hz, forward phase, 6 dB/octave
roll-off; lowpass 40 Hz, zero phase, 24 dB/octave roll-off) and baseline corrected using the
mean pre-stimulus amplitude for the epoch. EEG artefacts, including blinks and eye-
movements, were rejected using the BESA artefact scan tool, which rejects trials based on
abnormally high amplitudes (120 puV), abrupt gradients in amplitude exceeding 75 uV, or
unusually low signal (below 0.01 uV). The mean percentage of epochs rejected was low
(verbal-standard: 2.86%; verbal-hybrid: 3.86%; spatial-standard: 2.55%; spatial-hybrid:
2.19%). Epochs associated with incorrect responses were also excluded from further analysis
(average percentage of trials accepted - verbal-standard: 84.48%; verbal-hybrid: 80.05%;

spatial-standard: 73.65%; spatial-hybrid: 75.00%).

2.5.1 ERPs

Accepted epochs were used to create 16 ERPs per participant: four hemispherically
lateralised sites (P3, P4, P7, P8) by two to-be-remembered materials (verbal, nonverbal) by
two task-irrelevant visual forms (standard, hybrid). Visual inspection of the grand average and
individual average waveforms showed there was a positive-going peak from 80 to 120ms
(P100), a large negative-going peak (N170) from 140 to 230 ms, and a large positive-going

peak from 230 to 380 ms (P300).

The mean amplitude was calculated for each peak and then corrected for the mean
amplitude of the previous peak (i.e., corrected N170 = N170- P100; corrected P300 = P300 -
N170). These corrections an extra precaution to ensure that any hemispheric differences
measured occurred uniquely in the time window of interest, rather than as an artefact of
earlier hemispheric differences or an increase in background noise (for more on the general
effects of the baseline on mean amplitude measures see e.g., Clayson, Baldwin, & Larson,
2012). Henceforth these corrected mean amplitudes are referred to as N170 and P300.
Region-wide measures were then obtained by averaging the corrected mean amplitudes of left

parietal (P3 and P7) and right parietal (P4 and P8) sites, resulting in 16 total measures used
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for analysis per participant (2 peaks x 2 materials x 2 forms x 2 hemispheres).
2.6  Statistical analysis
2.6.1 Behavioural performance

Mean percentage correct responses to targets and foils were calculated during the
Recognition Phase, from which mean percentage correct and sensitivity (d°) values for
target/foil discrimination were calculated to ensure the different kinds of stimuli in each
condition were adequately learned. d’ is based on z-score transformations and takes into
account both hits and false alarms, hence controlling for response biases (McNicol, 1972).
Mean response times (latency to respond following response screen) were also calculated for
each participant for the four memory tasks. Response times (RTs) were calculated by
subtracting the time of response from the onset time of the response screen (see Figure 1), and
mean RTs were calculated for each participant. For analysis response times were inverse

transformed (i.e, 1/RT) to reduce the impact of outliers.
2.6.2 Verbalisation ratings

Mean verbalisation ratings were calculated for each stimulus type for each participant.
After rating data were collected for all participants, the experimenter checked the validity of
the verbal labels provided by participants. To be valid as “verbalised,” a response had to
contain semantic information, such as a real word, the name of a person, place, company, a
well-known object or shape, meaningful initials, or an acronym. The response also had to be
unique to that item. Examples of valid responses for the two verbal memory conditions
include: for F-A-C using the word “face”; for C-S-Y using “CSI the TV show but with a Y”’;
or for R-K-T a made-up but meaningful label such as “Red Kitten’s Telephone”. Examples of
valid “verbalised” responses for the two spatial memory conditions could include: “person
lying on the beach”, “right angle triangle on the left”, or “equilateral triangle”. Responses
with no clearly defined strategy (e.g., “I just remembered them”), or that involved memory for

superficial physical attributes such as a specific order of letters (with no assigned meaning or
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association with a real word) or that were repetitions of earlier responses (e.g., repeating
“right angle triangle”) were considered as not validly verbalised and the rated verbalisation

frequency was re-scored as 0.
2.6.3 ERP hemispheric lateralisation

Using SPSS, the key predictions of material and form effects on hemispheric
differences were tested by comparing mean amplitudes using three-way (2 x 2 x 2) repeated
measures ANOVA with factors memory (verbal, nonverbal), form (standard, hybrid), and
hemisphere (left, right). Separate ANOVAs were run for each peak. We analysed main effects
and interactions between these factors as well as planned contrasts. A grand average of
Repetition (old — new) was calculated for each peak across stimulus types and analysed with a
two-tailed one-sample #-test to determine if there was an overall repetition effect (e.g., old >
new). Repetition (old — new) was also analysed in a Memory x Form x Hemisphere ANOVA

for each peak.
2.6.4 Data treatment, effect size and correction for multiple comparisons

To ensure that analyses were robust to the effect of outliers, extreme values within all
ERP, recognition accuracy and response time measures were subjected to a winsorisation
procedure where values greater than the 95th or less than the 5th percentiles were adjusted to
these cut-off values. Extreme values accounted for less than 5% of the data across variables.
Verbalisation ratings were corrected for recognition accuracy (i.e., corrected ratings =

ratings/proportion correct) as appropriate to each stimulus type.

Effect size for all ANOVAs was reported as partial eta-squared (#,°), the proportion of
variance explained controlling for other effects (interpreted as small: .01 to .09, medium: .09
to .25, or large: > .25; Kenny, 1987). Cohen’s d adjusted for repeated measures (Morris &
DeShon, 2002), was reported for tests of simple main effects and appraised according to the

review of Lipsey and Wilson (2001; 1.e., small: < 0.3, medium: 0.3 to 0.7, large: > 0.7).

For simple main effects analyses, p values were adjusted for multiple comparisons
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(reported as pp) using a permutation testing procedure designed for repeated measures (10000
permutations, MATLAB function "mult comp perm t1" by Groppe, Urbach, & Kutas, 2011).
Like Bonferroni correction, this method adjusts p values in a way that controls the family-
wise error rate. However, for ERP data the permutation method is more powerful than
Bonferroni correction due to high within-subject correlations between sites and conditions

(Blair & Karniski, 1993; Burgess & Gruzelier, 2000; Good, 1994; Manly, 1997).
3. Results
3.1 Behavioural performance

Figure 2 shows learning curves of memory performance across the six learning blocks
for verbal-standard, verbal-hybrid, spatial-standard, and spatial-hybrid conditions. Mean
recognition accuracy (d’) across the six learning trials was significantly higher for verbal
material, M = 2.35 (mean 86% correct), than spatial material, M = 1.57 (77% correct), p
<.001, 5,° = .66. In contrast, d’ did not significantly differ between the standard (82%) and
hybrid forms (81%), p = .21. The Material x Form interaction was not significant, p = .08, and
planned contrasts showed the material effect (verbal > spatial) was significant for both forms
(standard, p, <.001; hybrid, p, = .02) while the effect of form was not significant for either
material, pps > .28.
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Fig 2. Mean recognition accuracy (percent correct for display purposes) across Recognition blocks 1

to 6 for all stimulus types.
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In contrast to the difference in d’in favour of verbal memory, response times (RTs)
were quicker for spatial memory, M =459 ms [Clos: 375 592], than verbal memory tasks, M =
532 ms [451 648], F(1,19) = 6.35, p = .02, ,° = .25, and for stimuli with standard form, M =
463 ms [379 596], than hybrid form, M = 525 ms [444 643], F(1,19) = 5.20, p = .03, 5,° = .22.
There was also a significant interaction between material and form, F(1,19) =5.00, p = .21,
1y° = .21. with contrasts showing RTs for verbal-hybrid stimuli were significantly slower than
for spatial-hybrid, p, = .03, or for verbal-standard stimuli, p, = .02. Mean RTs for all stimulus
types are shown in Supplementary Table 1. In sum, recognition accuracy was superior for
verbal memory versus spatial memory, while perceptual form did not affect accuracy. For
response speed spatial memory was superior to verbal memory, while spatial form was related

to slower response times compared with no spatial form.
3.2 Correlations between performance and ERP measures

Despite these significant differences in d’ and RT as a function of memory task and
visual form, there were no significant correlations between differences in d” as a function of
either the type of memory task or the type of visual form and equivalent differences in ERP
measures, ps > .43. Equivalent comparisons for RT differences also did not show any
significant correlations, ps >.17. Taken together, the impact of recognition accuracy and
response speed on lateralisation of EEG measures was negligible. See Supplementary Tables

2 and 3 in the Appendix for complete inferential statistics for d” and RT, respectively.
3.3 Verbalisation ratings

Figure 3(a) shows that verbalisation frequency ratings and recognition accuracy were
strongly correlated when averaged across all four stimulus types. This correlation was also
significant within verbal-standard, 7(18) = .61, p = .004, verbal-hybrid, (18) = .51, p = .02
and spatial-hybrid stimuli, 7(18) = .54, p = .01, but not for spatial-standard stimuli, 7(18)

= 36,p=.12.

Figure 3(b) shows mean verbalisation frequency ratings corrected for accuracy (i.e.,
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only verbalisation ratings for correct items were included) for all stimulus types. The ANOVA
showed the main effect of material (verbal > spatial) on verbalisation frequency was
significant, p <.001, while the main effect of Form was not significant, p = .58. The material
x Form interaction was significant, p = .04, and explained by a significant effect of material
for standard form only (i.e., verbal-standard > spatial-standard, p, <.001). Together these
results show that the verbalisation ratings clearly distinguished encoding strategies of verbal
and spatial memory tasks, while also suggesting that equalising the perceptual form mildly

reduced the difference in the degree of verbalisation between the material types.
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Fig. 3. Verbalisation ratings. (a). Correlation between verbalisation rating and d’, both averaged across
conditions, with regression line of best fit. Dotted line indicates maximum possible d’ and dashed line
indicates maximum verbalisation frequency rating. (b). Mean verbalisation frequency ratings,

corrected for recognition accuracy, for all four stimulus types. *** p <.001.

3.4 ERP hemispheric lateralisation: memory, form, and old/new effects

Figure 4 shows grand average ERPs separated by material (verbal, spatial), form
(standard, hybrid) and hemisphere (left, right), with peaks labelled. Mean amplitudes of the
negative N170 peak was transformed to absolute (i.e., positive) values to simplify reporting of
results. Therefore, positive means, ¢, and d values always corresponded to differences in the
following directions: verbal > spatial (memory), standard > hybrid (form), and left > right

(hemisphere), with negative values indicating the respective opposite effects (e.g., spatial >
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verbal for memory). For brevity, in-text reporting of contrasts is restricted to comparisons of

direct theoretical relevance using p, values.

Spatial

Standard
Mean Am;l)litude ( nuv)

Hybrid

Fig. 4. Grand average ERP waveforms of all four stimulus types with electrodes in the left (average of
P3 and P7) and right (average of P4 and P8) parietal sites. Shaded areas show time intervals that mean

amplitude was calculated for N170 (140 to 230 ms), and P300 (230 to 380 ms).

3.4.1 NI170 mean amplitude

The ANOVA revealed significant main effects of memory (spatial > verbal), p <.001,
and form (hybrid > standard), p = .004, and significant interactions for Memory x Form, p
=.002, Memory x Hemisphere, p = .049, and Form x Hemisphere, p = .037. Figure 5 shows
the overall effects of memory and form on lateralisation. Planned contrasts showed spatial
memory was right-lateralised, p, = .049, consistent with the material hypothesis, but verbal
memory was not left-lateralised, p, = .59. The Form x Hemisphere interaction showed that
hybrid stimuli produced larger peaks in the right hemisphere than standard stimuli, p, = .009,
and Figure 6 shows that the right-lateralising effect of hybrid form was significant for spatial
perceptual form, p, = .002 (i.e., left: p, = .02, versus right: p, = .004), but not for verbal

perceptual form, p, = .99. This indicates that the main effect of perceptual form was explained
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solely by the right-lateralisation of spatial perceptual form.

Contrasts from the three-way interaction showed that spatial memory was right-
lateralised relative to verbal memory for hybrid stimuli (left: p, = .12; right: p, =.03) but not
for standard stimuli (left: p, = .002; right: p, =.001). The N170 peak did not show a
significant main effect of repetition overall, indicating that the size of the peaks after repeated
targets was not larger than after non-repeated foils (i.e., old > new, hereafter referred to as the
“old/new effect”), p = .83, nor were there any significant main effects, interactions or planned

contrasts from the ANOVA, ps > .17.
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Fig. 5. Mean amplitude of the N170 peak (140 to 230 ms, corrected and standardised, with standard
error bars) in both hemispheres. Left: memory effect; Right: perceptual form effect. Asterisks by x-
axis labels refer to significant contrasts (i.e., memory: spatial > verbal; perception: hybrid > standard)
and those by figure legend labels refer to significant lateralisation (right > left). * p, <.05, ** p, <.01,

w6k p < 001

In summary, the N170 peak showed mild right-lateralisation due to a “pure” effect of
spatial memory relative to verbal memory (i.e., when the stimuli were perceptually identical
and the only source of difference was the type of to-be-remembered material), but this
material-specific lateralisation effect was not significant when stimuli were in “standard”
form. Spatial perceptual form showed right-lateralisation but verbal perceptual form did not
show left-lateralisation. Consistent with expectations, N170 showed no significant old/new

effects. Complete inferential statistics for the N170 peak are reported in the Appendix in
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Supplementary Tables 4 and 5.
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Fig. 6. Mean amplitude of the N170 peak (140 to 230 ms, corrected and standardised, with standard
error bars) in both hemispheres. Left: effect of verbal perceptual form (verbal form [spatial-hybrid]
versus no verbal form [spatial-standard]). right: effect of spatial perceptual form (spatial form [verbal-
hybrid] versus no spatial form [verbal-standard]). Asterisks by x-axis labels refer to significant
contrasts (spatial form > No spatial form; by x-axis labels). Hemispheric lateralisation was not

significant for any of the four stimulus types within the Material x Form x Hemisphere interaction.
* pp <.05, ** p, < .01.

3.4.2 P300 mean amplitude

The ANOVA revealed significant main effects of Memory (spatial > verbal), p <.001,
Form (hybrid > standard), p <.001, Hemisphere (right > left), p = .007, and a significant
Memory x Form interaction, p <.001. The significant Memory x Form interaction was
explained by smaller peaks for verbal-standard stimuli compared with verbal-hybrid stimuli,
pp <.001, and spatial-standard stimuli, p, < 001. Planned contrasts revealed the P300 was
consistently right-lateralised: verbal memory, p, = .048, spatial memory, p, = .03, hybrid
form, p, = .03, standard form, p, = .07 (see Figure 7), with no significant differences in
lateralisation due to Memory or Form. However, the pattern of contrasts from the near-

significant Memory x Form x Hemisphere effect, p = .07, showing that verbal-standard
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stimuli represented the only condition not showing a trend to right-lateralisation, p, = .71
(with pps from .10 to .14 for the remaining tasks). While tentative, this suggests that right-
lateralisation of the P300 peak was associated with the presence of spatial attributes, whether

perceptual-only or related to the memory task.

In contrast to the lack of differences in lateralisation, the P300 peak showed a
significant old/new effect, p <.001, which was significantly affected by Memory (spatial >
verbal), p = .01, Form (hybrid > standard), p = .045, and a Memory x Form interaction, p
=.02. Planned contrasts revealed the significant Material x Form interaction was attributable
to larger old/new effect for spatial-hybrid stimuli compared with verbal-hybrid stimuli, p,
= .01, and spatial-standard stimuli, p, = .03. This interaction effect also showed mild left-
lateralisation (see Figure 8). Altogether these results suggest a right-lateralisation of the P300
related to shared spatially-related processing (i.e., regardless of memory and perceptual
manipulations), and also suggest that verbal perception contributed to a mild left-lateralisation
of the old/new effect. Complete inferential statistics for the P300 peak are reported in

Supplementary Tables 6 and 7 (Appendix).
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Fig. 7. Mean amplitude of the P300 peak (230 to 380 ms, corrected and standardised, with standard
error bars) in both hemispheres. Left: memory effect; Right: perceptual form effect. Asterisks by x-
axis labels refer to significant contrasts (verbal perception: hybrid > standard) and asterisks by figure

legend labels refer to significant lateralisation (right > left). * p, <.05, *** p, <.001.
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Fig. 8. Mean amplitude of the repetition effect (old — new) for the P300 peak (230 to 380 ms,
corrected and standardised, with standard error bars) in both hemispheres. Left: effect of verbal
perceptual form (Verbal form [spatial-hybrid] versus No verbal form [spatial-standard]). Right: effect
of spatial perceptual form (Spatial form [verbal-hybrid] versus No spatial form [verbal-standard]).
Asterisk by x-axis labels refers to significant contrast (verbal perceptual form: verbal-spatial >

spatial). * p, <.05.
4. Discussion
4.1  Effects of memory and perceptual form on material specific lateralisation

The aim of this study was to investigate the relative effects of memory task and
perceptual form in mediating material specific hemispheric lateralisation. This was conducted
by experimentally separating the demands of memory and perceptual form and measuring
EEG lateralisation in healthy participants. We predicted that there would be relative material
specific hemispheric lateralisation effects associated with both: 1) the memory task and 2)
task-irrelevant perceptual form. For the N170 peak there were effects of memory and
perceptual form that generally supported our hypotheses, as spatial memory and spatial
perceptual form showed right-lateralisation. The P300 peak was associated with an old/new
effect that was left-lateralised by the presence of verbal perceptual form. However, verbal
memory did not show the expected left-lateralisation. In summary, the main findings of this

study concerned the N170 peak, which showed right-lateralisation to spatial memory demands
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and spatial perceptual processing, and the P300 peak, which showed left-lateralisation to

verbal perceptual processing.

Our findings of an association between spatial memory and the right-lateralised N170
peak complement studies showing an association between right-lateralised N170 and spatial
memory performance (Baker & Holroyd, 2013), and between increases in early theta band
power (4-7 Hz, within 200 ms after stimulus onset) and successful memory encoding
(Klimesch, Doppelmayr, Schmike, & Ripper, 1997). While the N170 has more frequently
been associated with perceptual rather than memory-related aspects of material-specific
lateralisation (e.g., Beisteiner et al., 1996; Maillard et al., 2011), our pattern of results is
inconsistent with a clear temporal distinction between memory and perceptually based
lateralisation (cf. Maillard et al., 2011) but rather suggest a high degree of temporal overlap at
the early stages of processing. Importantly, the right-lateralisation of the N170 peak did not
depend on differences in spatial perceptual form, as the effect was significant whether the
perceptual form of the stimuli was matched or not. This is of crucial importance as it suggests
that previous findings showing early right-lateralisation to spatial memory were not merely
due to task-irrelevant perceptual processing. More broadly, the findings validate previous
evidence across neuropsychological, neuroimaging, and ERP methodologies of an association
between spatial memory and the right medial temporal lobe (Baker & Holroyd, 2013;
Bellgowan, Buftalo, Bodurka, & Martin, 2009; Bohbot et al., 1998; Diaz-Asper, Dopkins,

Potolicchio, & Caputy, 2006; Kessels et al., 2002).

Spatial perceptual processing showed right-lateralisation of the N170 peak, consistent
with many previous findings with nonverbal materials (e.g., Beisteiner et al., 1996; Maillard
et al., 2011) and specifically to low spatial frequency components of stimuli (Martinez et al.,
2001). This effect cannot be attributed to spatial memory as the contrast involved a
comparison between the two verbal memory tasks. Instead the effect could be due to
differences in either size and/or spatial frequency between the word-like verbal-standard
stimuli and the spatially arranged verbal-hybrid stimuli. Further investigation is needed to

275



disentangle their relative effects on the lateralisation of the N170 peak, and many previous
findings suggest that both could produce right-lateralisation (see reviews by Dien, 2008, and

van der Ham, Postma, & Laeng, 2014).

For verbal memory, there was no outright left-lateralisation but there was a lack of
right-lateralisation of the N170 peak in contrast to spatial memory, indirectly consistent with
previous findings (e.g., Alpherts et al., 2006; Falk, Cole, & Glosser, 2002; Ojemann &
Dodrill, 1985). The lack of outright left-lateralisation of the verbal memory task may be due
to the difference in stimuli compared to the majority of previous studies, as the to-be-
remembered stimuli were in the form of a combination of letters that could not form a word.
In addition, stimulus foils for verbal memory tasks only differed from targets by one letter,
and all stimuli were presented with the letters in any order or location. Thus there was no role
for left-lateralised word-level orthographic-to-phonological and semantic processes but rather
a dependence on processes that have been associated with right-lateralised brain activity such
as letter-by-letter reading and spatial localisation and ordering of the letters (e.g., Bouma,

1987; Ellis et al., 2004; Gross, 1972; Pirozzolo & Rayner, 1977).

The experimental manipulation of verbal perceptual form showed left-lateralisation of
the old/new eftect for the P300 peak. This effect was measured by contrasting the spatial
memory tasks, which differed with respect to the presence of letters or meaningless symbols,
and this effect cannot be attributed to the size or spatial frequency of the stimuli as these were
matched. As such, this result could be interpreted as reflecting a low-level effect of stimulus
processing in which letters showed greater left-lateralisation than meaningless symbols,
consistent with previous findings (e.g., Cohen et al., 2000; Dehaene, Cohen, Sigman, &
Vinckier, 2005). However, while the design of the analysis did not involve a comparison of
the spatial-hybrid stimuli to the remaining three conditions, the pattern of data clearly suggest
these stimuli were the only type to show a clear old/new effect which was more left-
lateralised than the other stimuli (see Figure 8). As a result, the left-lateralisation effect and

the old/new eftfect per se appear to be related to the combination of verbal perceptual form
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and spatial memory. We speculate that this may involve reduced use of material-specific
processing resources for hybrid stimuli, which is also discussed with respect to verbalisation

in Section 4.2 below.
4.2 Verbalisation

Participants rated their verbalisation of stimuli used in the verbal memory tasks as
higher than their verbalisation of stimuli used in the spatial memory task, consistent with
predictions. This comparison was made, corrected for performance accuracy, as verbal
memory tasks were performed more accurately than spatial memory tasks, and as higher
verbalisation ratings were strongly correlated with better memory performance, particularly
for verbal memory. The finding that peaks for spatial memory tasks were more right-
lateralised N170 than for verbal memory tasks is consistent with previous studies indicating a
negative correlation between the degree of verbalisability and the degree of involvement of
the right medial temporal lobe in the memory tasks (e.g., Golby et al., 2001; Hampstead et al.,
2010). This is despite the use of alternative measures of verbalisation such as behavioural
dual-task interference in such studies (e.g., Golby et al., 2001; Hampstead et al., 2010;

Silverberg & Buchanan, 2005).

Interestingly, despite the overall material-specific pattern, there was no significant
difference in verbalisation when stimulus form was equivalent. This suggests that the mere
presence of a competing material type, even when completely irrelevant to the task, impacts
on the type of encoding strategy employed. Conceivably, this is due to a greater dependence
on central, rather than material-specific, working memory resources to help resolve the
verbal-spatial conflict (e.g., Morey & Cowan, 2005). However, this lack of difference in
verbalisation was not accompanied by a disappearance of material-specific lateralisation of
the N170 peak between these tasks (if anything, this was stronger than for tasks without
matched stimuli, as reported in Section 3.3.1), suggesting that lateralisation effects were
related to material specific long-term memory processes rather than to central, working

memory processcs.
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Altogether it appears that the effect of verbalisation on hemispheric lateralisation is
relatively subtle as it was prone to interference by the type of perceptual form and greater
verbalisation did not result in outright left-lateralisation of the verbal memory tasks. The
findings suggest that the verbalisation rating method has good validity in gauging the relative
verbalisability of memory tasks. As this was an exploratory component, further validation is
needed to test whether ratings differ between different kinds of nonverbal stimuli such as
faces, scenes, and designs (e.g., Golby et al., 2001), to different kinds of spatial memory tasks
(e.g., navigational, object-location association; Kessels et al., 2001) and between clinical
memory tests with different kinds of material in healthy participants and patients (e.g.,
designs in the Visual Reproduction subtest of the Wechsler Memory Scale: e.g., Wechsler,

1997; faces in the Warrington Recognition Memory Test: Warrington, 1984).
4.3 Conclusion

The results of this study suggest that processing related to spatial memory demands
and to spatial perceptual form have independent effects on material-specific hemispheric
lateralisation. Both of these right-lateralising influences affected the N170 peak, suggesting
that memory effects may be detected earlier than previously reported. Taken together, the
findings of our study suggest that processes related to memory and perceptual form can be
separated but both contribute to the material-specific hemispheric lateralisation of memory

tasks.
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Appendix

Supplementary Table 1.
Mean response times (ms) for all stimulus types

Memory Form Memory*Form M Cliow Clupp
Verbal 532 648 451
Spatial 459 592 375
Standard 463 596 379

Hybrid 525 643 444
Verbal-standard 476 599 395

Verbal-hybrid 602 732 512

Spatial-standard 451 600 362

Spatial-hybrid 466 596 383

Supplementary Table 2
Correlations between differences in d’and differences in ERP measures, for Memory and Form
comparisons.

Difference ERP measure r Cliow Clypp p
Mem(Std) N170 - L .01 -47 A7 .98
Mem(Std) N170 -R 01 -.53 AT .96
Mem(Std) P300-L -13 -52 .23 57
Mem(Std) P300-R -13 -.53 27 .59
Mem(Hyb) N170 - L -.02 -.38 .34 .94
Mem(Hyb) N170 -R -.02 -.38 .30 .93
Mem(Hyb) P300-L -11 -.46 .24 .65
Mem(Hyb) P300-R -.08 -.46 31 73
Frm(Ver) N170-L 13 -.26 54 .58
Frm(Ver) N170-R 16 -.30 .58 .50
Frm(Ver) P300 - L .10 -.39 57 .69
Frm(Ver) P300-R 17 -.34 .64 A7
Frm(Non) N170-L 15 -.32 .61 .53
Frm(Non) N170-R 15 -.34 .60 54
Frm(Non) P300 - L -11 -51 .38 .64
Frm(Non) P300 - R -.32 -.58 .06 A7

Mem = Memory (Verbal - Nonverbal); Frm = Form (Standard - Hybrid);

Ver = Verbal; Non = Nonverbal; L = Left; R = Right; Std = Standard; Hyb = Hybrid;
r = correlation coefficient;

Cliow/Clupp = lower/upper bounds of 95% confidence interval (1000x bootstrapped);
pp = permutation significance test

Supplementary Table 3
Correlations between differences in RT and differences in ERP measures, for Memory and Form
comparisons.

Difference ERP measure r Cliow Cluygp p
Mem(Std) N170 - L -21 -81 27 37
Mem(Std) N170-R -.10 -.76 44 .67
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Mem(Std) P300-L .00 -.75 .64 .99
Mem(Std) P300-R .25 -54 .81 .28
Mem(Hyb) N170-L -.08 -.61 41 72
Mem(Hyb) N170 -R .03 -54 .46 .90
Mem(Hyb) P300 - L -.04 -47 A7 .86
Mem(Hyb) P300-R -.01 -43 A2 .95
Frm(Ver) N170 - L .03 -51 .54 .89
Frm(Ver) N170 - R .01 -.54 54 .95
Frm(Ver) P300 - L -.07 -.61 .48 a7
Frm(Ver) P300-R -.06 -.65 .50 .82
Frm(Non) N170 - L 15 -.28 .58 .53
Frm(Non) N170 - R A5 -.29 .60 54
Frm(Non) P300 - L -11 -.50 37 .64
Frm(Non) P300-R -.32 -.59 .09 A7
Mem = Memory (Verbal - Nonverbal); Frm = Form (Standard - Hybrid);
Ver = Verbal; Non = Nonverbal; L = Left; R = Right; Std = Standard; Hyb = Hybrid;
r = correlation coefficient;
Cliow/Clupp = lower/upper bounds of 95% confidence interval (1000x bootstrapped);
pp = permutation significance test
Supplementary Table 4a.
Descriptive and test statistics for N170 mean amplitude
ANOVA Factor Mem Frm Hem Cliow Clypp
Mem Ver 1.44 0.55 2.32
Spa 3.92 2.83 5.01
Frm Std 2.03 1.13 2.93
Hyb 3.32 2.28 4.37
Hem L 2.40 1.59 3.20
R 2.96 1.91 4.01
Mem * Frm Ver Std 0.16 -0.96 1.28
Hyb 2.71 1.68 3.75
Spa Std 3.91 2.72 5.10
Hyb 3.94 2.74 5.13
Mem * Hem Ver L 1.26 0.44 2.07
R 1.62 0.57 2.67
Spa L 3.54 2.52 4.56
R 4.30 3.07 5.53
Frm * Hem Std L 1.90 1.08 2.71
R 2.17 1.10 3.24
Hyb L 2.90 1.92 3.88
R 3.75 2.54 4.96
Mem * Frm * Hem Ver Std L 0.17 -0.83 1.16
R 0.15 -1.18 1.48
Hyb L 2.34 1.31 3.38
R 3.09 1.95 4.23
Spa Std L 3.62 2.42 4.83
R 4.19 2.92 5.46
Hyb L 3.46 2.37 4.54
R 4.41 3.03 5.80

4p.
ANOVA Factor

F(1,19)

p
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Mem 34.22 <.001 .64
Frm 11.05 .004 37
Hem 4.35 .051 19
Mem * Frm 13.08 .002 A1
Mem * Hem 4.41 .049 19
Frm * Hem 5.04 .037 21
Mem * Frm * Hem 0.69 416 .04
4c.
Interaction contrasts Fixed Tested teritical t Pp r d
Mem * Frm Std Mem 2.73 -5.45 <.001 0.22 -1.22
Hyb Mem 273  -3.37 .013 0.78 -0.77
Ver Frm 273 -4.36 .002 0.35 -0.98
Spa Frm 2.73  -0.06 .999 0.69 -0.01
Mem * Frm 2.73 -3.62 .008 0.23 -0.87
Mem * Hem L Mem 277 531 .001 054 -1.21
R Mem 277 -6.10 <.001 0.68 -1.39
Ver Hem 277  -1.22 591 0.81 -0.29
Spa Hem 277  -2.78 .049 0.89 -0.67
Mem *
Hem 2.77 2.10 .168 0.91 0.47
Frm * Hem L Frm 277  -2.62 .068 0.61 -0.60
R Frm 277  -3.64 .009 0.69 -0.82
Std Hem 277  -0.94 774 0.83 -0.23
Hyb Hem 277  -2.78 .049 0.85 -0.66
Frm * Hem 2.77 2.24 .138 0.81 0.51
Mem *Frm * Hem Std/L Mem 3.29 -4.85 .002 0.09 -1.09
Std/R Mem 329 575 .001 036 -1.29
Hyb /L Mem 329 -2.82 119 0.70  -0.63
Hyb /R Mem 329 -3.59 .027 0.83 -0.84
Ver /L Frm 329 -3.74 .021 0.28 -0.84
Ver /R Frm 3.29 -4.65 .004 0.44  -1.05
Spa/L Frm 3.29 0.34 .999 0.59 0.08
Spa/R Frm 3.29 -0.48 .999 0.73 -0.11
Ver / Std Hem 3.29 0.05 .999 0.85 0.01
Ver / Hyb Hem 329 -228 .302 081 -0.52
Spa/ Std Hem 329 -1.74 .612 0.85 -0.39
Spa/ Hyb Hem 3.29 -2.86 110 0.87 -0.70
Mem *
Std Hem 3.29 1.76 .596 0.89 0.39
Mem *
Hyb Hem 3.29 0.87 .983 0.79 0.19
Ver Frm * Hem 3.29 2.45 .228 0.87 0.56
Spa Frm * Hem 3.29 1.07 .944 0.72 0.24

Mem = Memory (Verbal - Spatial); Frm = Form (Standard - Hybrid); Hem = Hemisphere (Left -

Right).

Ver = Verbal; Spa = Spatial; Std = Standard; Hyb = Hybrid; L = Left; R = Right.

Supplementary Table 5a.

Descriptive and test statistics for N170 mean amplitude of repetition effects (old - new)

ANOVA Factor Mem Frm Hem M Cliow  Clupp
Mem Ver -0.14 -0.85 0.57
Spa 0.21 -0.28 0.70
Frm Std 0.20 -0.32 0.73
Hyb -0.13  -0.67 0.42
Hem L 0.11  -0.26 0.48
R -0.03  -0.46 0.39
Mem * Frm Ver Std 0.33 -0.55 1.21
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Hyb -0.60 -1.66 0.45
Spa Std 0.07 -0.81 0.95
Hyb 035 -0.17 0.87
Mem * Hem Ver L -0.22 -0.84 0.40
R -0.05  -0.98 0.87
Spa L 0.44 0.06 0.81
R -0.02 -0.73 0.70
Frm * Hem Std L 0.18 -0.37 0.73
R 0.23 -041 0.86
Hyb L 0.04  -0.45 0.53
R -0.29 -1.01 0.42
Mem * Frm * Hem Ver Std L 0.15 -0.54 0.85
R 0.51 -0.66 1.67
Hyb L -059 -1.63 0.44
R -0.61 -1.89 0.67
Spa Std L 0.20 -0.59 1.00
R -0.06 -1.22 1.10
Hyb L 0.67 0.23 1.12
R 0.03 -0.71 0.76
5b.
ANOVA Factor F(1,19) p N’
Mem 0.54 473 .03
Frm 0.72 406 .04
Hem 0.63 437 .03
Mem * Frm 2.04 170 .10
Mem * Hem 1.67 211 .08
Frm * Hem 0.95 341 .05
Mem * Frm * Hem 0.00 .988 .00
5c.
M Cllow Clupp
Rep (grand average) 0.04 -0.31 0.39 0.22 .830
5d.
Interaction contrasts Fixed Tested teritical t Pp r d
Mem * Frm Std Mem 2.73 0.38 981  -0.28 0.09
Hyb Mem 273 -1.59 378  -0.17 -0.37
Ver Frm 2.73 1.48 443 0.07 0.33
Spa Frm 273 -0.54 946  -0.10 -0.12
Mem * Frm 2.73 1.43 A74 0.11 0.32
Mem * Hem L Mem 2.74 -1.97 201 0.06 -0.45
R Mem 274  -0.06 999  -0.48 -0.01
Ver Hem 274  -0.52 .948 0.69 -0.13
Spa Hem 2.74 1.63 .346 0.57 0.42
Mem *
Hem 274  -1.29 531 0.75 -0.39
Frm * Hem L Frm 2.72 0.40 .984 0.02 0.09
R Frm 2.72 1.03 750  -0.21 0.23
Std Hem 272 -0.18 .998 0.58 -0.04
Hyb Hem 2.72 1.24 .618 0.62 0.30
Frm * Hem 2.72 -0.98 .781 0.64 -0.23
Mem *Frm * Hem Std/L Mem 3.25 -0.10 .999 0.08 -0.02
Std/R Mem 3.25 0.61 998  -0.40 0.14
Hyb /L Mem 3.25 -2.10 415 -0.34  -0.49
Hyb /R Mem 3.25 -0.89 983  -0.06 -0.20
Ver /L Frm 3.25 1.24 907  -0.03 0.28
Ver /R Frm 3.25 1.46 .806 0.14 0.33
Spa/L Frm 325 -0.94 976  -0.38 -0.21
Spa/R Frm 325 -0.13 .999 0.08 -0.03
Ver / Std Hem 325 -0.96 973 0.77 -0.26
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Ver / Hyb Hem 3.25 0.04 .999 0.66 0.01
Spa/ Std Hem 3.25 0.59 .998 0.61 0.14
Spa/ Hyb Hem 3.25 2.16 .388 0.52 0.53
Mem *
Std Hem 3.25 -0.99 .969 0.79  -0.30
Mem *
Hyb Hem 3.25 -1.09 .950 0.63 -0.25
Ver Frm * Hem 3.25 -0.68 .996 0.70 -0.16
Spa Frm * Hem 3.25 -0.76 .992 0.62 -0.18
Mem = Memory (Verbal - Spatial); Frm = Form (Standard - Hybrid); Hem = Hemisphere (Left -
Right).
Ver = Verbal; Spa = Spatial; Std = Standard; Hyb = Hybrid; L = Left; R = Right.
Supplementary Table 6a.
Descriptive and test statistics for P300 mean amplitude
ANOVA Factor Mem Frm Hem M Cliow  Clupp
Mem Ver 3.47 2.62 4.32
Spa 5.90 4,75 7.06
Frm Std 3.80 2.83 4,77
Hyb 5.57 451 6.63
Hem L 4.26 3.42 5.11
R 5.11 3.95 6.27
Mem * Frm Ver Std 1.74 0.78 2.70
Hyb 5.20 4.19 6.22
Spa Std 5.87 4.66 7.08
Hyb 5.94 4,74 7.14
Mem * Hem Ver L 3.12 2.33 3.90
R 3.82 2.83 4.81
Spa L 5.41 4.45 6.38
R 6.39 4,99 7.80
Frm * Hem Std L 3.44 2.66 4.23
R 4.16 2.96 5.36
Hyb L 5.08 411 6.06
R 6.06 4.83 7.29
Mem * Frm * Hem Ver Std L 1.55 0.73 2.36
R 1.93 0.79 3.07
Hyb L 4.69 3.69 5.69
R 5.72 4.56 6.88
Spa Std L 5.34 4.38 6.30
R 6.39 4.87 7.92
Hyb L 5.48 4.41 6.55
R 6.39 5.00 7.79
6b.
ANOVA Factor F(1,19) P o2
Mem 74.46 <.001 .80
Frm 38.22 <.001 .67
Hem 9.32 .007 .33
Mem * Frm 34.71 <.001 .65
Mem * Hem 1.68 210 .08
Frm * Hem 1.17 292 .06
Mem * Frm * Hem 3.70 .070 .16
6¢.
Interaction contrasts Fixed Tested teritical t Pp r d
Mem * Frm Std Mem 2.66 -8.75 <.001 0.60 -2.01
Hyb Mem 266 -2.30 101 0.83 -0.53
Ver Frm 2.66 -7.26 <.001 0.49 -1.63
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Mem * Hem

Frm * Hem

Mem *Frm * Hem

Spa

Ver
Spa

L

R
Std
Hyb

Std/ L
Std /R
Hyb /L
Hyb /R
Ver/L
Ver/R
Spa/L
Spa/R
Ver / Std
Ver [ Hyb
Spa/ Std
Spa/ Hyb

Std
Hyb

Ver
Spa

Frm

Mem * Frm
Mem

Mem

Hem

Hem

Mem *
Hem

Frm

Frm

Hem

Hem

Frm * Hem
Mem

Mem

Mem

Mem

Frm

Frm

Frm

Frm

Hem

Hem

Hem

Hem

Mem *
Hem

Mem *
Hem

Frm * Hem
Frm * Hem

2.66
2.66
2.70
2.70
2.70
2.70

2.70
2.75
2.75
2.75
2.75
2.75
3.24
3.24
3.24
3.24
3.24
3.24
3.24
3.24
3.24
3.24
3.24
3.24

3.24

3.24
3.24
3.24

-0.22
-5.89
-9.78
-7.23
-2.72
-2.99

1.30
-6.40
-5.34
-2.59
-3.01

1.08
-9.38
-7.62
-2.39
-1.95
-7.01
-6.78
-0.45

0.00
-1.54
-2.83
-2.68
-2.87

1.90

-0.54
1.90
-0.49

.996
<.001
<.001
<.001

.048

.028

487
<.001
<.001

.073

.031

.667
<.001
<.001

234

459
<.001
<.001

.999

.999

711

.106

141

.099

489

.999
491
999

0.85
-0.02
0.86
0.86
0.84
0.90

0.82
0.84
0.81
0.92
0.84
0.74
0.55
0.61
0.78
0.86
0.48
0.48
0.81
0.85
0.91
0.76
0.88
0.89

0.81

0.78
0.79
0.69

-0.05
-1.34
-2.34
-1.92
-0.65
-0.86

0.35
-1.53
-1.20
-0.82
-0.72

0.26
-2.12
-1.77
-0.54
-0.46
-1.59
-1.52
-0.10

0.00
-0.44
-0.65
-0.81
-0.73

0.49

-0.12
0.45
-0.11

Mem = Memory (Verbal - Spatial); Frm = Form (Standard - Hybrid);

Right).

Ver = Verbal; Spa = Spatial; Std = Standard; Hyb = Hybrid; L = Left; R = Right.

Supplementary Table 7a.

Descriptive and test statistics for P300 mean amplitude of repetition effects (old - new)

Hem = Hemisphere (Left -

ANOVA Factor Mem Frm Hem M Cliow  Clugp
Mem Ver 0.38 -0.10 0.85
Spa 1.62 0.88 2.37
Frm Std 0.53 0.07 0.98
Hyb 1.47 0.74 2.21
Hem L 0.96 0.55 1.37
R 1.04 0.62 1.46
Mem * Frm Ver Std 0.49 -0.14 1.12
Hyb 0.27  -0.49 1.03
Spa Std 0.56 -0.20 1.31
Hyb 2.68 1.36 4.00
Mem * Hem Ver L 0.32 -0.13 0.76
R 044 -0.13 1.01
Spa L 1.60 0.88 2.32
R 1.64 0.81 247
Frm * Hem Std L 045 -0.01 0.91
R 0.60 0.11 1.09
Hyb L 1.47 0.80 2.13
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R 1.48 0.60 2.37
Mem * Frm * Hem Ver Std L 0.44 -0.19 1.07
R 054 -0.15 1.24
Hyb L 020 -0.52 0.91
R 0.33 -0.63 1.30
Spa Std L 046 -0.31 1.24
R 0.65 -0.14 1.44
Hyb L 2.73 1.54 3.93
R 2.63 1.10 4.16
7b.
ANOVA Factor F(1,19) p o2
Mem 7.26 .014 .28
Frm 4.63 .045 .20
Hem 0.52 481 .03
Mem * Frm 6.95 .016 27
Mem * Hem 0.07 .802 .00
Frm * Hem 0.13 719 01
Mem * Frm * Hem 0.39 538 .02
7c.
M Cliow Clupp p
Rep (grand average) 1.00 064 136 526 <.001
7d.
Interaction contrasts Fixed Tested teritical t Pp r d
Mem * Frm Std Mem 271 -0.13 999 -0.17 -0.03
Hyb Mem 2.71 -3.21 .014 -0.08 -0.74
Ver Frm 2.71 0.46 964  -0.07 0.10
Spa Frm 271  -2.87 034 -0.05 -0.66
Mem * Frm 2.71 2.64 .056 0.04 0.60
Mem * Hem L Mem 2.75 -3.08 .026 -0.07 -0.70
R Mem 275 -2.20 144 -0.32  -0.50
Ver Hem 2.75 -0.69 .884 0.76 -0.16
Spa Hem 275 -0.21 .995 0.86 -0.05
Mem *
Hem 275 -0.25 991 0.83  -0.06
Frm * Hem L Frm 2.69 -2.65 .054 0.02 -0.60
R Frm 269 -1.60 359  -0.36 -0.36
Std Hem 2.69 -0.99 727 0.79 -0.22
Hyb Hem 269 -0.07 .999 0.79  -0.02
Frm * Hem 269 -0.37 .980 0.77  -0.09
Mem *Frm * Hem Std/ L Mem 3.25 -0.05 999 -0.15 -0.01
Std/R Mem 325 -0.20 999  -0.13  -0.05
Hyb/L Mem 325 -3.65 022 -011 -0.84
Hyb /R Mem 325 -2.62 173 -0.04  -0.60
Ver /L Frm 3.25 0.50 .999 -0.13 0.11
Ver/R Frm 3.25 0.36 999  -0.08 0.08
Spa/L Frm 325 -3.35 .040 0.01 -0.77
Spa/R Frm 325 -2.32 294  -0.09 -054
Ver / Std Hem 3.25  -0.55 .999 082 -0.12
Ver / Hyb Hem 3.25 -0.39 .999 0.64  -0.09
Spa/ Std Hem 3.25  -0.92 977 0.85 -0.21
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Spa/ Std
Spa/ Std

Spa/ Std
Spa/ Std
Spa/ Std

Hem
Mem *
Hem
Mem *
Hem

Frm * Hem
Frm * Hem

3.25

3.25

3.25
3.25
3.25

0.28

0.31

-0.48
0.07
-0.68

999

.999

.999
.999
.996

0.87

0.88

0.82
0.66
0.87

0.07

0.07

-0.11
0.02
-0.17

Mem = Memory (Verbal - Spatial); Frm = Form (Standard - Hybrid); Hem = Hemisphere (Left -

Right).

Ver = Verbal; Spa = Spatial; Std = Standard; Hyb = Hybrid; L = Left; R = Right.
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Segue to Chapter 6

In Chapter 5 the effects of memory-related and perceptual processing on lateralisation
were compared using event-related potential measures from healthy participants. In Chapter
6, the same effects were explored using measures of EEG power in the theta and alpha
frequency bands. As a result, some sections of Chapter 6 are identical to those in Chapter 5,
including Sections 2.1 to 2.4 and Section 2.6 of the Materials and Methods, and Section 3.1 of
the Results which pertain to behavioural measures of participant accuracy and response time,

and Section 3.3 which pertains to the verbalisability ratings.

As discussed earlier in ‘Segue to Chapter 4’ and in Chapter 4, EEG oscillations index
aspects of neural activity that ERPs filter out, including recurrent and reciprocal changes
between cortical regions. Event-related EEG is also particularly well-suited to measure
longer-lasting cognitive processes (up to many seconds after the stimulus), whilst ERPs
predominantly index activity within 0 to 500 ms. For short periods after a stimulus (e.g., 0 to
500 ms), event-related EEG is partially correlated with and partially independent of ERP
measures. In sum, EEG is a temporally and qualitatively different measure of neural activity

than ERPs that usefully complements ERP measures.

There is a considerable evidence that power in the theta (4 to 7 Hz) and alpha (8 to 13
Hz) EEG rhythms are linked to memory processing. The alpha rhythm has long been known
to be involved in visual processing but it has also been linked to a specific “gating” role for
sensory information by changing depending on its relevance to a particular task. This general
property of alpha power has also been found with respect to memory tasks, and there is also
evidence that alpha power shows material-specific hemispheric lateralisation. Taken together,
alpha power may be particularly well suited as an added and complementary measure to ERPs
to compare the relative material specific lateralisation effects due to the processing of

memory versus the processing of perceptual form.
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Abstract

Material specific hemispheric differences involving the medial temporal region of the brain
(verbal: left; nonverbal: right) have been linked to differences in memory processing,
regardless of differences in lower-level stimulus attributes. In contrast, alternative accounts of
hemispheric lateralisation have emphasised the central importance of lower-level perceptual
and attentional processes, such as those related to the spatial frequency of stimuli.
Considering that material type and perceptual form are typically confounded between verbal
and nonverbal memory tasks, there have been surprisingly few attempts to systematically
examine the contribution of perceptual processing to memory-related lateralisation. In
addition, little is known of the time-frequency dimensions of such effects, despite the precise
temporal resolution of theta (4-7 Hz) and alpha (8-13 Hz) oscillations and their demonstrated
involvement in memory-related processing. In the current study, event-related power change
in the theta and alpha frequency bands were measured in 20 healthy adults during recognition
of novel verbal material (letter triplets) and spatial material (arrays of positions) that differed
in task-irrelevant perceptual form (standard: verbal or spatial only; hybrid: verbal-spatial).
Results showed that both types of material, whether relevant or irrelevant to the memory task,
were associated with right-lateralisation of power in the theta and alpha frequency bands. In
contrast, ratings of stimulus verbalisation were sensitive to both the to-be-remembered
material type and to task-irrelevant perceptual form. Taken together, the results are interpreted
as reflecting an overshadowing of transient material-specific effects in the EEG by general,
right-lateralised visual-spatial attention processes that were common to all tasks. Further
research is needed to cast light on more precise localisation and functional characteristics of

the right-lateralised EEG observed in this study.
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1. Introduction

The idea of material specificity has remained the predominant conceptual framework
concerning the hemispheric lateralisation of memory function since its inception (Milner,
1968). Material specificity predicts that the medial temporal lobe (MTL) in the left
hemisphere mediates memory for verbal material and the right MTL mediates memory for
nonverbal material. Reviews of decades of research have revealed a consistent association
between left MTL function and verbal memory, however right MTL function has not been
associated with nonverbal memory reliably, particularly in the context of clinical assessment
of right-sided temporal lobe epilepsy (TLE) patients using neuropsychological memory tests
(Lee, Yip, & Jones-Gotman, 2002; Sherman et al., 2011; Vaz, 2004). This inconsistency is
likely related to the dependence on visual designs as the to-be-remembered nonverbal
material, which are shown to be unreliable predictors of right MTL function (e.g., Naugle,

Chelune, Cheek, Luders, & Awad, 1993).

In contrast to memory for designs, there is evidence that experimental memory tasks
using precise visual-spatial information, such as exact position and distance, have a superior
ability to detect right MTL damage (Diaz-Asper, Dopkins, Potolicchio, & Caputy, 2006;
Kessels, Kappelle, de Haan, & Postma, 2002). Memory for metric spatial information may
show greater involvement of the right hippocampus than tasks involving associations between
visual materials (e.g., objects and locations; Kessels, de Haan, Kappelle, & Postma, 2001). A
meta-analysis of neuroimaging findings in healthy participants supports the hypothesis that
the right MTL is involved in memory for metric spatial information, such as in navigational
tasks (Kuhn & Gallinat, 2014). There is also evidence that the correlation between right MTL
function and spatial memory is mediated by right-lateralised processing of lower-level
stimulus attributes including spatial perception and attention (e.g., van der Ham, Postma, &
Laeng, 2014). In addition, there is evidence that purely spatial materials are more difficult to
describe verbally compared to other kinds of nonverbal stimuli such as scenes or faces,

resulting in less contamination by left-sided “verbalisation” strategies (Barr, 1997; Hampstead
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et al., 2010; Golby et al., 2001). Therefore, the likelihood that a memory task will detect right
MTL pathology may be related to a joint and correlated contribution of the type of spatial

perceptual processing and resistance to verbalisation.

An overlooked issue in research on material-specific lateralisation is that previous
comparisons between material type (e.g., verbal and nonverbal) and between different
nonverbal stimuli (e.g., faces, mazes, scenes) typically have not controlled for lower-level
stimulus characteristics. For example, printed words are typically small in size, and their high
level of detail means they frequently change in contrast within this small area of space; that is,
they are comprised of high spatial frequencies. By comparison, a picture of a series of dots
marking positions on a map involves less frequent and detailed changes in contrast over a
larger area of space, and hence are composed of lower spatial frequencies (Sergent, 1982).
Therefore, the dot patterns have lower spatial frequency and larger size than printed words,
and material type and stimulus characteristics are confounded. Importantly, these stimulus
confounds have both been associated with right-lateralisation of early neural activity within
250 ms after stimulus onset (e.g., Martinez et al., 2001; Sergent, 1982; van der Ham et al.,

2014).

Further compounding the issue, many experimental designs use neuroimaging
methods (PET, fMRI) for which the temporal resolution is 5 seconds or longer, meaning that
rapid stimulus-based lateralisation effects may be obscured by longer-lasting processes of the
memory task. By contrast, the use of electroencephalography (EEG) to measure brain activity
and an appropriate design in which lower-level attributes are controlled allows for a clearer
interpretation of material specific hemispheric lateralisation effects with respect to perceptual

and memory-related processing. However, few studies have utilised such an approach for this
purpose.

To help fill this gap, the current study asked healthy adults to learn four types of visual
stimuli, between which, memory-related and stimulus-related aspects of material (verbal,

spatial) were independently manipulated and compared in a subtraction design. For each type
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of to-be-remembered material (verbal: letter triplets, spatial: sets of three spatial positions),
the stimuli were presented in two visual forms. First, “standard” forms in which there was no
conflict between the type of material remembered in the memory task and the task-irrelevant
perceptual form (i.e., verbal memory: letters in string form; spatial memory: positions marked
by nonsense symbols). Second, “hybrid” forms with equivalent verbal-spatial stimuli (i.e.,
letters in distributed positions) that induced a conflict between the to-be-remembered material
type and the irrelevant material type. We denote the four tasks by their memory demands and
then their type of visual form as follows: 1) verbal-standard, 2) verbal-hybrid, 3) spatial-

standard, and 4) spatial-hybrid.

The “pure” effect of material-specific memory (i.e., independent of perceptual form)
was tested by comparing the verbal-hybrid task to the perceptually equivalent spatial-hybrid
task. The independent effect of verbal perceptual processing was tested by comparing the two
spatial memory tasks to each other as they only differed by the additional verbal stimulus
elements in the spatial-hybrid task. Conversely, the effect of spatial perceptual processing was
tested via comparing the two verbal memory tasks as they only differed by the additional
spatial stimulus elements in the verbal-hybrid task. Furthermore, using this method ensured
no overlap between measurement of the memory-related and perceptual lateralisation effects,
as verbal perception was tested during spatial memory tasks and spatial perceptual processing
during verbal memory tasks. Following the four memory tasks there was a rating task in
which participants reported what verbal labels they used to help them remember the items and
how frequently they used these labels. The ratings were used to determine if the expected
higher level of verbalisation for the verbal memory tasks correlated with the degree of left-

lateralisation.

We measured hemispheric lateralisation during the four memory tasks using event-
related theta and alpha power change at parietal scalp locations during memory testing. There
is a considerable evidence that power in the theta (4 to 7 Hz) and alpha (8 to 13 Hz) EEG
rhythms are linked to memory processing (Dujardin, Bourriez, & Guieu, 1994; Fell et al.,
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2011; Guderian & Duzel, 2005; Klimesch, 1999; Klimesch et al., 2005). Episodic encoding
success is associated with increased theta activity during the same “early” time period (100 to
250 ms post-stimulus) as the material and modality-specific N170 event-related potential
(ERP) peak, suggesting that theta could also show such material specificity (Klimesch,

Doppelmayr, Pachinger, & Russegger, 1997; Klimesch, Doppelmayr, Schwaiger, Winkler, &

Gruber, 2000; Klimesch, Freunberger, Sauseng, & Gruber, 2008; Klimesch et al., 2001, 2004).

Beyond the well-known role of the alpha rhythm in visual processing (Berger, 1930),
recent work suggests that alpha power plays a specific “gating” role for sensory information
by decreasing during task-relevant processing and increasing during task-irrelevant
processing (Pfurtscheller & da Silva, 1999). This general property of alpha power is found
with respect to memory tasks (Klimesch, 1999), with additional evidence that such changes in
“late” alpha power (750 to 1250 ms post-stimulus) show material specificity with left-
lateralisation during memory for words memory and right-lateralisation during memory for
faces (Burgess & Gruzelier, 2000). Taken together, alpha power may be particularly well
suited to compare the relative material specific lateralisation effects due to the processing of

memory versus processing related to perceptual form.

In summary, we measured event-related theta and alpha power at parietal electrodes to
investigate the relative effects of memory-related and perceptual processing of different
materials (verbal, spatial) on lateralisation of brain activity. While changes in theta power
peak much more quickly after stimulus onset (0 to 500 ms) than do more prolonged changes
in alpha power (500 to 1500 ms), we analysed data in both time windows as memory-related
effects have been reported in both for each frequency band (Klimesch, Sauseng, &
Hanslmayr, 2007; Mitchell, McNaughton, Flanagan, & Kirk, 2008). It was predicted that
verbal memory tasks would show left-lateralisation and the spatial memory tasks would show
right-lateralisation of theta and alpha power. It was also predicted that theta power would
show left-lateralisation for verbal perceptual processing and right-lateralisation for spatial

perceptual processing. As alpha power is known to decrease for memory-related processing
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and increase for memory-irrelevant processing, it was predicted that alpha power would show
a left-lateralised increase for verbal perceptual processing and a right-lateralised increase for

spatial perceptual processing.

An additional exploratory hypothesis was that hybrid stimuli, which had conflicting
memory and perceptual information affecting opposite hemispheres, would show a larger
hemispheric difference in alpha power than standard stimuli. For example, as spatial-hybrid
stimuli would show a right-lateralised decrease due to memory, and a left-lateralised increase
due to verbal perceptual processing, this should result in a larger difference between the
hemispheres than for spatial-standard stimuli, which should only show a right-lateralised

decrease in alpha power due to the spatial memory task.

2. Materials and Methods

2.1  Participants

Twenty students (mean age = 24.20 years, SD = 4.82, range 18 to 33; eleven males)
were paid to participate in the experiment. Data from eight additional participants were
excluded prior to analysis due to significant electroencephalography (EEG) artefacts (i.e.,
more than 40% of epochs rejected). All participants reported normal or corrected-to-normal
vision and were right-handed according to the Edinburgh Handedness Inventory (M = 88.67,
SD = 13.91, range 66 to 100). The experimental methods were approved by the Macquarie
University Human Research Ethics Committee in accordance with the Declaration of

Helsinki. Informed consent was obtained from all participants.

2.2  Apparatus

Testing occurred in a dimly lit room, with participants sitting 60 cm away from an 18”
Sony Trinitron CRT monitor (resolution 1024 x 768 pixels, 32 bit, 96 dpi, 100 Hz refresh rate)
showing a light grey background colour. Task instructions for both conditions were displayed
onscreen. Stimuli were controlled using Presentation (Neurobehavioral Systems Inc, Version

10.3) and EEG data were recorded with NeuroScan Synamps2 software. Participants
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responded with a Cedrus® RB830 button box, pressing one of two buttons that were

positioned to the immediate left and right of the box’s midline.
2.3 Stimuli and procedure

See Figure 1(a) for examples of the learned target stimuli, correct recognition stimuli,
and incorrect foils for all four stimulus types. The memory tasks involved six Encoding
blocks each followed by a Recognition block as shown in Figure 1(d). During Encoding
blocks, participants learned the Target stimuli while Recognition blocks involved
discriminating between Correct (equivalent to Target) and Foil (incorrect) stimuli (i.e.,

old/new judgements).
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A. Stimuli

Verbal-standard Verbal-hybrid Spatial-standard Spatial-hybrid
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B. Encoding trial C. Recognition trial

Wait (Start of trial) Wait (Start of trial)

300 ms 300 ms
+ Fixate Fixate
600 - 1000 ms 300 - 800 ms
. TARGET Wait
.. 1500 ms 300 ms
Wait (Start of next trial) TEST: Target/Foil
1500 ms
300 ms
Fixate
+ | w00ms

RESPONSE (red fixation)
Response time

Wait (Start of next trial)
300 ms

D. Task Design

1. Encoding | (8 Targets) —_— Recognition | (8 Targets, 8 Foils)
2. Encoding Il (8 Targets) —p Recognition Il (B Targets, 8 Foils)
3. Encoding lll (8 Targets) —f Recognition llI (8 Targets, 8 Foils)
4. Encoding IV (8 Targets) D ——— Recognition IV (8 Targets, 8 Foils)
5. Encoding V (8 Targets) —_— Recognition V (8 Targets, 8 Foils)
6. Encoding VI (8 Targets) —— Recognition VI (8 Targets, 8 Foils)

Fig 1. Experimental design. (A) Experimental stimuli - examples of targets and related foils for both

material types. (B) Procedure, Encoding phase - target stimulus presentation preceded by interval of
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randomised duration; (C) Procedure, Recognition phase - test stimulus presentation (intermixed
sequence of targets and foils) preceded by interval of randomised duration and followed by response
screen. (D) Task Phases 1 to 6 — sequence of phases (Encoding followed by Recognition within each

phase) including number of targets and foils per phase.

2.3.1 Verbal-standard stimuli

Target stimuli for the six Encoding blocks of the verbal-standard condition were a set
of eight letter triplets (i.e., G-M-T, E-O-V, A-X-Z, D-I-U, C-S-Y, F-K-L, B-J-N, H-P-R). The
triplets were chosen so that no mental rearrangement of the letters could form a real word.
Across the six encoding blocks the letters of each triplet were pre-randomised to have
different orders within the string (e.g., G-M-T, G-T-M, M-G-T, M-T-G, T-G-M, or T-M-G for
the Target G-M-T) to prevent the formation of letter-position associations. Twenty-four letters
of the alphabet were used with no letters repeated within the set. Letters were capitalised,
modified from Courier New font to each fit a square space subtending 0.53° visual angle
vertically and horizontally. Triplets were placed at the centre of the screen, with each letter

separated by 0.29° of visual angle.

Stimuli for the six Recognition blocks were comprised of Correct stimuli that
corresponded to re-presented Target stimuli, and six unique Foil items (one for each
Recognition block) per Target (48 in total). Foil items were created for each Target by varying
one letter of the Target (e.g., D-M-T, G-M-R, G-T-U, J-M-T, G-N-T, and H-M-T for the Target
G-M-T). Both Correct and Foil stimuli used the same set of 24 letters as for Target stimuli.
There were no restrictions on whether foils could be phonologically, orthographically or
visually confusable with their respective Targets. As for the set of Target stimuli, for Correct
and Foil the order of the letters within each triplet was pre-randomised (e.g., MGT, GTM,
MTG, MTG, TMG, MTG for Correct stimuli, and TMD, RMG, UTG, TMJ, GTL, MTH for Foil
stimuli). The pre-randomisation of letters was fixed for all stimulus sets (Target, Correct, Foil)

so that each participant experienced exactly the same stimuli across the task.
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2.3.2 Spatial-standard stimuli

Each of the eight Target stimuli in the spatial-standard condition consisted of three
spatially distributed positions marked by symbols as shown in Figure 1(a). Each Target
stimulus was formed by selection of three positions from an irregular, asymmetric array of
twenty-four positions within a maximum two-dimensional range of 11.23° x 9.31° visual
angle, centred on the screen without a grid or outer boundary. The positions were distributed
approximately evenly across and within each quadrant of this range. Adjacent positions were
separated by a minimum of 1.71° visual angle between the nearest outer edges of adjacent
letters (i.e., designed to be greater than twice the width/height of a symbol to reduce
perceptual grouping). Within the set of Target stimuli, all twenty-four positions were
exhausted per set (i.e., no position was used twice), analogously to the method used for the

verbal-standard stimuli.

The irregular design of the positional array meant that no pairs of positions could be
completely aligned along any horizontal or vertical axis, and no triplet of positions could be
aligned along a diagonal axis. In addition, no stimuli could “point” directly toward a corner,
and no array configuration (i.e., the specific combination of angles between letters) could be
exactly repeated in a transposed or rotated form. This particular array, and the restrictions,
were applied to discourage verbalisation or perceptual grouping of different positions into one
larger position, and instead promote encoding of the exact locations of and distances between

the positions.

Three unique symbols were created in order to match this condition with the verbal-
standard condition in terms of the variability of the non-mnemonic attribute (i.e., three
possible horizontal locations in the case of verbal-standard stimuli, see Section 2.3.1). The
symbols were constructed by dividing up the letter stimuli (used for verbal-standard stimuli)
into fragments using a graphics editor and then re-pasting them together. This method meant
that the average number of black pixels across the set of twenty-four letters (M = 555

pixels/letter, SD = 71.87) was statistically matched to the average for the symbols (M = 553
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pixels/letter, SD = 32.36; t(46) = 0.13; p = .90). The three unique symbols were always used
in each stimulus and were randomly pre-assigned to each of the three positions per stimulus,

matching the use of letter order in the verbal-standard stimuli.

Spatial-standard stimuli for the Recognition blocks were comprised of six Correct
stimuli per Target per block (48 in total) and six unique Foil items per Target per block (48 in
total). Foil items were created for each Target by varying one position of the Target. Correct
and Foil stimuli used the same set of 24 positions as Targets, and any position in a Target

could be re-used as part of a Foil (as for the letters in the verbal-standard stimuli).

2.3.3  Verbal-hybrid stimuli

For verbal-hybrid stimuli a set of eight, three-letter triplets were created as the set of
to-be-remembered Target stimuli (i.e., as for the verbal-standard stimuli). In contrast to
verbal-standard stimuli, the letters were not horizontally aligned as a string but distributed in
positions within the same array used for spatial-standard stimuli. In addition, Target stimuli
(and Correct and Foil stimuli accordingly) were composed of different combinations of the
same 24 letters used for verbal-standard stimuli. In this condition the relative position of the
letters within the array was pre-randomised in order to prevent letter-position associations
(i.e., corresponding to the pre-randomisation of the letter order in the strings in the verbal-
standard condition). Otherwise the stimuli, foil creation, and task conditions were identical to

verbal-standard stimuli.

2.3.4  Spatial-hybrid stimuli

For spatial-hybrid Target stimuli, the set of positions was fixed across blocks while the
letters were pre-randomised (i.e., in the opposite manner to the verbal-hybrid stimuli for
which the sets of spatial positions were instead pre-randomised). The three-position
combinations to be learned were different to those used in the spatial-standard stimuli.
Otherwise, all other aspects of the stimulus creation, randomisation and control were the same

as for spatial-standard stimuli.
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2.3.5 Stimulus control — bigram frequency

Using the Windows program N-Watch, letter bigram frequency (e.g. of G-M
combination within G-M-T) was statistically controlled between verbal-standard, verbal-
hybrid, and spatial-hybrid stimuli and also between the Target, Correct, and Foil stimuli
within each stimulus type. Trigram frequency (e.g., G-M-T) was always zero as none of the

triplets could be arranged to spell real words.
2.3.6  Stimulus control — spatial area

Foil items for spatial-standard and spatial-hybrid stimuli were created to be
sufficiently distinguishable from targets. In addition, the spatial area subtended by sets of
array positions was statistically controlled between spatial-standard, spatial-hybrid, and
verbal-hybrid stimuli. Area (4) was calculated within the triangle created by the lines
connecting the centres of each position using the formula for a scalene triangle: 4% = s.(s —
a).(s — b).(s — ¢), where s = (a + b + ¢)/2. Area was chosen as an efficient summary measure
that captures many spatial attributes simultaneously such as total size and horizontal/vertical

distance.
2.4 Recognition memory task design

The format of the memory task, depicted in Figure 1(b, c), was equivalent for all four
stimulus types and involved six phases, each of which consisted of 1) an Encoding block
(Targets) followed by ii) a Recognition block (Correct and Foils). In each of the six Encoding
blocks, participants were instructed to learn the eight Target stimuli, with no instructions to
categorise or label the stimuli. Target stimuli were presented sequentially in pseudorandom
order. The same eight Encoding stimuli were shown during each of the six Encoding blocks,
with constant memory-related attributes and pre-randomised stimulus-related attributes as
described in Sections 2.3.1 to 2.3.4. Each Encoding block was followed by a Recognition
block in which each Target stimulus was presented intermixed with eight Foil stimuli in a

pseudorandom order.
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For each Recognition block, participants pressed one button on a button box to
indicate a match to a Target stimulus (“yes—seen before”) and a second button to indicate a
new item (“no—unseen’). To account for any response-hand-related hemispheric
lateralisation in ERP peaks, response instructions were counterbalanced between participants
so that half were instructed to press the right button for “yes” and the left for “no” for both
tasks, and response instructions were reversed for the other half of the sample. Stimuli were
always presented for 1500 ms. To enhance sustained attention to the task, the duration of pre-
and post-stimulus intervals was jittered randomly between 600 and 1000 ms during Encoding
blocks and 300 to 800 ms during Recognition blocks, as shown in Figure 1(b, ¢). Participants
performed each of the four recognition tasks to completion before commencing a subsequent
stimulus type, and the recognition tasks were presented in counterbalanced order between
participants such that a verbal condition was always followed by a spatial condition and vice

versa.

2.4.1 Verbalisation rating task

Following the four memory tasks involving the four different stimulus sets
participants completed a surprise verbalisation rating task on the computer. One task
combined the two verbal memory conditions and one combined the two spatial memory
conditions. The tasks were administered in the same order that the memory tasks were
completed (e.g., verbal rating task administered first if a verbal memory task had been first).
Prior to task onset, participants were instructed to rate each stimulus by button press (i.e.,
“How often did you use a verbal label to help you remember the item during the task™, on a
scale: “0” (“never or don’t remember the item”), “1” (“occasionally”), “2” (“often) and “3”
(“always”). For each of the four memory tasks, all eight Learning stimuli (24 total) were
presented one at a time (1500 ms duration) in an intermixed, pre-randomised order that was
the same for every participant. Following the stimulus, a response screen was presented
showing the four rating options and the button press required for each as described above.

Although there was no time limit for the response participants were encouraged to respond as
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quickly as possible. It was heavily emphasised that this was a rating of how often they had
used the verbal label during the task, rather than a test of their ability to think of appropriate
verbal labels following their experience on the task. Following their rating, participants were
asked by the experimenter what verbal label(s) they had used, if any. This was repeated for all
items, and then followed by the remaining rating task. Response data for this task was saved

by the computer and the spoken responses were transcribed in full by the experimenter.

2.5 EEG recording and offline analysis

Each participant’s EEG was recorded during the Recognition Phase using sintered Ag-

AgCl electrodes mounted in an Easy-Cap according to the 10-20 system (FP1, FP2, F7, F3,
Fz, F4, F8, FT7, FC3, FCz, FT8, T7, C3, Cz, C4, T8, TP7, CP3, CPz, CP4, TPS, P7, P3, Pz,
P4, P8, O1, Oz, and O2). The ground electrode was positioned between FPz and Fz. Activity
from both mastoids was recorded and the left mastoid served as the online reference. Vertical
eye movements (VEOG) were measured with electrodes placed above and below the left eye.
Horizontal eye movements (HEOG) were measured with electrodes on the outer canthi of
each eye. Electrode impedance was kept below 5 kQ. The signal was amplified 20,000 times
(SynAmps2 amplifier, Compumedics Limited), sampled at 500 Hz, low-pass filtered at 100

Hz online and saved to the computer’s hard disk.

Offline analysis was conducted using BESA Research software (version 6.0, BESA
GMbH, Grafelfing, Germany). First, portions of EEG containing large movement-related
artefacts were manually rejected. EEG was then set to reference-free and filtered (highpass
0.53Hz, forward, 6 db/octave; lowpass 8Hz, zero phase, 24 db/octave roll-off), for artefact
correction which was carried out using the adaptive method of the automatic artefact
correction tool in BESA. This method applied a predefined source model to the data,
combining three topographies accounting for EOG activities (HEOG, VEOG, blink) with a set
of 12 regional sources modelling the different brain regions. If the EOG signals exceeded set
thresholds (HEOG amplitude 150pV, VEOG/Blink threshold 250uV), then the current EEG

topography was accumulated and averaged over the whole EEG. The first principle
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component of this averaged EOG signal served as the artifact topography that was used for
artifact correction, which was performed using an adaptive method (see Ille, Berg, & Scherg,

2002, for further details).

EEG data were then divided into 2500 ms epochs with a 1000 ms pre-stimulus interval
and 1500 ms post-stimulus interval. These epochs were then re-referenced to the average of
the left and right mastoids, band pass filtered (highpass 0.53 Hz, forward phase, 6 dB/octave
roll-off; lowpass 200 Hz, zero phase, 24 dB/octave roll-off) and baseline corrected the using
mean pre-stimulus amplitude for the epoch. EEG artefacts, including blinks and eye-
movements, were rejected using the BESA artefact scan tool, which rejects trials based on
abnormally high amplitudes (120 uV), abrupt gradients in amplitude exceeding 75 nV, or
unusually low signal (below 0.01 uV). Mean percentage of epochs rejected was low (verbal-
standard, 4.48%, verbal-hybrid, 6.60%, spatial-standard, 5.52%, spatial-hybrid, 5.42%).
Epochs associated with incorrect responses were also excluded from further analysis,
resulting in the following average percentage of trials accepted: (verbal-standard, 87.08%,

verbal-hybrid, 82.67%, spatial-standard, 78.61%, spatial-hybrid, 79.38%).
2.5.1 Event-related power change

EEG amplitude for each accepted epoch and channel was squared in order to obtain
simple power estimates and averaged separately for each experimental condition and
participant. BESA was then used to conduct time-frequency analysis (frequency range 2 to 20
Hz, frequency/time sampling of 1 Hz/50 ms) resulting in 969 time-frequency measures (19
frequency samples x 51 time samples) per electrode. Based on these data, event-related power
change (power) values were calculated as the percentage decrease or increase in band power
during the test interval (stimulus onset to 1500 ms post-stimulus) compared with the reference
interval (1000 ms pre-stimulus to stimulus onset; Pfurtscheller & da Silva, 1999). Positive
power values indicated a mean power increase relative to baseline while negative values
indicated a mean power decrease. These power measures were then averaged to create 64

frequency- and time-specific power measures per participant: four hemispherically lateralised
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sites in the left (P3 and P7) and right parietal (P4 and P8) region by two memory tasks
(verbal, nonverbal) by two forms (standard, hybrid) by two frequency bands (theta: 4 to 7 Hz;
alpha: 8 to 13 Hz) by two time windows (early: 0 to 500 ms; late: 500 to 1500 ms). Region-
wide measures were then obtained by averaging the mean power of P3 and P7 (left parietal),
P4 and P8 (right parietal), resulting in 32 total measures used for analysis: Memory (2) x

Form (2) x Frequency (2) x Time (2) x Hemisphere (2).
2.6  Statistical analysis
2.6.1 Behavioural performance

Mean percentage correct responses to targets and foils were calculated during the
Recognition Phase, from which mean percentage correct and sensitivity (d°) values for
target/foil discrimination were calculated to ensure the different kinds of stimuli in each
condition were adequately learned. d’ is based on z-score transformations and takes into
account both hits and false alarms, controlling for response biases (McNicol, 1972). Response
times (RTs) were calculated by subtracting the time of response from the onset time of the
response screen (see Figure 1), and median RTs were calculated for each participant. For

analysis response times were inverse transformed (i.e, 1/RT) to reduce the impact of outliers.

In order to determine whether task performance had a significant impact on EEG
measures, accuracy/EEG correlational analyses were conducted, specifically between: 1) the
difference in recognition accuracy (d’) between the materials (i.e. d verbal — d ‘nonverbal), and 2)
the difference in EEG measures between the materials (i.e. powerverbal — pOWernonverval), for the
32 relevant power measures (i.e., all frequency [theta, alpha] by form [standard, hybrid] by
time [early, late] by hemisphere [left, right] combinations). Equivalent correlations were
calculated for differences due to form (standard — hybrid), and also between (inverse
transformed) response times and EEG measures. To calculate 95% confidence intervals for
each correlation a bootstrap method was conducted with 1000 samples (IBM SPSS Statistics

version 22).
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2.6.2 EEG hemispheric lateralisation and memory (old/new) effects

Using SPSS, the key predictions of material and process effects on hemispheric
differences were tested by comparing mean amplitudes using three-way repeated measures
ANOVA with factors memory (verbal, nonverbal), form (standard, hybrid), and hemisphere
(left, right). Separate ANOVAs were run for each of the four combinations of frequency band
(theta, alpha) and time window (early, late). We analysed main effects and interactions

between these factors as well as planned simple effects to compare memory and form effects.

As we used an experimental procedure with multiple repeated items and trials in order
to maximise the proportion of correct responses, we did not compare mean power data
between correct and incorrect responses due to the likely low proportion, and hence poor
reliability, of the mean data associated incorrect responses. Instead, a grand average of
Repetition (old — new) was calculated for each peak across stimulus types and analysed with a
two-tailed one-sample #-test to determine if there was an overall repetition effect (e.g., old >
new). Repetition (old — new) was also analysed in a Memory x Form x Hemisphere ANOVA

for each frequency band and time window.
2.6.3 Data treatment, effect size and correction for multiple comparisons

To ensure that analyses were robust to the effect of outliers, extreme values within all
EEG, recognition accuracy and response time measures were subjected to a winsorisation
procedure where values greater than the 95th or less than the 5th percentiles were adjusted to
these cut-off values. Extreme values accounted for less than 5% of the data across variables.
Verbalisation ratings were corrected for recognition accuracy (i.e., corrected ratings =

ratings/proportion correct) as appropriate to each stimulus type.

Effect size for all ANOVAs was reported as partial eta-squared (#,°), the proportion of
variance explained controlling for other effects (interpreted as small: .01 to .09, medium: .09
to .25, or large: > .25; Kenny, 1987). Cohen’s d adjusted for repeated measures (Morris &

DeShon, 2002), was reported for tests of simple main effects and appraised according to the
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review of Lipsey andWilson (2001), i.e., small: < 0.3, medium: 0.3 to 0.7, large: > 0.7).

The statistical significance of analyses involving t-tests was assessed using a
bootstrapped p value with 1000 samples in SPSS (reported simply as p). For simple main
effects analyses, p values were adjusted for multiple comparisons (reported as p,) using a
permutation testing procedure designed for repeated measures (10000 permutations,
MATLAB function "mult comp perm_t1" by Groppe, Urbach, & Kutas, 2011). Like
Bonferroni correction, this method adjusts p values in a way that controls the family-wise
error rate. However, for EEG data the permutation method is more powerful than Bonferroni
correction due to high within-subject correlations between sites and conditions (Blair &

Karniski, 1993; Burgess & Gruzelier, 2000; Good, 1994; Manly, 1997).
3. Results
3.1 Behavioural performance

Figure 2 shows learning curves of memory performance across the six learning blocks
for verbal-standard, verbal-hybrid, spatial-standard, and spatial-hybrid conditions. Mean
recognition accuracy (d’) across the six learning trials was significantly higher for verbal
material, M = 2.35 (mean 86% correct), than spatial material, M = 1.57 (77% correct), p
<.001, #,° = .66. In contrast, d’ did not significantly differ between the standard (82%) and
hybrid forms (81%), p = .21. The Material x Form interaction was not significant, p = .08, and
planned contrasts showed the material effect (verbal > spatial) was significant for both forms
(standard, p, <.001; hybrid, p, = .02) while the effect of form was not significant for either

material, pps > .28.
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Fig 2. Mean recognition accuracy across recognition blocks 1 to 6 for all stimulus types (percent

correct for display purposes).

In contrast to the difference in d’in favour of verbal memory, response times (RTs)
were quicker for spatial memory, M =459 ms [Clos: 375 592], than verbal memory tasks, M =
532 ms [451 648], F(1,19) = 6.35, p = .02, ,° = .25, and for stimuli with standard form, M =
463 ms [379 596], than hybrid form, M = 525 ms [444 643], F(1,19) = 5.20, p = .03, 5,° = .22.
There was also a significant interaction between material and form, F(1,19) =5.00, p = .21,
1> = .21. with contrasts showing RTs for verbal-hybrid stimuli were significantly slower than
for spatial-hybrid, p, = .03, or for verbal-standard stimuli, p, = .02. Mean RTs for all stimulus
types are shown in Supplementary Table 1. In sum, recognition accuracy was superior for
verbal memory versus spatial memory, while perceptual form did not affect accuracy. For
response speed spatial memory was superior to verbal memory, while spatial form was related

to slower response times compared with no spatial form.
3.2 Correlations between performance and EEG measures

Despite these significant differences in d” and RT as a function of memory task and
visual form, the differences in d’ between the materials (i.e., verbal — nonverbal) or forms
(standard — hybrid) and equivalent differences in EEG measures were not significantly
correlated with the exception of alpha (verbal-standard — verbal-hybrid), #(20) = -.49
[ Closbootstrap): --77 -.12], uncorrected p = .03, in the right hemisphere. Equivalent comparisons

for RT differences did not show any significant correlations. In sum, the impact of recognition
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accuracy or response speed on EEG measures appears to be low (in total only approximately
3% of correlations were significant). See Supplementary Tables 2 and 3 in the Appendix for

complete inferential statistics for d” and RT, respectively.

3.3 Verbalisation ratings

Figure 3(a) shows a strong correlation between verbalisation frequency ratings and
recognition accuracy averaged across all four stimulus types. This correlation was also
significant within verbal-standard, 7(18) = .61, p = .004, verbal-hybrid, »(18) = .51, p = .02
and spatial-hybrid stimuli, #(18) = .54, p = .01, but not for spatial-standard stimuli, 7(18)

= 36,p=.12.

"Always"

"Often"”

"Occasionally”

per correct item

Mean verbalisation rating

"Never/don't

know"

[ g

Verbalisation rating

Fig. 3. Verbalisation ratings. (a). Correlation between verbalisation ratings and d’, both averaged
across conditions, with regression line of best fit. Dotted line indicates maximum possible ¢’ and
dashed line indicates maximum verbalisation frequency rating. (b). Mean verbalisation frequency

ratings, corrected for recognition accuracy, for all four stimulus types. *** p <.001.

Figure 3(b) shows corrected mean verbalisation frequency ratings (i.e. verbalisation
rating per correct item), for all stimulus types. The ANOVA showed the main effect of
Memory (verbal > spatial) on verbalisation frequency was significant, p <.001, while the
main effect of Form was not significant, p = .58. The Memory x Form interaction was
significant, p = .04, and explained by a significant effect of memory for standard form only
(i.e., verbal-standard > spatial-standard, p, < .001). Together these results show that the

verbalisation ratings clearly distinguished encoding strategies of verbal and spatial memory
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tasks, while also suggesting that equalising the perceptual form to a verbal-spatial hybrid

reduced the difference in verbalisation strategy due to the to-be-remembered material type.

3.4 EEG lateralisation: memory, perceptual, and old/new effects

3.4.1 Early theta power, 0 to 500 ms

Figure 4 shows the left and right hemisphere mean event-related theta power change

across all combinations of material and form. As expected, the theta response showed a rapid

increase peaking at approximately 250 ms and subsequent decrease to baseline within

approximately 500 ms post-stimulus (below the baseline in the case of spatial-hybrid). In-text

reporting of contrasts is restricted to comparisons of direct theoretical relevance; for brevity,

using p, values only. Complete inferential statistics for theta analyses are reported in

Supplementary Tables 4 to 7 in the Appendix.
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Fig. 4. Mean percent theta power change from -1000 ms pre-stimulus to 1500 ms post-stimulus for

verbal and spatial materials with standard and hybrid forms at parietal sites in both hemispheres.

Early theta power revealed a significant main effect of memory (spatial > verbal), p

=.03, and form (hybrid > standard), p = .006, while hemisphere was not significant, p = .51.
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However, none of the ANOVA interaction effects testing for associations between material,
form and lateralisation were significant. Interaction contrasts showed that the main effect of
memory (spatial > verbal) reached significance in the left hemisphere, p, = .046, but not in the
right hemisphere, p, = .19, which is opposite to the predicted pattern (see Figure 5). Hybrid
stimuli showed a larger increase in theta power than standard stimuli in the right hemisphere,

pp = .01, but not in the left, p, = .12.

Early theta did not show a significant main effect of Repetition overall (i.e., repeated
targets did not differ from non-repeated foils; old > new, hereafter termed the “old/new
effect”), p = .77, or interactions, although there were a number of marginally significant
trends with ps ranging from .06 to .09. While contrasts showed no old/new effect per se there
was a novelty effect (i.e., new > old) that was larger in the left hemisphere for hybrid than
standard form, p, = .02 (right, p, = .87; see Figure 6). Overall, early theta power showed
subtle signs of lateralisation that opposed our predictions for memory-related effects of
material, and there was no consistent lateralisation effect associated specifically with verbal

or spatial perceptual form.

Memory Perceptual form
509  -@- spatial memory " —®— Standard form
-®~ Verbal memory =®- Hybrid form
& 40+ -
>
=}
g %01 : S UL Ll
“;" 204 4 I
o
o
< 104 -
0
Left* Right Left Right*
Hemisphere Hemisphere

Fig. 5. Mean percent power change for early theta (0 to 500 ms post-stimulus, with standard error
bars) for verbal and spatial memory in both hemispheres. Left: memory-related effect of material;
Right: perceptual form effect. Asterisks by x-axis labels refer to significant contrasts (i.e., spatial >

verbal memory; perception: hybrid > standard). * p, <.05.
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Fig. 6. Mean percent power change for early theta (0 to 500 ms post-stimulus, with standard error
bars) for repetition effect (old — new) for standard and hybrid visual form in both hemispheres.
Asterisks by x-axis labels refer to significant contrasts (i.e., perceptual form: standard > hybrid

old/new effect). * p, <.05.

3.4.2 Late theta power, 500 to 1500 ms

Late theta power revealed a significant main effect of memory (spatial > verbal
decrease), p = .02, and hemisphere (right > left decrease) p = .001, but none of the ANOVA
interactions were significant. However, interaction contrasts showed that right-lateralisation
was significant for spatial memory, p, = .005, but not verbal memory, p, = .13 (see Figure 7).
Right-lateralisation was significant for both spatial-standard form, p, = .003, and spatial-
hybrid form, p, = .045, but was not significant for either verbal-standard, p, = .09, or verbal-

hybrid forms, p, = .80.

317



Memory

101 —®— Verbalmemory
=®- Spatial memory**

o~
> 5=
)
2
_ Oml o ocoeoocelecocsccooscsccsocosscclocscscoscse
) .ol
= Sso
o S.o
o 5 = ~‘~~
< 9

-10 -

Left Right

Hemisphere

Fig. 7. Mean percent power change for late theta (500 to 1500 ms post-stimulus) for verbal and spatial
memory in both hemispheres. Asterisks by x-axis labels refer to significant contrasts (i.e., memory:
spatial > verbal) and those by figure legend labels refer to significant lateralisation (right > left). ** p,
<.01.

The main effect of repetition was not significant, p = .34, nor were any of the ANOVA
interactions, ps > .08, and none of the interaction contrasts were significant. In sum, late theta
showed slightly stronger right-lateralisation for spatial compared to verbal memory, but there

was no effect of perceptual form of materials on lateralisation.

3.4.3 Early alpha power, 0 to 500 ms

Figure 8 shows alpha power has a small increase before the stimulus before declining
rapidly below baseline levels with a minimum “peak” at approximately 500 ms post-stimulus,
before slowly increasing from 500 to 1500 ms. Complete inferential statistics for alpha are

reported in the Appendix (Supplementary Tables 8 to 11).
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Fig. 8. Mean percent alpha power change from -1000 ms pre-stimulus to 1500 ms post-stimulus for

verbal and spatial materials with standard and hybrid forms at parietal sites in both hemispheres.

For early alpha power the main effect of hemisphere (right > left) was significant, p
=.002, but there were no other significant main effects or interactions from the ANOVA.
Interaction contrasts showed that all four combinations of memory task and visual form were
significantly right-lateralised to a similar degree, with p,s ranging from .017 to .027 (see
Figure 9). For the old/new effect there were no significant main effects, interactions, or
contrasts. In summary, early alpha showed strong right hemispheric lateralisation but was not

sensitive to the type of material, whether memory-related or not.

Memory Perceptual form
Omesooscosssasovesossssssvssssscsss A S
-~ Verbal memory* -®- Standard form*
-®- Spatial memory* -®- Hybrid form*

-10 =

-20 =

A Power (%, uVZ)

30 o
Left Right Left Right

Hemisphere Hemisphere
Fig. 9. Mean percent power change for early alpha (0 to 500 ms post-stimulus, with standard error

bars) for verbal and spatial memory in both hemispheres. Left: memory effect; Right: perceptual form
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effect. Asterisks by x-axis labels refer to significant contrasts (i.e., spatial > verbal memory;

perception: hybrid > standard) * p, <.05.
3.4.4 Late alpha power, 500 to 1500 ms

For late alpha power there was a significant main effect of form (hybrid > standard
decrease), p = .01, and hemisphere (right > left), p = .001. The Memory x Form interaction
was significant, p = .01, but the remaining interactions were not significant. Interaction
contrasts showed the effect of form (hybrid > standard) was larger for verbal memory, p,
= .01, than for spatial memory, p, = .99. For verbal memory this form effect was significant
only in the left, p, = .03 (right p, = .17), suggesting that the lack of significance in the right
hemisphere was due to spatial perceptual form decreasing alpha power in the right

hemisphere, consistent with predictions (see Figure 10).

Right-lateralisation was significant for both verbal and spatial memory but was
perhaps slightly more pronounced for spatial memory, p, = .001, than verbal memory, p,
=.03. The old/new effect was significant overall, p = .02; however, none of the ANOVA
interactions or contrasts were significant, p,s > .06. In summary, late alpha showed strong
right-lateralisation in general while spatial perceptual processing mildly reduced right-

lateralisation, as predicted.
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Spatial form Verbal form

-®- No spatial form -®- No verbal form
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Fig. 10. Mean percent power change for late alpha (500 to 1500 ms post-stimulus, with standard error
bars) for verbal and spatial memory in both hemispheres. Left: spatial perceptual form; Right: verbal
perceptual form. Asterisks by x-axis labels refer to significant contrasts (i.e., spatial > no spatial form).

* pp<.05.
4. Discussion
4.1  Effects of memory and perceptual form on material specific lateralisation

The aim of this study was to investigate the relative effects of memory task and
perceptual form in mediating material specific hemispheric lateralisation. This was conducted
by experimentally separating the demands of memory and perceptual form and measuring
EEG lateralisation in healthy participants. We predicted a pattern of relative left-lateralisation
of theta band power due to both verbal memory and verbal perceptual form, and an opposing
effect of right-lateralisation for spatial memory and spatial perceptual form. For alpha band
power the predictions were the same as those for theta in terms of memory but were reversed
for perceptual form, due to the known antagonistic nature of alpha power responses to
memory-relevant versus memory-irrelevant processing. Overall, neither set of predictions
were clearly supported. The secondary hypothesis predicting larger material specific
lateralisation differences in alpha power between hybrid stimuli compared with standard

stimuli, was also not supported overall.

While there was the expected association between spatial memory and right
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hemispheric lateralisation for late theta, this pattern was reversed for early theta (i.e., spatial >
verbal in left). For perceptual processing the pattern of lateralisation was also inconsistent.
While spatial perceptual form was associated with a relative decrease in right hemisphere
alpha power as predicted, the pattern for theta was more general and inconsistently lateralised,
confounding a clear interpretation. Late alpha showed an overall old/new memory effect,
consistent with some previous findings (e.g., Burgess & Gruzelier, 2000); however, again the
lateralisation of this effect was not affected by memory task or visual form. The most striking
effect in this study was a large-sized right-lateralisation effect in late theta, early alpha, and
late alpha across all tasks (77,°s > .40). In summary, the results showed consistent and strong
right-lateralisation in both theta and alpha, but with only minimal and inconsistent effects of

our experimental manipulations of material-specific memory and perceptual form.
4.2 Verbalisation

Despite the lack of EEG evidence for material specific hemispheric lateralisation,
overall spatial memory was associated with lower verbalisation ratings than verbal memory,
suggesting the former was comparatively more difficult to verbalise. This finding is consistent
with previous studies that used alternative measures of verbalisation (e.g., behavioural dual-
task interference in Golby et al., 2001, and Hampstead et al., 2010), but the lack of associated
material specific EEG lateralisation is inconsistent with previous findings that greater right-
lateralisation is associated with lower stimulus verbalisability (e.g., Golby et al., 2001).
Interestingly, despite this overall pattern (i.e., verbal > spatial verbalisation), there was no
significant difference between spatial and verbal memory tasks with hybrid forms, suggesting
that the mere presence of an irrelevant material type reduced or interfered with material-
specific encoding strategies. Conceivably, managing the conflict between relevant and
irrelevant materials could have resulted in poorer implicit encoding of verbalisation strategies
and hence explain the lower reporting of such strategies following the memory tasks. This
finding is arguably supported by slower response times for the verbal-hybrid task than for the
verbal-standard task (see Section 3.1). Together, the results suggest that while the
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verbalisation ratings appeared to validate our manipulations of memory and perceptual form,
either this difference was not sufficiently large to elicit the expected EEG changes (cf.
Burgess & Gruzelier, 2000), or the type of frequency measures used in this study were not

sufficiently sensitive to detect the difference.
4.3 Limitations

It is possible that the width of the time windows used to measure EEG power were too
large to detect the effects of interest in this study. This speculation is supported by successful
findings with the same dataset using ERP measures within the first 350 ms after stimulus
onset (Chapter 5). In addition, while previous investigations have found material-specific
effects with EEG power measures in very similar time windows (e.g., Burgess & Gruzelier,
2000) or using fMRI (e.g., Kelley et al., 1998), these studies did not test stimulus-level
characteristics as precisely as in this study. Putting aside the experimental manipulations, the
tasks had many overlapping visual and spatial processing demands. Each task required
attention to the precise visual and spatial characteristics of the stimuli and such general visual-
spatial attentional processing could explain the near-universal pattern of right-lateralisation in
this study (e.g., Corbetta & Shulman, 2011; Langner & Eickhoff, 2013; van der Ham et al.,
2014). Alternatively, the design of the verbal memory tasks may have encouraged strategies
similar to letter-by-letter reading which have been associated with the right hemisphere (e.g.,
see Ellis et al., 2004, for a review). Future studies could compare these potential causes of the
pattern of right-lateralised EEG power observed in this study, as well as measuring EEG

power within different time windows to determine if timing was a mediating factor.
4.4  Conclusion

The results of this study suggest that measures of EEG power in the theta and alpha
frequency bands may not be sensitive to differences in material-specific processing when
stimulus-related attributes are controlled or manipulated, unlike ERP measures (as shown in
Chapter 5). These transient effects may have been overshadowed by general, ongoing visual

and spatial attentional processes involving the right hemisphere common to all tasks. This
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right-lateralisation was unrelated to verbalisation which differed in the expected manner
according to the type of material remembered and by task-irrelevant perceptual processing.
Further research is needed to cast light on the precise localisation and functional

characteristics of the right-lateralised EEG observed in this study.
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Appendix

Supplementary Table 1.
Mean response times (RT; in milliseconds) for all stimulus types

Memory Form Memory*Form M Cliow Clupp
Verbal 532 648 451
Spatial 459 592 375
Standard 463 596 379

Hybrid 525 643 444
Verbal-standard 476 599 395

Verbal-hybrid 602 732 512

Spatial-standard 451 600 362

Spatial-hybrid 466 596 383

M = mean; Cliow/Clupp = lower/upper bounds of 95% confidence interval.

Supplementary Table 2.
Correlations between differences in d’and differences in EEG measures, for
Memory and Form comparisons.

Difference ERP measure r Cliow Clupp p

Mem(Std) Theta— L 34 -.03 .66 14
Mem(Std) Theta—R 19 -15 49 43
Mem(Std) Alpha - L 29 -.08 .60 21
Mem(Std) Alpha - R 35 -.04 67 14
Mem(Hyb) Theta— L 32 -.08 .59 17
Mem(Hyb) Theta—R 27 -.08 54 24
Mem(Hyb) Alpha - L 12 -.35 A48 61
Mem(Hyb) Alpha-R .07 -47 .53 .76
Frm(Ver) Theta—L 13 -.25 49 .60
Frm(Ver) Theta—R -.25 -.65 37 .29
Frm(Ver) Alpha—L -.08 -.53 .28 73
Frm(Ver) Alpha-R -.49 =77 -12 .03
Frm(Spa) Theta—L .23 -.10 .55 .33
Frm(Spa) Theta— R 19 -12 49 41
Frm(Spa) Alpha—L -.20 -.50 19 41
Frm(Spa) Alpha-R -.20 -.58 A7 .39

Mem = Memory (Verbal - Spatial); Frm = Form (Standard - Hybrid); L = Left; R = Right; Std
= Standard; Hyb = Hybrid; r = correlation coefficient; Cliow/Clupp = lower/upper bounds of
95% confidence interval (1000x bootstrapped); p = significance test (uncorrected).

Supplementary Table 3.

Correlations between differences in RT and differences in EEG measures, for

Memory and Form comparisons.

Difference ERP measure r Cliow Clupp p

Mem(Std) Theta—L -13 -72 .38 .59
Mem(Std) Theta—R -12 -75 43 .61
Mem(Std) Alpha-L -.20 -.52 .28 .39
Mem(Std) Alpha—-R -19 -.61 19 42
Mem(Hyb) Theta— L -.00 -.48 48 .99
Mem(Hyb) Theta— R .01 -.36 .34 .98
Mem(Hyb) Alpha-L -.28 -.59 19 .23
Mem(Hyb) Alpha - R -.09 -47 40 71
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Frm(Ver) Theta— L .09 -37 .53 .69
Frm(Ver) Theta— R -.02 -.49 46 .94
Frm(Ver) Alpha - L 24 -.23 .82 .32
Frm(Ver) Alpha - R .26 -22 72 27
Frm(Non) Theta— L .04 -44 41 .86
Frm(Non) Theta— R .02 -.38 .35 .93
Frm(Non) Alpha - L 43 A1 .66 .06
Frm(Non) Alpha-R .29 -.06 .64 21
Mem = Memory (Verbal - Spatial); Frm = Form (Standard - Hybrid); L = Left; R = Right; Std =
Standard; Hyb = Hybrid; r = correlation coefficient; Cliow/Clupp = lower/upper bounds of 95%
confidence interval (1000x bootstrapped); p = significance test (uncorrected).
Supplementary Table 4a.
Descriptive and test statistics for theta (0 to 500 ms) mean amplitude.
ANOVA Factor Mem Frm Hem M Cliow  Clupp
Mem Ver 19.48 10.92 28.03
Spa 30.44 1559 45.28
Frm Std 2090 10.24 3157
Hyb 29.01 16.86 41.16
Hem L 23.87 1427 3347
R 26.04 1275 39.34
Mem * Frm Ver Std 12.89 6.34 19.44
Hyb 26.07 14.14 38.00
Spa Std 28.92 1144  46.39
Hyb 31.95 18.15 45.76
Mem * Hem Ver L 18.28 1043 26.14
R 20.67 10.79  30.55
Spa L 29.46 16.77 4214
R 3142 1351 49.32
Frm * Hem Std L 2097 1153 30.40
R 20.84 8.46  33.21
Hyb L 26.77 16.27 37.27
R 31.25 16.28 46.22
Mem * Frm * Hem Ver Std L 13.34 7.26 19.42
R 12.44 4.84 20.04
Hyb L 2323 1222 34.23
R 28.91 1486 42.95
Spa Std L 28.60 13.03 44.16
R 29.24 9.04 4944
Hyb L 30.31 18.88 41.74
R 3359 16.13 51.05
4b.
ANOVA Factor F(1,19) P o2
Mem 5.60 029 23
Frm 9.60 006 34
Hem 0.46 507 02
Mem * Frm 1.75 202 08
Mem * Hem 0.02 881 00
Frm * Hem 2.77 112 13
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Mem * Frm * Hem 0.72 405 04
4c.
Interaction contrasts Fixed Tested Leritical t Po r d
Mem * Frm Std Mem 2.75 -2.16 148 0.47 -0.61
Hyb Mem 2.75 -1.42 457 0.78 -0.32
Ver Frm 2.75 -3.13 .021 0.69 -0.85
Spa Frm 2.75 -0.60 916 0.80 -0.14
Mem * Frm 2.75 -1.32 515 0.22 -0.31
Mem * Hem L Mem 2.64  -2.68 .046 0.73 -0.70
R Mem 2.64  -1.98 192 0.82 -0.60
Ver Hem 2.64  -0.98 723 0.86 -0.24
Spa Hem 264  -0.45 .959 0.88 -0.12
Mem *
Hem 2.64  -0.15 .999 0.86 -0.04
Frm * Hem L Frm 2.65 -2.23 119 0.86 -0.51
R Frm 2.65 -3.18 .014 0.89 -0.76
Std Hem 2.65 0.05 .999 0.91 0.01
Hyb Hem 2.65 -1.06 .687 0.81 -0.27
Frm * Hem 2.65 1.66 342 0.58 0.38
Mem *Frm * Hem Std/L Mem 3.16 -2.24 322 0.41 -0.60
Std/R Mem 3.16 -1.97 478 0.48 -0.55
Hyb /L Mem 3.16 -1.88 .539 0.75 -0.42
Hyb /R Mem 3.16 -0.94 .970 0.80 -0.22
Ver/L Frm 3.16 -2.48 211 0.66 -0.66
Ver/R Frm 3.16 -3.15 .051 0.63 -0.83
Spal/L Frm 3.16 -0.36 .999 0.76 -0.09
Spa/R Frm 3.16 -0.76 .992 0.81 -0.17
Ver/ Std Hem 3.16 0.44 .999 0.83 0.11
Ver [ Hyb Hem 3.16 -1.45 .799 0.81 -0.35
Spa/ Std Hem 3.16 -0.15 .999 0.91 -0.04
Spa/ Hyb Hem 3.16 -0.66 .996 0.82 -0.18
Mem *
Std Hem 3.16 0.37 .999 0.87 0.09
Mem *
Hyb Hem 3.16 -0.80 .989 0.80 -0.19
Ver Frm * Hem 3.16 1.68 .669 0.67 0.39
Spa Frm * Hem 3.16 0.81 .988 0.82 0.19

Mem = Memory (Verbal - Spatial); Frm = Form (Standard - Hybrid); L = Left; R = Right; Std = Standard; Hyb =
Hybrid; M = mean; Cliow/Clupp = lower/upper bounds of 95% confidence interval; teritica = critical t-value derived

from permutation method; t = observed t-statistic; pp = permutation significance test (10000x repetitions); r =

correlation coefficient between tested means; d = effect size.

Supplementary Table 5a.

Descriptive and test statistics for theta (0 to 500 ms) mean amplitude of repetition effects (old -

new)

ANOVA Factor Mem Frm Hem M Cliow  Clygp
Mem Ver 275 -2.18 7.69
Spa -3.79  -9.56 1.99
Frm Std 321 -159 8.02
Hyb -4.25 -10.29 1.80
Hem L 151 -3.17 6.19
R -254  -6.38 1.30
Mem * Frm Ver Std 1.77 1.10 14.45
Hyb -2.27 -8.18 3.65
Spa Std -1.35 -8.90 6.21
Hyb -6.23 -16.01 3.56
Mem * Hem Ver L 6.12 -0.08 12.32
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R -0.61 -6.08 4.85
Spa L -3.10 951 3.31
R -4.47  -11.11 2.17
Frm * Hem Std L 6.95 150 1241
R -052  -7.07 6.02
Hyb L -3.93 -10.08 2.22
R -456 -11.33 2.22
Mem * Frm * Hem Ver Std L 11.01 299 19.03
R 454  -359 12.66
Hyb L 123 572 8.18
R -5.76  -12.50 0.97
Spa Std L 290 -3.74 9.53
R -5.59 -16.24 5.07
Hyb L -9.10 -19.04 0.84
R -3.35 -14.40 7.70
5b.
ANOVA Factor F(1,19) p o2
Mem 2.97 101 14
Frm 3.63 072 16
Hem 3.41 080 15
Mem * Frm 0.58 454 03
Mem * Hem 1.86 189 09
Frm * Hem 3.23 088 15
Mem * Frm * Hem 4.00 060 17
5c.
M Cliow Clupp t p
Rep (grand average) -0.52 -3.58 298 -0.30 770
5d.
Interaction contrasts Fixed Tested Leritical t Pp r d
Mem * Frm Std Mem 2.82 1.81 .283 -0.09 0.41
Hyb Mem 2.82 0.77 .860 0.13 0.18
Ver Frm 2.82 2.68 .065 0.23 0.60
Spa Frm 2.82 0.78 857  -0.13 0.18
Mem * Frm 2.82 0.76 .863 0.12 0.17
Mem * Hem L Mem 2.83 2.28 .140 0.10 0.51
R Mem 2.83 0.86 824  -0.20 0.19
Ver Hem 2.83 2.25 .148 0.43 0.51
Spa Hem 2.83 0.47 .962 0.57 0.11
Mem *
Hem 283 136 °* o058 031
Frm * Hem L Frm 2.76 3.30 .016 0.30 0.74
R Frm 2.76 0.78 .867  -0.33 0.17
Std Hem 2.76 2.15 .166 0.28 0.49
Hyb Hem 2.76 0.28 991 0.75 0.06
Frm * Hem 2.76 1.80 .297 0.68 0.45
Mem *Frm * Hem Std/L Mem 3.33 1.72 .672 0.10 0.39
Std/R Mem 3.33 1.55 176 -0.05 0.35
Hyb/L Mem 3.33 1.81 .615 0.03 0.41
Hyb /R Mem 333 -041 999 0.11  -0.10
Ver/ L Frm 3.33 2.42 278 0.37 0.54
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Ver/R
Spa/L
Spa/R
Ver / Std
Ver / Hyb
Spa/ Std
Spa/ Hyb

Std

Hyb
Ver
Spa

Frm
Frm
Frm
Hem
Hem
Hem

Hem
Mem *
Hem
Mem *
Hem

Frm * Hem
Frm * Hem

3.33
3.33
3.33
3.33
3.33
3.33
3.33

3.33

3.33
3.33
3.33

212
2.28
-0.27
1.49
2.13
191
-1.57

-0.37

2.36
-0.11
249

420
341
.999
.805
416
.552
765

.999

.302

.999
.248

0.07
0.16
-0.25
0.37
0.50
0.50
0.74

0.58

0.57
0.42
0.72

0.48
0.52
-0.06
0.33
0.48
0.46
-0.35

-0.09

0.53
-0.02
0.63

Rep = Repetition (Old - New); Mem = Memory (Verbal - Spatial); Frm = Form (Standard - Hybrid); L = Left; R =
Right; Std = Standard; Hyb = Hybrid; M = mean; Cliow/Clupp = lower/upper bounds of 95% confidence interval;
teritical = critical t-value derived from permutation method; t = observed t-statistic; pp = permutation significance test

(10000x repetitions); r = correlation coefficient between tested means; d = effect size.

Supplementary Table 6a.

Descriptive and test statistics for theta (500 to 1500 ms) mean

amplitude
ANOVA Factor Mem Frm Hem M Cliow  Clupp
Mem Ver 288 -351 9.28
Spa -3.35 -10.04 3.34
Frm Std -1.08  -7.19 5.04
Hyb 061 -6.23 7.45
Hem L 201 -351 7.52
R -247 917 4.23
Mem * Frm Ver Std 2.49 -3.69 8.66
Hyb 328 -510 11.66
Spa Std -4.64 -13.09 3.81
Hyb -2.06  -8.58 4.47
Mem * Hem Ver L 4,73 -1.19  10.65
R 1.04 -6.22 8.30
Spa L -0.72 -7.19 5.75
R -5.98 -13.16 1.20
Frm * Hem Std L 1.36 0.00 7.08
R -3.51 -10.20 3.19
Hyb L 265 -3.75 9.06
R -1.43  -9.00 6.13
Mem * Frm * Hem Ver Std L 4.55 -1.31 10.42
R 042 -6.37 7.21
Hyb L 491 -2.67 1248
R 166 -8.06 11.37
Spa Std L -1.84  -9.94 6.25
R -7.43 -16.55 1.68
Hyb L 040 -6.35 7.15
R -452 -11.18 2.15
6b.
ANOVA Factor F(1,19) p o’
Mem 6.26 022 25
Frm 0.52 480 03
Hem 13.87 001 42
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Mem * Frm 0.13 721 01
Mem * Hem 0.80 383 04
Frm * Hem 0.57 Aet .03
Mem * Frm * Hem 0.01 943 00
6cC.
Interaction contrasts Fixed Tested teritical t Po r d
Mem * Frm Std Mem 2.68 1.79 290 0.38 0.41
Hyb Mem 2.68 1.81 .281 0.68 0.42
Ver Frm 2.68  -0.23 .996 0.54 -0.05
Spa Frm 268  -0.77 .857 059 -0.18
Mem * Frm 2.68 0.36 .984 0.01 0.08
Mem * Hem L Mem 2.76 2.02 201 0.59 0.45
R Mem 2.76 2.72 .054 0.72 0.61
Ver Hem 2.76 2.27 129 0.89 0.55
Spa Hem 2.76 3.94 .005 0.92 0.91
Mem *
Hem 2.76  -0.89 .786 0.78 -0.20
Frm * Hem L Frm 2.78  -0.54 946 0.66 -0.12
R Frm 2.78  -0.87 .809 0.76  -0.20
Std Hem 2.78 4.22 .003 0.94 1.03
Hyb Hem 2.78 2.83 .045 0.92 0.68
Frm * Hem 2.78 0.75 .869 0.91 0.17
Mem *Frm * Hem Std/ L Mem 3.26 1.62 694 0.33 0.37
Std/R Mem 3.26 1.85 .548 0.40 0.42
Hyb /L Mem 3.26 1.45 .785 0.60 0.33
Hyb /R Mem 3.26 1.85 544 0.70 0.45
Ver /L Frm 3.26 -0.11 999 0.54  -0.03
Ver/R Frm 3.26 -0.31 .999 0.53 -0.07
Spa/L Frm 3.26 -0.64 .996 052 -0.14
Spa/R Frm 3.26  -0.87 .980 0.65 -0.21
Ver / Std Hem 3.26 2.98 .085 0.91 0.70
Ver / Hyb Hem 3.26 1.42 .803 0.88 0.35
Spa/ Std Hem 3.26 3.40 .037 0.93 0.80
Spa/ Hyb Hem 3.26 3.31 .045 0.89 0.74
Mem *
Std Hem 3.26 -0.74 .990 0.89 -0.17
Mem *
Hyb Hem 3.26 -0.65 .995 0.69 -0.15
Ver Frm * Hem 3.26 0.46 .999 0.88 0.11
Spa Frm * Hem 3.26 0.41 .999 0.89 0.09

Mem = Memory (Verbal - Spatial); Frm = Form (Standard - Hybrid); L = Left; R = Right; Std = Standard; Hyb =
Hybrid; M = mean; Cliow/Clupp = lower/upper bounds of 95% confidence interval; teritical = critical t-value derived

from permutation method; t = observed t-statistic; pp = permutation significance test (10000x repetitions); r =

correlation coefficient between tested means; d = effect size.

Supplementary Table 7a.

Descriptive and test statistics for theta (500 to 1500 ms) mean amplitude of repetition effects

(old - new)
ANOVA Factor Mem Frm Hem M Cliow  Clupp
Mem Ver -3.96  -8.53 0.61
Spa 043 -3.73 4.60
Frm Std 066 -3.22 4.54
Hyb 419 939  1.02
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Hem L -091 517 3.36
R -2.62 -6.41 1.17
Mem * Frm Ver Std -3.12 -8.27 2.03
Hyb -4.80 -10.88 1.28
Spa Std 444  -1.07 9.95
Hyb -3.58 -10.28 3.13
Mem * Hem Ver L -2.99 -7.77 1.78
R -4.92 -10.27 0.43
Spa L 118 -4.21 6.57
R -032 -4.51 3.88
Frm * Hem Std L 171  -3.08 6.49
R -0.38  -4.65 3.88
Hyb L -352  -8.90 1.87
R -485 -10.81 1.10
Mem * Frm * Hem Ver Std L -3.29 -9.96 3.39
R -295 -831 241
Hyb L -2.70  -7.78 2.38
R -6.89 -15.45 1.66
Spa Std L 6.70 098 1241
R 218  -4.08 8.44
Hyb L -4.33 -12.61 3.94
R -2.82  -9.56 3.93
7b.
ANOVA Factor F(1,19) P o2
Mem 3.56 075 16
Frm 3.27 087 15
Hem 1.04 320 05
Mem * Frm 1.42 248 07
Mem * Hem 0.02 883 00
Frm * Hem 0.07 795 00
Mem * Frm * Hem 3.16 092 14
7c.
M Cliow Cluygp t p
Rep (grand average) -1.76 -5.23 1.60 -1.02 .340
7d.
Interaction contrasts Fixed Tested teritical t Pp r d
Mem * Frm Std Mem 2.76 -2.16 152 0.06 -0.48
Hyb Mem 276  -0.34 .982 0.32 -0.08
Ver Frm 2.76 0.53 .945 0.32 0.12
Spa Frm 2.76 1.86 250  -0.08 0.42
Mem * Frm 2.76 -1.19 .612 -0.13 -0.27
Mem * Hem L Mem 2.78 -1.57 421 0.41 -0.35
R Mem 2.78  -1.63 .388 0.25  -0.37
Ver Hem 2.78 0.92 795 0.63 0.21
Spa Hem 2.78 0.64 916 0.50 0.15
Mem *
Hem 2.78 0.15 999 0.44 0.03
Frm * Hem L Frm 2.82 1.96 .239 0.40 0.44
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R Frm 2.82 1.33

Std Hem 2.82 0.93
Hyb Hem 2.82 0.62
Frm * Hem 2.82 0.26
Mem *Frm * Hem Std/ L Mem 3.28 -2.63
Std/R Mem 328 -1.35
Hyb /L Mem 3.28 0.40
Hyb /R Mem 3.28 -0.87
Ver /L Frm 3.28 -0.17
Ver /R Frm 3.28 0.87
Spa/L Frm 3.28 2.49
Spa/R Frm 3.28 1.05
Ver / Std Hem 328 -011
Ver / Hyb Hem 3.28 1.24
Spa/ Std Hem 3.28 2.00
Spa/ Hyb Hem 3.28 -0.46
Mem *
Std Hem 3.28 -1.65
Mem *
Hyb Hem 3.28 1.12
Ver Frm * Hem 3.28 -0.93
Spa Frm * Hem 3.28 1.89

.558
.790
.925
.994
182
.865
.999
.985
.999
.985
237
.957
.999
.908
491
.999

.708

.940
979
.562

0.07
0.47
0.68
0.57
0.19
0.07
0.26
0.20
0.31
0.14
0.16
-0.17
0.46
0.56
0.69
0.59

0.70

0.33
0.26
0.76

0.30
0.21
0.14
0.06
-0.59
-0.30
0.09
-0.20
-0.04
0.20
0.57
0.24
-0.03
0.31
0.45
-0.11

-0.37

0.25
-0.21
0.42

Rep = Repetition (Old - New); Mem = Memory (Verbal - Spatial); Frm = Form (Standard - Hybrid); L = Left; R =
Right; Std = Standard; Hyb = Hybrid; M = mean; Cliow/Clupp = lower/upper bounds of 95% confidence interval;
teritical = Critical t-value derived from permutation method; t = observed t-statistic; pp = permutation significance test

(10000x repetitions); r = correlation coefficient between tested means; d = effect size.

Supplementary Table 8a.
Descriptive and test statistics for alpha (0 to 500 ms) mean amplitude

ANOVA Factor Mem Frm Hem M Cliow  Clupp
Mem Ver -14.45 -22.39 -6.51
Spa -18.79 -28.94  -8.63
Frm Std -15.16 -23.35  -6.97
Hyb -18.08 -27.59  -8.57
Hem L -13.41 -22.17  -4.65
R -19.83 -28.81 -10.85
Mem * Frm Ver Std -11.44 -19.14 -3.74
Hyb -17.46  -27.05  -7.87
Spa Std -18.87 -29.39  -8.35
Hyb -18.70 -29.37  -8.03
Mem * Hem Ver L -11.55 -19.56 -3.54
R -17.35 -25.71  -8.99
Spa L -15.26  -25.79  -4.73
R -22.31 -32.63 -11.99
Frm * Hem Std L -11.68 -19.91 -3.45
R -18.64 -27.39 -9.88
Hyb L -15.13 -24.98 -5.28
R -21.02 -30.57 -11.48
Mem * Frm * Hem Ver Std L -8.41 -1654  -0.28
R -14.47 -22.65 -6.30
Hyb L -14.69 -24.19 -5.19
R -20.23 -30.27 -10.18
Spa Std L -1495 -25.53  -4.36
R -22.80 -33.99 -11.61
Hyb L -15.58 -26.89  -4.27
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R -21.82 -32.43 -11.22
8b.
ANOVA Factor F(1,19) p np?
Mem 256 12612
Frm 2.52 129 12
Hem 12.57 002 40
Mem * Frm 1.48 240 07
Mem * Hem 0.38 547 02
Frm * Hem 0.44 516 02
Mem * Frm * Hem 0.10 759 01
8c.
Interaction contrasts Fixed Tested teritical t Pp r d
Mem * Frm Std Mem 2.70 1.84 254 0.61 0.43
Hyb Mem 2.70 0.37 .978 0.76 0.08
Ver Frm 2.70 1.77 .284 0.68 0.41
Spa Frm 2.70  -0.06 .999 0.84 -0.01
Mem * Frm 2.70 1.21 .51 0.06 0.27
Mem * Hem L Mem 2.78 1.18 .594 0.78 0.28
R Mem 2.78 1.88 .246 0.85 0.45
Ver Hem 2.78 3.04 .027 0.88 0.68
Spa Hem 2.78 3.15 .022 0.90 071
Mem *
Hem 2.78  -0.61 909 0.76  -0.14
Frm * Hem L Frm 2.76 1.53 437 0.88 0.36
R Frm 2.76 1.39 519 0.93 0.32
Std Hem 2.76 3.23 .018 0.86 0.73
Hyb Hem 2.76 3.27 .017 0.93 0.73
Frm * Hem 2.76 0.66 913 0.70 0.16
Mem *Frm * Hem Std/ L Mem 3.28 1.48 785 0.54 0.34
Std/R Mem 3.28 1.98 489 0.62 0.46
Hyb /L Mem 3.28 0.27 999 0.79 0.06
Hyb /R Mem 3.28 0.42 .999 0.71 0.09
Ver /L Frm 3.28 1.76 .624 0.65 0.40
Ver /R Frm 3.28 1.61 .708 0.68 0.37
Spa/L Frm 3.28 0.22 999 0.85 0.05
Spa/R Frm 3.28 -0.29 .999 0.79  -0.07
Ver / Std Hem 3.28 2.38 .280 0.79 0.53
Ver / Hyb Hem 3.28 3.06 .079 0.93 0.69
Spa/ Std Hem 3.28 2.92 .105 0.87 0.66
Spa/ Hyb Hem 3.28 2.58 .200 0.89 0.58
Mem *
Std Hem 3.28 -0.60 .998 0.76  -0.13
Mem *
Hyb Hem 3.28 -031 999 0.80 -0.07
Ver Frm * Hem 3.28 0.23 .999 0.80 0.05
Spa Frm * Hem 3.28 0.64 .997 0.69 0.15

Mem = Memory (Verbal - Spatial); Frm = Form (Standard - Hybrid); L = Left; R = Right; Std = Standard; Hyb =
Hybrid; M = mean; Cliow/Clupp = lower/upper bounds of 95% confidence interval; teritica = critical t-value derived

from permutation method; t = observed t-statistic; pp = permutation significance test (10000x repetitions); r =

correlation coefficient between tested means; d = effect size.
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Supplementary Table 9a.

Descriptive and test statistics for alpha (0 to 500 ms) mean amplitude of repetition effects (old

- new)
ANOVA Factor Mem Frm Hem M Cliow  Clygp
Mem Ver 066 -3.75 5.06
Spa -1.55  -6.08 2.97
Frm Std 1.16 -3.92 6.24
Hyb -2.06 -5.76 1.65
Hem L -1.54  -5.36 2.28
R 064 -3.15 4.43
Mem * Frm Ver Std 1.17 -5.18 7.52
Hyb 0.14 -6.09 6.37
Spa Std 1.15 -5.98 8.28
Hyb -425 -829 -0.22
Mem * Hem Ver L -0.24 -4.97 4.50
R 155 -3.74 6.84
Spa L -2.84  -8.16 2.49
R -0.27  -5.47 4,94
Frm * Hem Std L -1.24  -7.27 4.79
R 356 -2.22 9.34
Hyb L -1.83  -6.32 2.66
R -2.28  -6.52 1.97
Mem * Frm * Hem Ver Std L -0.10 -7.48 7.28
R 244  -5.05 9.94
Hyb L -0.37  -7.25 6.51
R 066 -6.16 7.48
Spa Std L -2.38  -11.06 6.30
R 468 -3.00 12.35
Hyb L -3.30 -9.77 3.18
R -521 -10.31 -0.12
9b.
ANOVA Factor F(1,19) p o2
Mem 0.64 434 03
Frm 1.38 255 07
Hem 1.77 199 09
Mem * Frm 0.62 440 03
Mem * Hem 0.05 832 00
Frm * Hem 1.75 202 08
Mem * Frm * Hem 1.11 306 06
9c.
M Cliow Clupp t p
Rep (grand average) -0.45 -3.60 285 -0.28 .790
9d.
Interaction contrasts Fixed Tested teritical t Po r d
Mem * Frm Std Mem 2.82 0.01 .999 0.13 0.00
Hyb Mem 2.82 1.24 .584 0.00 0.28
Ver Frm 2.82 0.24 994  -0.02 0.05
Spa Frm 2.82 1.56 .396 0.26 0.37
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Mem * Hem L

Ver
Spa

Frm * Hem L
R
Std
Hyb

Mem *Frm * Hem Std/L
Std/R
Hyb /L
Hyb /R
Ver /L
Ver /R
Spal/L
Spa/R
Ver/ Std
Ver [ Hyb
Spa/ Std
Spa/ Hyb

Std

Hyb
Ver
Spa

Mem * Frm
Mem
Mem
Hem

Hem
Mem *
Hem

Frm
Frm
Hem
Hem
Frm * Hem
Mem
Mem
Mem
Mem
Frm
Frm
Frm
Frm
Hem
Hem
Hem

Hem
Mem *
Hem
Mem *
Hem

Frm * Hem
Frm * Hem

2.82
2.84
2.84
2.84
2.84

2.84
2.82
2.82
2.82
2.82
2.82
3.27
3.27
3.27
3.27
3.27
3.27
3.27
3.27
3.27
3.27
3.27
3.27

3.27

3.27
3.27
3.27

-0.79
0.83
0.52

-0.78

-1.00

0.22
0.17
1.82
-1.67
0.20
-1.32
0.45
-0.48
0.62
1.44
0.05
0.39
0.17
2.64
-0.69
-0.38
-1.83
0.48

0.92

-0.56
-0.33
-1.50

.841
.818
946
.847
122

.996
.998
.280
.352
.997
.548
.999
.999
.998
.816
.999
.999
.999
.182
.997
.999
.599
.999

977

.998
.999
785

0.00
0.15
0.04
0.54
0.48

0.40
0.03
0.12
0.48
0.44
0.31
0.12
0.16
-0.10
-0.01
-0.12
0.09
-0.03
0.30
0.46
0.65
0.52
-0.04

0.50

0.30
0.56
0.15

-0.18
0.19
0.12

-0.17

-0.22

0.05
0.04
0.41
-0.37
0.04
-0.30
0.10
-0.11
0.14
0.33
0.01
0.09
0.04
0.61
-0.15
-0.08
-0.41
0.11

0.21

-0.13
-0.07
-0.34

Rep = Repetition (Old - New); Mem = Memory (Verbal - Spatial); Frm = Form (Standard - Hybrid); L = Left; R =
Right; Std = Standard; Hyb = Hybrid; M = mean; Cliow/Clupp = lower/upper bounds of 95% confidence interval;
teritical = critical t-value derived from permutation method; t = observed t-statistic; pp = permutation significance test

(10000x repetitions); r = correlation coefficient between tested means; d = effect size.
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Chapter 7: General Discussion

The aim of this thesis was to investigate the impact of different factors on the
lateralisation of memory functions to the right hemisphere of the brain. This thesis topic was
inspired by the limitations of the dominant model of hemispheric lateralisation, material
specificity, which predicts that the left hemisphere mediates memory for verbal material and
the right hemisphere mediates memory for nonverbal material, which have led to significant
challenges with the clinical assessment of the right temporal lobe. The main limitations of
material specificity as discussed in Chapter 1 include the vagueness of the concept of
nonverbal memory (e.g., Smith, Malec, & Ivnik, 1992), the ease of verbalisability of
putatively nonverbal stimuli (e.g., Barr, 1997), and the poor clinical and experimental testing
of material specific effects relative to other potential lateralising factors (e.g., Habib, Nyberg,
& Tulving, 2003). The primary focus of this thesis was to examine the effect on lateralisation
of three factors related to material specificity: 1) the type of nonverbal stimulus (i.e., abstract
designs, faces, spatial), ii) differences in task-related processing (e.g., encoding versus
retrieval), and iii) potential lower-level stimulus confounds (i.e., memory versus perceptual
processing). The eventual goal is to use these findings to help improve neuropsychological

assessment of memory functions affected by pathology in the right hemisphere
1. Material type was the dominant lateralising influence

The results of this thesis suggested that memory for nonverbal material per se was
consistently associated with right hemispheric function. While Chapter 3 showed interactions
between material type, processing type and brain region, and Chapter 4 showed an
independent effect of processing, overall this thesis showed that the influence of material on
right-lateralisation was more reliable than the influence of type of memory processing.
Furthermore, the association between right-lateralised brain activity and nonverbal memory
function was shown to occur over and above the potentially confounding effects of perceptual
processing. Supporting the notion of a unique association between nonverbal memory and the

right hemisphere, the empirical chapters showed that brain activity during nonverbal memory
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tasks never showed left-lateralisation relative to verbal memory tasks, while conversely the
verbal memory tasks never showed right-lateralisation relative to the nonverbal memory
tasks. Furthermore, the joint results of the meta-analysis and empirical chapters showed the
association was consistent across clinical and healthy populations, whether published
neuropsychological tests or experimental tests were used, and across different task demands
including: different types of learning formats, delays before testing, and different processing

demands.
2. Delineating the limitations of material specificity

The overall pattern of findings in this thesis suggests that, despite the limitation of the
material specificity model, material type may be the primary factor influencing the right-
lateralisation of memory function. This thesis revealed important limitations and caveats to
this general pattern, however. The meta-analysis revealed that in presurgical temporal lobe
epilepsy (TLE) patients while the capacity of clinical nonverbal memory tests to detect right-
versus left-sided pathology was consistent the effects were uniformly small in size (ds ~ 0.2),
regardless of the type of nonverbal stimulus or task demands. These small-sized effects reflect
the notorious lack of reliability in using nonverbal memory tests to detect damage in the right
temporal region (e.g., Baxendale, Thompson, & Duncan, 2008; Lee, Yip, & Jones-Gotman,
2002; Vaz, 2004). Therefore, more work is needed to determine the critical mechanisms
underlying the right-lateralisation of memory abilities to better predict right temporal lobe
pathology in presurgical TLE patients. As a group, spatial learning tests showed a marginally
significant medium-sized effect in presurgical patients, suggesting they may hold the greatest

promise and should therefore be the focus of future investigations.

The results in postsurgical TLE patients also highlighted another key weakness of the
material specificity model, since tests of facial memory or spatial memory were more
effective (medium-sized effects) than tests of abstract design memory (small-sized effects) at
discriminating right- from left-resected patients. These findings suggest that the right

hemisphere may be more specialised for remembering faces or spatial information than
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designs, undermining the explanatory power of a nonverbal construct specifically and of the
material specificity model more generally. The findings for face memory supported previous
meta-analytic reviews (Sherman et al., 2011; Vaz, 2004), and the results for spatial memory
extended previous findings with experimental spatial memory tests to clinical memory tests
(e.g., Kessels et al., 2001). Conceivably, these patterns of results could be explained by the
alternative spatial frequency model (Sergent, 1982), since both face and spatial stimuli require
attention predominantly to low spatial frequency features, posited to be preferentially
processed in the right hemisphere (e.g., Awasthi, Sowman, Friedman, & Williams, 2013;
Peyrin et al., 2003), whereas abstract design stimuli (e.g., the Rey Complex Figure Test)
typically involve a mixture of low and high frequency features which are processed in both
hemispheres. Alternatively, the results could be explained by the fact that abstract design
stimuli are easier to verbalise than facial/spatial stimuli, as suggested in previous studies (e.g.,
Golby et al., 2001), or there are correlated contributions of spatial frequency and
verbalisability. Neither of these proposals could be systematically tested in the meta-analysis,

however, and so remain speculative until explored in future studies.

While the experimental nonverbal memory tasks used in the empirical chapters
produced consistent right-lateralisation of EEG measures, the verbal memory tasks did not
show complementary left-lateralisation. Therefore, the results did not support the double
dissociation of lateralisation by material type expected by material specificity. This overall
pattern of findings contrasts with the majority of previous evidence that showed stronger
support for the verbal, left hemispheric component of material specificity than for the
nonverbal, right hemispheric component (e.g., Lee, Yip, & Jones-Gotman, 2002). The
pseudowords and trigrams that were used as verbal stimuli lacked semantic content and it is
possible this decreased the involvement of the left hemisphere, consistent with previous a
study that showed lower left-lateralisation of the Blood Oxygen Level Dependent (BOLD)
response within the medial temporal regions for meaningless than meaningful words (Martin

etal., 1997).
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An influential review of speech networks, however, has suggested that the semantic
aspects of word processing are relatively bilaterally distributed while the articulatory aspects
of speech are more left-lateralised (Hickok & Poeppel, 2007). Therefore, the fact that the
verbal tasks were visual and not requiring the comprehension or production of speech is
probably the most important difference between the experimental verbal memory tasks used
and those used in the successful left-lateralisation of temporal lobe pathology in clinical
studies (e.g., Alpherts et al., 2006). The use of meaningful words as verbal stimuli, however,
would have resulted in confounding semantics (semantic versus non-semantic) and modality
(auditory versus visual) with the material type and reduced the interpretability of the results.
Therefore, while the verbal memory tasks fulfilled an important role as controls for the
nonverbal memory tasks in the context of each experiment, the trade-off was that they were
not designed to maximise the degree of left-lateralisation. In general, this suggests that the
specific type of stimuli, whether concerning memory for nonverbal or verbal materials, has a

very strong impact on the degree and direction of the lateralisation observed.

In the empirical chapters, only one type of nonverbal memory task was used,
involving memory for spatial patterns within irregularly arranged positions without a grid.
This task required memory for precise distances and positional inter-relationships, a very
specific type of spatial information, with minimal variation across the two empirical studies.
This task does not necessarily reflect those used in experimental studies which more
commonly involve object-location or navigational paradigms (e.g., Kessels et al., 2001; Kuhn
& Gallinat, 2014). The experimental task was also unlike most clinical nonverbal memory
tests, including tests of spatial memory (cf. the 7/24 Spatial Learning test, for example). It
was arguably most similar to the Brown Location Test (Brown et al., 2010), which
interestingly showed a strong capacity (d = 1.56) to discriminate right from left presurgical

TLE patients in the meta-analysis (Chapter 2).

The experimental spatial memory tasks were also resistant to verbalisation, as shown

by lower ratings of verbalisation compared to the verbal memory tasks. This supports a range
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of studies indicating the importance of using tasks with low verbalisability to maximise their
sensitivity to right hemispheric processing (e.g., Hampstead et al., 2010), and suggests this
factor may have contributed to the strong and consistent pattern of right-lateralisation
produced by these specific tasks. As these tasks were only compared to verbal stimuli
however, it is not clear whether they have a low level of verbalisability compared to other
types of nonverbal stimuli (e.g., abstract designs). Other studies have shown that novel
patterns were less verbalisable and more right-lateralised than scenes or faces, and that 3D
spatial “towers” made of blocks were less verbalisable and more efficient at identifying right
temporal lobe pathology than colour-colour association tasks, so it is conceivable that this
would be the case for the very novel and spatial stimuli (Hampstead et al., 2010; Golby et al.,

2001).

In sum, while the experimental task and its variants showed consistent right-
lateralisation they were not necessarily representative of nonverbal memory tasks more
generally. Therefore, with respect to understanding the mechanisms underlying the right-
lateralisation of memory, the results strongly suggest that memory for precise distances and
positional inter-relationships are an important factor, but cannot necessarily be extrapolated to

support the use of any and all types of nonverbal memory tasks in clinical settings.

3. Processing-specific lateralisation

3.1 Task demands in clinical nonverbal memory tests had no effect on right-lateralisation

The meta-analysis examined whether task demands had an impact on the degree to
which nonverbal memory tests could predict right- versus left -lateralised pathology in TLE
patients. The task demands that were examined primarily included whether the memory tasks
1) had single or multiple learning trials, and i1) tested memory immediately after learning,
during learning, or after a long delay. The results strongly indicated these task demands had
highly inconsistent effects on the lateralising capacity of nonverbal memory tests, supporting
some previous findings (Barr et al., 1997; Vaz, 2004), but not supporting other evidence in

favour of using multiple, repeated learning trials rather than single learning trials (e.g., Jones-
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Gotman, Harnadek, & Kubu, 2000), and findings showing that delayed spatial memory is
more right-lateralised than memory tested immediately after learning (Kuhn & Gallinat,

2014).

Despite the overall lack of consistent findings, it remains possible that the lateralising
effects of stimulus type and task demands may interact in a complex manner. For example,
differences in favour of immediate over delayed memory testing for face stimuli contrasted
with an advantage of delayed over immediate memory for spatial stimuli. It is unclear why
this may be the case. Due to the small number of studies involved in this pattern of findings,
however, it may reflect the disproportionate effects of specific memory tests more than a
generalised pattern. Taken together, these findings of the meta-analysis concerning task
demands provide a novel contribution to the clinical literature as there had been no previous

synthesis regarding their effects on lateralisation.

3.2 Evidence for processing-related lateralisation and interactions with material type and

brain region

In contrast to the findings of the meta-analysis, the experimental study in Chapter 3
showed effects of processing type on lateralisation that were independent of and interacted
with those due to the type of material. Nonverbal material was consistently associated with
right-lateralisation of ERP peaks during both encoding and retrieval, in the frontal and parietal
regions, and for each individual combination of process type and brain region. The type of
processing also had an effect in frontal regions, with greater left-lateralisation during
encoding (N270 peak) and greater right-lateralisation during retrieval (VPP, vertex positive
potential), supporting the hemispheric encoding retrieval hypothesis of lateralisation (e.g.,
Habib et al., 2003). In parietal regions, by contrast, the results showed the opposite pattern to
HERA for nonverbal material, with encoding showing greater right lateralisation than

retrieval (N170), or showed no effect of processing type (P300).

The findings of this study support previous evidence of differences in processing type

exhibit stronger effects on lateralisation in the anterior brain region (focused on the prefrontal
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cortex) than in posterior regions (Nyberg et al., 2000). The region-dependent interaction
between processing type and material could suggest, in parallel to the material specificity
model, the HERA model explains the pattern of processing-specific lateralisation more
effectively for verbal material better than it does for nonverbal material. Alternatively, the
HERA model may simply only apply in frontal regions. These are exciting possibilities that

could be explored further.

The study also suggests that expanding the scope of investigation beyond the use of
PET/fMRI methods focused on the prefrontal cortex may yield important insights about
processing-related lateralisation. There may even be potential clinical implications for
patients with unilateral TLE, as suggested by one fMRI study which showed independent
effects of material and processing within medial temporal lobe structures (Kennepohl,
Sziklas, Garver, Wagner, & Jones-Gotman, 2007). The pattern of results also suggests that
rather than either material specificity or HERA needing to predominate over the other, both
may contribute to lateralisation during memory tasks, supporting previous arguments by the
proponents of HERA (Habib et al., 2003). Unlike many neuroimaging studies, the study was
designed in a way that adequately tested both theories, rather than only testing one within the

context of the other (an in-depth of discussion of this issue is presented by Habib et al., 2003).

The use of ERP measures also permitted an original perspective of the relative timing
of memory-related lateralisation effects, and importantly is the first known study using this
technique to directly compare material specificity to HERA. In terms of the timing of the
lateralisation effects, this study suggests they occurred within the first 350 ms after a stimulus
1s presented, including within the earliest time window of the N170 peak (140 to 220 ms).
This finding supports previous reports of memory effects within this time period in theta-
frequency power (e.g., Klimesch, Doppelmayr, Pachinger, & Russegger, 1997) and suggests
that ERP measures could be sensitive to early aspects of memory processing that may not be

detected using PET/fMRI measures with lower temporal resolution.

These findings were interpreted cautiously given the novelty of our experimental
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method compared to previous studies, and since the same effect was not replicated in full by
the EEG frequency measures in Chapter 4. Nonetheless, these findings do suggest a way to
reconcile studies that support material specificity over HERA (e.g., Wagner et al., 1998) and
those showing support for both proposals (e.g., Kennepohl et al., 2007), by using more
temporally precise measures of brain lateralisation. Due to the dense anatomical
interconnectivity between the prefrontal cortex, the focus of the HERA model, and the medial
temporal lobe, the focus of the material specificity model, it is conceivable that the
lateralising influences of material and processing interact in a spatiotemporally dynamic

manner that is not captured by either EEG or PET/fMRI methods alone.

The lack of similar findings from the meta-analysis is most likely due to multiple
methodological differences, including its specific emphasis on the temporal lobe of epilepsy
patients in contrast to the broader areas of the brain measured using electroencephalographic
recordings in the empirical studies. The design of the meta-analysis also necessarily involved
a post-hoc grouping of test measures with generally similar processing demands from studies
which usually did not design comparisons to detect processing effects, while material effects
were more often the focus of study. The empirical studies by comparison involved highly
specific comparisons of well-defined encoding and retrieval tasks in a within-subject context.
In summary, it is possible the design of the empirical studies was more sensitive to detecting
the processing effects than was the meta-analysis. Yet both kinds of study are considered to
offer valuable complementary sources of information on when and how processing-related

lateralisation effects may occur.
3.3 Summary of processing-specific lateralisation

Taken together, there was evidence both for and against the idea that different
processing demands affect hemispheric lateralisation. While the meta-analysis of clinical
patients produced negative results, the empirical studies uncovered evidence that lateralisation
in the frontal brain regions was affected by processing in a manner that was independent of

material type and consistent with the HERA model, and additionally that lateralisation in
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anterior brain regions involved an interaction between material and processing type. The lack
of consensus across meta-analytic and empirical methods is likely due to the emphasis on the
temporal lobe in the former and broader brain regions including the frontal lobe in the latter.

The novelty of the findings from the empirical studies warrants further investigation.

4. Perceptual processing and verbalisation

Investigations of material specific lateralisation have typically confounded material
type with stimulus modality or response type. For example, clinical tests of verbal memory
typically involve auditory stimuli and responses, such as listening to and repeating back a list
of words, while tests of nonverbal memory usually involve presentation of visual stimuli and
a pointed response. Experimental studies are less likely to confound material and modality but
nonetheless do not frequently match stimulus size, colour, or spatial frequency (cf. e.g.,
Bellgowan et al., 2009). In Chapters 3 and 4 there were potential confounds of spatial
frequency and stimulus size between these stimuli, which are very relevant to studies of
lateralisation since both have been associated with right-lateralisation of early neural activity
(e.g., Martinez et al., 2001; Sergent, 1982; van der Ham, Postma, & Laeng, 2014). Chapters 5
and 6 explored the effects of these stimulus attributes compared to the to-be-remembered

material.

Chapter 5 demonstrated that with appropriate experimental controls, spatial memory
and spatial perceptual form can be shown to independent contribute to the right-lateralisation
of the N170 ERP peak. Importantly, the right-lateralisation of the N170 peak to spatial
memory did not depend on differences in spatial perceptual form, as the effect was significant
whether the perceptual form of the stimuli was matched or not. This is of crucial importance
since it suggests that previous findings showing early right-lateralisation to spatial memory, in
both this thesis and in other studies in general, are not necessarily due merely to task-
irrelevant perceptual processing. The pattern of results is inconsistent with a clear temporal
distinction between memory and perceptually based lateralisation (cf. Maillard et al., 2011)

but rather suggest a high degree of temporal overlap at the early stages of processing. More

349



broadly the findings validate previous evidence across neuropsychological, neuroimaging,
and ERP methodologies for an association between spatial memory and right medial temporal
lobe function (Baker & Holroyd, 2013; Bellgowan, Buffalo, Bodurka, & Martin, 2009;

Bohbot et al., 1998; Diaz-Asper, Dopkins, Potolicchio, & Caputy, 2006; Kessels et al., 2002).

The same lateralisation effects were not observed in frequency-specific EEG power,
instead showing a near-universal pattern of right-lateralisation. In retrospect the time windows
used to measure EEG power (0 to 500 ms, 500 to 1500 ms) were possibly too wide to
discriminate the effects which, in the ERP study in Chapter 5, not only occurred very early but
also within the same time window (140 to 230 ms). Alternatively, or in addition, the tasks had
very closely matched requirements for precise visual and spatial processing demands and such
general visual-spatial attentional processing could explain the near-universal pattern of right-
lateralisation in this study (e.g., Corbetta & Shulman, 2011; Langner & Eickhoft, 2013; van
der Ham, Postma, & Laeng, 2014). By contrast, Chapter 4 showed lateralisation effects due to
material and processing but there was less precise matching of the stimuli and tasks involved.
The design of the verbal memory tasks may have encouraged strategies similar to letter-by-
letter reading which have been associated with the right hemisphere (e.g., see Ellis et al.,

2004, for a review).

While not the primary focus of this thesis, the role of verbalisation was also
considered in Chapters 5 and 6. The results confirmed previous demonstrations that the right-
lateralisation of memory processing is broadly correlated with the ease of verbalisation
(Hampstead et al., 2010). Additionally, perceptual form also moderated the level of
verbalisation such that hybrid verbal-spatial forms were equally verbalisable despite varying
memory tasks (verbal versus nonverbal), suggesting that both memory and perceptual form
affected the encoding strategies of participants. It was concluded that the effect of
verbalisation on hemispheric lateralisation was relatively subtle as it was prone to interference
by the type of perceptual form and greater verbalisation did not result in outright left-

lateralisation of the verbal memory tasks in either ERP or EEG power measures. Therefore,
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these findings demonstrate that it is critical to consider perceptually-mediated lateralisation
effects and stimulus verbalisability when interpreting lateralisation differences in verbal and

nonverbal memory tasks.
5. Future research directions

The findings of this thesis suggest many possible areas of future research. Among these
are the use of additional imaging methods or stimulation techniques to investigate the causal
relationship between lateralised brain structures and types of memory deficit, the use of
different kinds of memory task to disentangle different accounts of hippocampal function, and

an exploration of nonverbal memory in the auditory domain.

While the empirical studies used EEG methods in order to improve upon the temporal
resolution of fMRI studies, the use of magnetoencephalography (MEG) or a combined EEG-
fMRI or MEG-fMRI design would allow the precise spatial localisation of transient effects in
EEG measures within particular participants. This would help build upon and clarify the
complex interactions between material, processing, brain region, and timing of the neural
response found in Chapter 4. For example, MEG has allowed the precise spatiotemporal
tracking of material specific memory effects from visual areas (within the first 200 ms) to the
hippocampal regions (200 to 800 ms) at the level of the individual participant: Memory for
kaleidoscope pictures showed right-lateralisation and memory for abstract nouns showed left-
lateralisation (Papanicoloau et al., 2002). More generally, validation of the experimental
effects in Chapters 3 to 6 in unilateral temporal lobe epilepsy patients would also help bridge

the gap between cognitive neuroscience and clinical findings.

The majority of clinical and experimental investigations of material specific
lateralisation have not investigated whether lower-level stimulus attributes may contribute to
putatively memory-based lateralisation effects (see Bellgowan, Buffalo, Bodurka, & Martin,
2009 for an exception). The findings of Chapter 5 suggest the importance of stimulus factors
and could be taken up by researchers in all fields to improve the quality of the data

interpretation. This is especially important since recent studies have suggested that the medial
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temporal lobe itself may be critical in performing complex perceptual tasks such as
discriminating specific associations of features (e.g., colour x shape x pattern) that do not
depend on long-term memory (see Graham, Barense, & Lee, 2010 for a review). Hence
researchers interested in the complex perception and memory of different materials should
exercise great caution in the design and interpretation of experiments designed to elicit

lateralised medial temporal activity.

The use of repetitive transcranial magnetic stimulation (rTMS) to stimulate the brain
in healthy participants or TLE patients is a potentially powerful method to explore the causal
relationship between time-frequency measures and right-lateralisation of memory function.
Few studies have explored this option. In one study the use of repetitive TMS at the dominant
alpha frequency of each participant was found to improve performance on a mental rotation
task (Klimesch, Sauseng, & Gerlof, 2003). Similarly, stimulation in the gamma frequency (50
Hz) in the right perirhinal cortex of a presurgical TLE patient resulted in recollection of vivid
memories and produced a widely distributed discharge within the theta frequency (Barbeau et
al., 2005). A combined rTMS-EEG method could be particularly useful to separate cause from

effect with respect to the role of the right hemisphere in nonverbal memory function.

The expansion of the empirical studies in this thesis to include memory tasks requiring
explicit association between spatial stimuli would help determine whether the associative or
the spatial map theory of hippocampal function best explains the observed patterns of
lateralisation (Eichenbaum, Otto, & Cohen, 1994; O’Keefe & Nadel, 1978). While Chapters 5
and 6 compared the effects of memory and perceptual form on lateralisation by merely
controlling for each, more in-depth manipulation of spatial frequencies may help compare the
explanatory power of the spatial frequency model to that of material specificity. One possible
design could involve continuously varying the spatial frequency of stimuli while comparing
memory tasks that require attention to high or low spatial frequencies. Ideally, this design
could be combined with EEG to measure peaks using the steady state visual evoked response
(SSVR; see e.g., Ales, Farzin, Rossion, & Norcia, 2012; Liu-Shuang, Norcia, & Rossion,
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2014) that could elicit differential responses corresponding to perceptual and memory-related

processing with an extremely high signal-to-noise ratio and hence reliability.

This thesis focused on the pattern of lateralisation associated with visual nonverbal
memory tasks, in line with the vast majority of studies of this type. There is a need, however,
for further investigation of lateralisation of auditory memory. Tests of musical memory, for
example, could provide a valuable alternative clinical test when visual methods of testing
cannot be conducted, such as when a patient has visual impairment or spatial neglect, or
simply when expert musical memory skills may be threatened by right temporal lobe surgery
(e.g., Peretz, Champod, & Hyde, 2003). The generalisability of the spatial frequency model of
lateralisation to auditory stimuli could also be explored. There have been findings suggesting
hemispheric dissociation between temporal and spectral aspects of auditory analysis that may
generalise across speech and music (see Zatorre, Belin, & Penhune, 2002, for a review).
Investigating the potential overlap between the visual spatial frequency model and the
auditory temporal/spectral model concerning hemispheric lateralisation is a tantalising
proposal; while ambitious, it is eminently testable given the ease with which Fourier analysis

could create appropriate stimuli.
6. Clinical ramifications and further clinical research

The findings of the meta-analysis in Chapter 2 suggest that while there is no single
category of nonverbal memory test that is clearly superior in assessing the risk of surgery in
presurgical patients, particular individual tests stand out with large effect sizes. These include
the Dade Face Learning Test, Denman Facial Recognition Test, Austin Maze, Route Learning
Test, Brown Location Test, Design Learning from the AMIPB, and the Doors Test. The utility
of these tests in detecting right TLE pathology urgently needs further validation to advance
clinical practice in this area. In assessing the presence of memory decline following surgery
for intractable TLE, tests of face memory such as the subtest of the Warrington Recognition
Memory Test have the greatest clinical utility in distinguishing right TLE impairment. Further

studies are required, however, to validate whether these tests are equally effective with
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increasingly popular and more tailored surgeries such as selective
amygdalohippocampectomy, since the majority of the studies in Chapter 2 involved standard
anterior temporal lobectomy which may remove lateral temporal areas involved in face

perception.

The experimental spatial memory tasks employed in Chapters 3 to 6 could be
potentially validated in a clinical setting. More research is needed with these tasks to
determine their psychometric properties, and whether adding different demands such as
delayed recognition impact on the degree of right-lateralisation. The methodology used in
Chapters 5 and 6 suggested that the use of perceptually identical stimuli with differing
memory demands (and vice versa) may be a convenient way of separating perceptual from
memory related impairment in patients with right-lateralised brain pathology.

7. Final remarks

This thesis has shown that multiple factors affect right hemisphere memory function.
The factor that most consistently predicted right-lateralisation was the use of nonverbal
stimulus material. The type of nonverbal stimulus also had an important effect, however, with
meta-analysis showing that memory for facial and spatial stimuli has greater capacity to
discriminate the impact of right versus temporal lobe resection than memory for abstract
design stimuli. EEG measures were also used to show independent and interactive effects of
material specific and processing specific lateralisation in healthy participants, with material
effects occurring regardless of the brain region while processing effects were limited to the
frontal brain region. In a separate EEG study, spatial memory and spatial perceptual form
showed separable effects on right-lateralisation, while the degree of verbalisation had a subtle

effect which was modified by both memory and perceptual demands.

In conclusion, the findings confirm that while material type is the most powerful
influence on lateralisation to the right hemisphere, there are important limitations and caveats
to this general material specific pattern. The type of processing engaged in during memory

and the perceptual form of the to-be-remembered stimulus also impact on lateralisation, and
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considering the impact of each factor has potential clinical relevance. Further investigations
might include the use of stimulation or imaging approaches that complement EEG to further
delineate the relationship between aspects of nonverbal memory and right hemisphere brain

function.
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Appendix

Final Approval- Ethics application reference-5201100342

Reply

Ethics Secretariat to A/Prof, A/Prof, me show details May 18 (12 days a
£0)

Dear A/Prof Savage

Re: "Nonverbal memory and perception in the right hemisphere" (Ethics Ref:
5201100342)

Thank you for your recent correspondence. Your response has addressed the
issues raised by the Human Research Ethics Committee and you may now
commence your research.

The following personnel are authorised to conduct this research:

A/Prof Greg Savage- Chief Investigator/Supervisor
A/Prof Genevieve McArthur & Mr Adam Craig Bentvelzen- Co-Investigators

NB. STUDENTS: IT IS YOUR RESPONSIBILITY TO KEEP A COPY OF THIS APPROV
AL
EMAIL TO SUBMIT WITH YOUR THESIS.

Please note the following standard requirements of approval:

1.  The approval of this project is conditional upon your continuing
compliance with the National Statement on Ethical Conduct in Human Research
(2007).

2. Approval will be for a period of five (5) years subject to the provision
of annual reports. Your first progress report is due on 18 May 2012.

If you complete the work earlier than you had planned you must submit a
Final Report as soon as the work is completed. If the project has been
discontinued or not commenced for any reason, you are also required to
submit a Final Report for the project.

Progress reports and Final Reports are available at the following website:

http://www.research.mq.edu.au/for/researchers/how to obtain ethics approval/
human_research_ethics/forms

3. Ifthe project has run for more than five (5) years you cannot renew
approval for the project. You will need to complete and submit a Final
Report and submit a new application for the project. (The five year limit

on renewal of approvals allows the Committee to fully re-review research in
an environment where legislation, guidelines and requirements are
continually changing, for example, new child protection and privacy laws).
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Amendment Form available at the following website:

http://www.research.mq.edu.au/for/researchers’how to obtain ethics approval/
human_research_ethics/forms

5. Please notify the Committee immediately in the event of any adverse
effects on participants or of any unforeseen events that affect the
continued ethical acceptability of the project.

6.  Atall times you are responsible for the ethical conduct of your
research in accordance with the guidelines established by the University.

This information is available at the following websites:

http://www.mg.edu.au/policy/
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this email as soon as possible. Internal and External funding agencies will

not be informed that you have final approval for your project and funds

will not be released until the Research Grants Management Assistant has
received a copy of this email.

If you need to provide a hard copy letter of Final Approval to an external
organisation as evidence that you have Final Approval, please do not
hesitate to contact the Ethics Secretariat at the address below.

Please retain a copy of this email as this is your official notification of
final ethics approval.

Yours sincerely

Dr Karolyn White

Director of Research Ethics

Chair, Human Research Ethics Committee
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