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ABSTRACT 

 

The goal of this dissertation was to find converging evidence from behavioral and neuroimaging 

analyses of the mechanisms of orthographic integration with general language processes. By 

examining orthography effects, covert influences of orthography on non-written tasks, in 

participants with aphasia, we attempt to elucidate the nature of orthographic integration, and 

provide additional evidence that may assist in refining assessment and treatment of reading and 

language impairments. We determined that the mechanisms of orthographic access underlying 

two types of orthography effects were separable. In addition, we found that the mechanism of 

one type of orthography effect may be different depending on the modality of stimulus input. We 

conclude that there are multiple, separable mechanisms by which orthography influences general 

language processes. We also speculate on the exact mechanisms of orthographic integration by 

examining current and past evidence, and we postulate a new mechanism based on lexical access 

of orthography in tasks with pictorial stimuli. This dissertation provides important information 

that informs cognitive models of reading and language for future linguistic studies. In addition, 

our research provides support to the notion that neural models are useful tools to inform those 

cognitive models. 
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Chapter 1: Introduction 
 

1. Reading 

Reading is vitally important in order to function in every-day society. Aside from the ability to 

access the generational knowledge found in books and informational articles, the uniquely 

human ability to extract sound and meaning from printed language is essential in order to 

understand signs, labels, and instructions, which allow us to successfully navigate our 

environment. In particular these later abilities are most missed when reading is impaired, often 

due to neural injury as the result of a stroke. Understanding cognitive and neural reading 

processes is therefore important in order to better understand how reading may be recovered, and 

improve the lives of those who have an acquired reading impairment. 

 

Because reading is so ingrained in everyday life, it is easy to forget that, unlike spoken language, 

reading is not an innate skill. While human brains can support language development from a very 

early age (Dehaene-Lambertz, G. & Dehaene, 1994), reading processes never develop without 

instruction (Ardila et al., 2010). From an evolutionary prospective, Homo Sapiens first evolved 

as an independent species between 400,000-700,000 years ago (Stringer, 2016), while the first 

writing system did not emerge until just over 5,000 years ago (Cooper, 2004). This does not give 

enough time for the human brain to develop independent systems to process written language 

(Dehaene, 2009). Instead, the Neuronal Recycling Hypothesis proposes that the reading system 

in the brain develops by coopting more evolutionarily ancient systems, including the existing 

language system (Dehaene & Cohen, 2007). Most notably, the orthographic (word spelling) 

representations consistently develop in what is known as the visual word-form area (VWFA), 

located in the mid-fusiform gyrus. In this area, the more established process of visual object 
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recognition occurs in conjunction with connections to existing language processing areas, 

allowing for the development of an area devoted to the visual code of language (Dehaene & 

Cohen, 2007; Dehaene-Lambertz et al., 2018). However, neuronal recycling is not necessarily 

limited to the visual system. When learning to read, orthographic processing may affect other 

language processes as well. In fact, there is significant evidence to support the Primary Systems 

Hypothesis, that the semantic and phonological aspects of reading are the same processes used 

for general language (Patterson & Lambon Ralph, 1999; Woollams et al., 2018). Therefore, it is 

reasonable to infer that, when learning to read, orthography integrates with non-written linguistic 

processes (NWLPs). However, relatively little is known about how this occurs. In this 

dissertation, we examine orthography effects (OEs), which are the covert influences of 

orthography, on single word, non-written, language tasks. By examining OEs in participants with 

aphasia via both cognitive and neurological perspectives, we attempt to elucidate the nature of 

orthographic integration with NWLPs, and provide additional evidence that may assist in 

refining assessment and treatment of reading and language impairments. 

 

2. Reading and Language Cognitive Models 

Since the seminal paper written by Marshall & Newcombe (1973), models of reading contain 

three major components: orthography, phonology, and semantics. Written words first activate 

orthographic representations, which then activate phonological (auditory) and semantic 

(meaning) representations, all of which must function together in order for normal reading 

behavior to occur (Coltheart et al., 1993, 2001; Harm & Seidenberg, 2004; Jobard et al., 2003; 

Perry et al., 2007; Plaut, 1997; Plaut et al., 1996; Seidenberg & McClelland, 1989). However 

there are different models that propose how these representations integrate with one another to 
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processes written words. These include the Dual Route Cascading model (Coltheart et al., 1993, 

2001), the Connectionist Dual Process+ model (CDP+) (Perry et al., 2007), and the Parallel 

Distributed Processing/Triangle model (Plaut, 1997; Plaut et al., 1996; Seidenberg & 

McClelland, 1989). 

 

The Dual Route Cascading (DRC) model is defined by its two routes for determining the access 

of phonology from orthography for oral reading (Coltheart et al., 1993, 2001). The first of these 

route is the sub-lexical route of reading. This route utilizes grapheme to phoneme 

correspondence rules to extract regular phonological representations from orthography. It is via 

this route that words are sounded-out. In contrast, the lexical route utilizes whole word 

orthographic representations to access phonological representations. This route is associated with 

fluent reading, and allows for connections to semantic representations of words. The CDP+ 

Model builds on the DRC model. This model combines features of the DRC model, namely the 

function of the lexical route, with a connectionist model of sub-lexical reading (Zorzi et al., 

1998), along with other updates to the DRC model (Perry et al., 2007). In this version of the sub-

lexical route, a two layer network of phonology assembly is used to access the most statistically 

plausible grapheme to phoneme relationships, instead of explicit grapheme-to-phoneme rules 

(Perry et al., 2007; Zorzi et al., 1998).  However, the both the DRC and CDP+ models primarily 

focus on the lexical and sub-lexical routes of orthographic input to phonological output, while 

the involvement of semantics remains largely unspecified. For the purposes of this dissertation, 

we therefore choose to rely primarily on the Triangle model of reading due to its inclusion of 

stronger involvement of semantic representations in reading. 
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The Triangle Model includes orthographic, phonological, and semantic representations, each 

consisting of weighted units (Plaut et al., 1996; Seidenberg & McClelland, 1989). The units are 

weighted based on experience and are all equally connected in a bi-directional manner by 

similarly weighted “hidden-units”, which encode information about how these representations 

are related. This model is described as involving parallel distributed processing, because the 

activation of a word representation involves the simultaneous activation of all features associated 

with the word. A strength of this model is that it develops over time, similarly to the CDP+ 

model, in the sense that as knowledge and experience increase over the course of learning to 

read, the unit weights shift to alter the connections between representations. In addition, the 

parallel distributed approach to representational coding allows the model to have more neurally 

plausible features (Laszlo & Plaut, 2012; Plaut, 1997). As mentioned above, we are primarily 

relying on this model of reading because it does not necessarily treat speech as the final output, 

and pathways to meaning are just as important. In this model orthographic representations can 

simultaneously access both phonological and semantic representations (Harm & Seidenberg, 

2004). As a result, there are two main pathways: direct connections between orthographic and 

phonological units, which may then activate semantics; and direct connections between 

orthographic and semantic units, which may then activate phonology. The connections from 

orthography to both phonology and semantics allow us to examine how phonological or semantic 

input can influence orthography, and vice versa.  

 

The model of spoken language processing we will be using is a model of cascading access of 

phonology from semantics, mediated by lexical access (Dell, 1986; Dell & O’Seaghdha, 1992). 

In this model, from a conceptual input, units of semantic features selectively activate abstract 
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lexical representations, also referred to as lemmas. The lemmas then go on to activate the 

phonological units they are associated with, and the most strongly active units are used as output. 

Importantly, each level interacts with the others. There is feedback between the semantic and 

lexical levels, and between the lexical and phonological levels. This feedback allows for refining 

of the representations at each level, with the information from other levels.  

 

The model we will be using to drive our hypotheses of how orthography integrates with NWLPs 

is a combination of the Dell model and the Triangle Model [Figure 1.1]. Based on the Primary 

Systems Hypothesis, the phonological and semantic sub-processes are thought to be shared 

between reading and general language (Patterson & Lambon Ralph, 1999; Woollams et al., 

2018). Because of this, orthography is mapped onto the Dell model in such a way that it has bi-

directional connections with both phonological and lexical representations. Other integrative 

models of reading and language define similar connections (Taft, 2011). In relation to the 

Figure 1.1 – Combined Model 
This model represents the features from both the Dell model of lexical access, and the Triangle model of reading. Semantic representations 
access phonological and orthographic representations mediated by lexical lemmas. While several representations may be accessed at each 

level, the most highly activate representations are what is perceived. Lines represent the bi-directional connections between representational 

units on each level. For simplicity, the hidden units that mediate the connections between the representations are not shown. Again, for 

simplicity, other representations of this model will replace the lines with bi-directional arrows. 
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Triangle model, this model is similar with the exception that the semantic units are mediated by 

lexical representations. Orthographic connections with phonology are inherent for reading to 

occur (Seidenberg & McClelland, 1989), but orthographic connections with lexical 

representations are supported by the effect of orthographic manipulation on written lexical 

decision tasks (Briesemeister et al., 2009; Seidenberg et al., 1984; Ziegler et al., 2014).  

 

3. Brain Basis of Reading and Language 

Understanding the neural models of reading and language may allow us to find evidence that 

builds on and informs the cognitive model of reading and language, and can therefore be used to 

address our questions. When describing the neural networks of reading and language, the 

majority of studies examine brain areas associated with the subprocesses of phonology, 

semantics, lexical access, and orthography [Figure 1.2]. These reading and language areas are 

largely focused around the left peri-sylvian region and vary in their distribution (Fiez & Petersen, 

1998; Jobard et al., 2003; Price, 2012). For phonological processing, the main accepted 

processing areas are around the posterior superior temporal gyrus [pSTG] (Booth et al., 2002, 

2003; Boukrina et al., 2015; Boukrina & Graves, 2013; Hickok & Poeppel, 2004, 2007; Jobard et 

al., 2003; Mesgarani et al., 2014; Rauschecker & Scott, 2009; Turkeltaub & Coslett, 2010), the 

supramarginal gyrus [SMG] (Boukrina et al., 2015; Glezer et al., 2016; Hartwigsen et al., 2010; 

Jobard et al., 2003; Price et al., 1997; Turkeltaub & Coslett, 2010), and the pars opercularis of 

the inferior frontal gyrus [pOp IFG] (Booth et al., 2007; Boukrina et al., 2015; Devlin et al., 

2003; Jobard et al., 2003; R. A. Poldrack et al., 1999; Price et al., 2003; Pugh et al., 2000, 2001). 

Other areas associated with phonology include, the superior temporal sulcus [STS] (Binder, 

2000; Hickok & Poeppel, 2007; Richardson et al., 2011; Turkeltaub & Coslett, 2010), the 
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posterior middle temporal gyrus [pMTG] (Boukrina et al., 2015; Boukrina & Graves, 2013; 

Indefrey & Levelt, 2004; Price, 2012), and the angular gyrus [AG] (Ghaleh et al., 2018; 

Turkeltaub & Coslett, 2010). 

 

For semantic processing, main accepted processing areas are more distributed. They include the 

pars orbitalis and triangularis of the IFG [pOrb/pTri IFG] (Binder et al., 2009; Devlin et al., 

2003; Jobard et al., 2003; A. Martin & Chao, 2001; R. A. Poldrack et al., 1999; Rodd et al., 

2005; Thompson-Schill et al., 1999), the temporal pole [TP] (Binder et al., 2009; A. Martin & 

Chao, 2001; Mummery et al., 2000; Patterson et al., 2007; Price et al., 1997; Richardson et al., 

2011), the middle temporal gyrus [MTG] (Binder et al., 2009; Hickok & Poeppel, 2007; Jobard 

et al., 2003; Price et al., 1997), the inferior temporal gyrus [ITG] (Hickok & Poeppel, 2004, 

2007; Jobard et al., 2003; Price, 2012; Rodd et al., 2005), and the AG (Binder et al., 2009; 

Bonner et al., 2013; Boukrina & Graves, 2013; Noonan et al., 2013; Seghier & Price, 2009). 

 

The areas associated with lexical access are also widely distributed and are less agreed upon. 

They include the MTG and ITG (Binder et al., 2003; Boukrina & Graves, 2013; Hickok & 

Poeppel, 2007; Indefrey & Levelt, 2004), and the AG (Binder et al., 2003; Geschwind, 1965; 

Price, 2012; Pugh et al., 2000, 2001). 

 

Orthographic processing is more unique in that there is one main accepted brain area associated 

with orthography, the mid-fusiform gyrus (Booth et al., 2002; Boukrina & Graves, 2013; Cohen 

& Dehaene, 2004; Dehaene & Cohen, 2011; Dehaene-Lambertz et al., 2018; Glezer et al., 2009, 

2016; Glezer & Riesenhuber, 2013; Hillis et al., 2005; Jobard et al., 2003; Lochy et al., 2015, 
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2018; McCandliss et al., 2003; Price, 2012; Pugh et al., 2000, 2001; Sebastian et al., 2014). In 

fact, this area is so often associated with orthography, that it is often dubbed the VWFA. 

However, there is some debate on whether the VWFA is specific for orthographic processing. 

The VWFA has also been associated with object naming and auditory stimuli (Devlin et al., 

2006; Pattamadilok et al., 2019; Price & Devlin, 2003; Sebastian et al., 2014). There is also an 

account of the VWFA that its specificity for words stems from its connections to phonological 

and semantic areas which, through distributed representation, are also involved in the access of 

orthographic representations (Devlin et al., 2006; Price et al., 2003; Price & Devlin, 2011). This 

account is in line with parallel distributed cognitive models of reading that rely on 

communication between orthography, phonology, and semantics (Seidenberg & McClelland, 

1989). In fact, several studies identify areas of the brain that are associated with orthography to 

phonology conversion. These areas include the SMG (Booth et al., 2002; Jobard et al., 2003; 

Pugh et al., 2000, 2001), AG (Booth et al., 2002, 2003, 2004, 2007; Horwitz et al., 1998; Pugh et 

al., 2000, 2001; Purcell et al., 2021; Rapp et al., 2016), the post. MTG (Boukrina & Graves, 

2013), and the IFG (Booth et al., 2007). Furthermore, Graves et al. (2010) identified the post. 

MTG, SMG, and VWFA as associated with the direct route from orthography to phonology in 

the triangle model; the IFG and ITG as associated with the indirect route; and the AG as 

associated with a direct route from orthography to semantics. In studies that examine the 

connections between these areas, the use of these routes varies by the stimulus being presented 

and by reading proficiency, just as the cognitive models predict (Boukrina & Graves, 2013; Levy 

et al., 2009). While there is still much to learn about the neural model of reading, an analysis 

using this neural model can be used to further our understanding of orthographic integration with 

NWLPs. 
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4. Early Reading Influences on Language 

As mentioned above, spoken language is a skill that develops at an early age without explicit 

learning (K. C. Martin et al., 2022; Newport, 2016; Saffran et al., 1997). This is in contrast to 

reading, which must be learned (Ardila et al., 2010). Furthermore, according to the Primary 

Systems Hypothesis, orthographic information integrates with the already developed language 

processes in order to support reading behavior (Patterson & Lambon Ralph, 1999; Woollams et 

al., 2018). To gain insight into how orthographic associations with general language develop, we 

can examine the cognitive and neurological steps of literacy acquisition. Learning to read 

appears to be a process that occurs in multiple phases. The four phases are a visual phase, an 

alphabetic phase, a sub-lexical phase, and a lexical/fluent phase (Ehri, 2005). In the visual phase, 

Figure 1.2 – Functional Language Areas 
The most prominent reading and language areas, as defined by previous literature. Areas are categorized by associations with Orthography 

(O), Phonology (P), Lexical Access (L), and Semantics (S). Areas that are associated with multiple representations, or are associated with 
communication between representations, are labeled according to the Venn-diagram. 1 – inferior frontal gyrus (IFG) pars orbitalis; 2 – 

IFG pars triangularis; 3 – IFG pars opercularis; 4 – supramarginal gyrus; 5 – post. Superior temporal gyrus (STG); 6 – angular gyrus 

(AG); 7 – temporal pole (TP); 8 – middle temporal gyrus (MTG); 9 – inferior temporal gyrus (ITG); 10 – post. Middle temporal gyrus; 11 

– [ventral surface] mid. fusiform gyrus (FG) also described as the visual word form area (VWFA). 
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beginning readers have no knowledge of orthography or alphabetic code. When presented a 

word, they see it as a single unit, and any “reading” they attempt is through memorization of the 

visual form of the word (e.g., dog is recognized by the ‘tail’ at the end). In the alphabetic phase, 

beginning readers start to form an alphabetic code, such that they associate some letters (mostly 

consonants) with sounds, but they do not yet have an ability to segment words. They may be able 

to recognize a memorized word by its individual letters (instead of its overall visual form), but 

they cannot yet sound out new words. In the sub-lexical phase, beginning readers know 

grapheme-phoneme correspondences, and are now able to sound out words. This phase is also 

representative of the sub-lexical route of reading (Stuart, 1990). Importantly, the ability to sound-

out words is supported by the ability to segment whole words into individual graphemes, as well 

as phonemes. Phonemic awareness is the ability to recognize that spoken words are comprised of 

individual sounds (i.e., phonemes) (Cunningham, 1990).  This ability does not develop 

spontaneously; instead its development is highly correlated with learning to read (Castles & 

Coltheart, 2004; Castro-Caldas, 1998; Cheung & Chen, 2004; Ehri & Wilce, 1980; Goswami, 

2002; Morais et al., 1979). It is not correct to say that sub-lexical reading is a pre-requisite of 

phonemic awareness (or vice versa); rather, the same learned ability allows beginning readers to 

recognize that words can be broken into parts both graphemically and phonemically. 

Nonetheless, the relationship between phonemic awareness and sub-lexical reading indicates that 

there is some communication between phonology and orthography that develops early on when 

learning to read. This then translates to an enhancement of performance on seemingly purely 

phonological tasks, such as pseudoword repetition, when reading is learned (Castro-Caldas, 

1998). In the lexical/fluent phase, readers are able to decode graphemes in larger units (i.e., on 

the level of syllables or whole words). This ability is assisted by parallel letter processing, which 
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allows the reader to process the whole words as a single unit and removes the length effect seen 

in sub-lexical processing (Dehaene, 2009).  This phase is therefore representative of the lexical 

route of reading, which is utilized in addition to the sub-lexical route in fluent reading (Stuart, 

1990). Presumably, this phase is also where orthography is fully integrated with lexical 

processing of language. However, the exact nature of that integration is still debated. 

 

5.  Orthographic Integration with General Language Processes 

While the mechanisms by which orthography integrates with general linguistic processes are still 

unclear, some plausible theories have been advanced. The first theory, top-down orthographic 

recruitment [Figure 1.3A], is less of orthographic integration with language and more of a 

mechanism by which orthographic representations can be strategically accessed for language 

processing. This mechanism involves existing associations between top-down and orthographic 

processes that function in response to task demands (Dehaene & Cohen, 2011; Ludersdorfer et 

al., 2015, 2016; Planton et al., 2019; Yoncheva et al., 2010). In this way, processes such as 

cognitive control, attention, and decision-making processes can strategically recruit orthography 

when the task demands are great enough.  

 

While this first theory reflects a strategic mechanism, the next two are considered to be 

automatic, such that their effects are present whether the task demands it or not. The first of these 

is the bi-directional Phonological Connectivity Theory [Figure 1.3B]. This theory, developed in 

Grainger & Ferrand (1996), states that there is a bi-directional influence between orthography 

and general language processes, so that orthography may influence phonology and vice-versa no 

matter the modality of input. This interaction between phonological and orthographic 
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representations is similar to how representations involved in explicit reading models are 

described, separable but mutually influential (Plaut et al., 1996; Seidenberg & McClelland, 

1989).  

 

The final theory, the Phonological Restructuring Theory [Figure 1.3C], involves orthographic 

alteration of the phonological representations themselves (Dehaene et al., 2010, 2015; Montant et 

al., 2011). This alteration is such that phonological representations become more similar to each 

other if their associated orthographies are similar, regardless of their original phonological 

similarity (Muneaux & Ziegler, 2004; Taft, 2011). Therefore, an influence of orthography is 

merely an influence of orthographically altered phonology. This theory is in line with the 

Neuronal Recycling Hypothesis in that orthographic learning alters existing processes (Dehaene 

& Cohen, 2007). Although this hypothesis has primarily been used to examine the VWFA, there 

is evidence that phonological and lexical areas may be altered as a result of reading acquisition 

(Dehaene et al., 2010, 2015; Montant et al., 2011). It must be noted here that while these theories 

of orthographic integration are mechanistically very different, they are not mutually exclusive 

(Dehaene et al., 2010, 2015). It is possible that any of these mechanisms could be a driver of 

orthographic influence, and indeed, there may be multiple mechanisms at work simultaneously. 
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Figure 1.3 – Models of Orthographic Integration and Proposed Neurological Markers 
A-C) Mechanisms of orthographic integration. These mechanisms are classified as either having a strategic influence (i.e., orthography is 

only recruited when there is a benefit to do so), or an automatic influence (i.e., orthography influences the processes regardless of strategic 

benefit) A) Top-down recruitment of orthographic representations to strategically influence task processes. B)  Bi-directional Phonological 
Connectivity with orthography to automatically influence task processes. C) Phonological Restructuring via orthographically constrained 

phonological representations automatically influences task processes. D-F) Neurological markers of orthographic integration mechanisms. 

D) Top down theory is indicated by areas involved with attention and cognitive control (superior and middle frontal gyri, and superior 
parietal lobe) and their connections to the VWFA. E) Phonological Connectivity theory is indicated by areas involved with phonology 

(temporal-parietal junction and the pars-opercularis of the inferior frontal lobe) and their connections to the VWFA. F) Phonological 

Restructuring Theory is indicated by the same temporal-parietal junction and inferior frontal areas, but NOT connections to the VWFA. G-

H) Essential cognitive mechanisms of the rhyme judgement tasks, without orthography. G) Auditory rhyme judgement: phonology is 

accessed from an auditory input, which then gives input to decision making processes to compare two words for phonological similarity. H) 
Picture rhyme judgement, similar mechanism, but semantics is directly accessed from a pictorial input, which must first access the lexical 

representation, in order to access phonology. Boxes shaded in grey are those processes that may be affected by orthography via the 

mechanisms shown in A, B, C, or some combination thereof. 
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6.  Orthography Effects 

In order to investigate how orthography integrates with general language processes, it may be 

useful to examine how orthography affects non-written language tasks. There is strong evidence 

to suggest that just as phonology can affect written language processes (Van Orden et al., 1988), 

orthography can affect NWLPs, even when no written forms are presented (Campbell & Wright, 

1988; Chéreau et al., 2007; Coch, 2018; Cutler et al., 2010; Damian & Bowers, 2009, 2010; 

Dijkstra et al., 1995; Donnenwerth-Nolan et al., 1981; Lupker, 1982; McPherson et al., 1997, 

1998; Muneaux & Ziegler, 2004; Pattamadilok, Morais, et al., 2007; Pattamadilok, Perre, et al., 

2009; Peereman et al., 2009; Perre, Pattamadilok, et al., 2009; Perre, Midgley, et al., 2009; Perre 

& Ziegler, 2008; Seidenberg & Tanenhaus, 1979; Starreveld & La Heij, 1996; Taft et al., 2008). 

These influences of orthography on NWLPs will be referred to as orthography effects (OEs). 

Since there is no explicit reading involved in OEs, the OE mechanisms represent a covert 

influence of orthography and may reveal methods of integration with NWLPs that differ from 

explicit reading. Although OEs are demonstrated in many different types of tasks, and with 

several different types of orthographic manipulations, the OEs may be categorized as one of two 

types: 1) the metaphonological OE (Met. OE), where orthography affects the decision making 

component of tasks that require a judgment about the phonology of words; and 2) the lexical OE 

(Lex. OE), where orthography affects the access of the abstract lexical representation, or lemma, 

in tasks that involve this linguistic process.  

 

Metaphonological OE 

The Met. OE was first shown in Seidenberg & Tanenhaus (1979). This seminal paper 

demonstrated the Met. OE in an auditory rhyme judgement (ARJ) task. During this task, 
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participants were auditorily presented with pairs of words and asked to determine if they rhymed 

or not. The word pairs were crossed by whether they rhymed or not, and by whether their rimes 

(i.e., the end orthography of the words) matched or not. The authors observed that stimuli that 

were orthographically matching in the rhyme condition, and orthographically mismatching in the 

non-rhyme condition, were judged faster than the other conditions. Put another way, word pairs 

that have congruent orthographic and phonological match are judged faster than word pairs that 

have incongruent orthographic and phonological match. This phenomenon is said to reflect the 

interference caused by conflicting phonological and orthographic representations (Johnston & 

McDermott, 1986). The Met. OE has since been shown in studies using varying 

metaphonological tasks. Some studies replicated the findings of the ARJ task (Damian & 

Bowers, 2010; McPherson et al., 1997, 1998). Other studies employed a variation of ARJ: 

auditory rhyme monitoring. In this task, participants are presented with a cue word, and then are 

asked to choose between other words, which may or may not also have a matching rime, to 

match the cue-word rhyme (Donnenwerth-Nolan et al., 1981). Another related experimental 

variation is the auditory phoneme monitoring task. This task involves the choice between 

presented words or pseudowords that may contain a cue phoneme, and which may or may not 

also be orthographically consistent (i.e., having a singular phoneme to grapheme mapping [/b/, 

/r/, /d/], vs. inconsistent with multiple mappings [/k/, /s/, /f/]) (Cutler et al., 2010; Dijkstra et al., 

1995). The Met. OE was also found in a picture rhyme judgement (PRJ) task, involving the same 

manipulations as the ARJ task, but with pictorial stimuli (Campbell & Wright, 1988; McPherson 

et al., 1997, 1998). Furthermore, while the original study only identified the Met. OE in task 

reaction times, subsequent studies found this effect in task accuracy as well (McPherson et al., 

1997, 1998).  
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To understand the function of the OEs, we must identify both how that orthographic information 

is initially accessed by NWLPs (recruited), and how orthographic information affects task 

processes once it is recruited [Figure 1.4]. The effect of orthography on task processes informs 

the mechanism by which orthographic information can influence tasks, whether or not the 

orthographic information is presented explicitly. For example, while this dissertation is 

concerned with non-written tasks, there are examples of orthographic influence on written 

metaphonological tasks that present with the same influence on rhyme judgment as an auditory 

or picture rhyme judgment task (Tree et al., 2011; Weber-Fox et al., 2003). In the case of the 

Met. OE, the effect of orthography on metaphonological task processes results from judgement 

interference from incongruent phonological and orthographic representations. 

Electroencephalography (EEG) studies have revealed evidence that the Met. OE has an influence 

on post-lexical decision making processes (Coch, 2018; Lafontaine et al., 2012; McPherson et 

al., 1998; Pattamadilok et al., 2011). Although early studies made the claim that the Met. OE is 

automatic (Seidenberg & Tanenhaus, 1979), these more recent studies have all found an event-

related potential (ERP) peak difference in a time-window that is associated with post-lexical 

decision making (450-700ms). This ERP evidence is consistent whether the task is auditory 

rhyme judgment (McPherson et al., 1998), picture rhyme judgement (Coch, 2018), initial 

phoneme comparison (Lafontaine et al., 2012), or auditory phoneme monitoring embedded in a 

go/no-go task (Pattamadilok et al., 2011).  

 

The mechanism of orthographic recruitment of the OE gives evidence for how orthographic 

information may be accessed by NWLPs, and therefore the mechanism of orthographic 

integration with NWLPs. This mechanism is the difference between non-explicit orthographic 
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involvement, and explicit orthographic involvement, the latter of which does not need to recruit 

orthography from NWLPs. For the mechanism of orthographic recruitment in the Met. OE, there 

is evidence from behavioral studies that supports the strategic top-down orthographic recruitment 

theory (Cutler et al., 2010; Damian & Bowers, 2010). In one experiment by Damian & Bowers 

(2010), filler stimuli were added to the paradigm of Seidenberg & Tanenhaus (1979), making the 

manipulations opaque; as a result, the Met. OE was extinguished. Furthermore, Cutler et al. 

(2010) found that orthography only affects the reaction time of phoneme monitoring when the 

phoneme cue is inconsistent. These results suggested that orthography was only recruited when it 

was beneficial to the task, indicating that the mechanism of orthographic recruitment was 

strategic in nature, and is best explained by a top-down mechanism of orthographic integration 

driving the effect (Dehaene & Cohen, 2011). From a neuroimaging perspective, Desroches et al. 

(2010) and Cone et al. (2008) determined that a larger OE on auditory rhyme judgement was 

correlated with stronger ventral occipital-temporal area (i.e., VWFA) activation during 

incongruent trials over congruent trials. This result indicates that the Met. OE is associated with 

strategic activation of orthographic representations during the task. Furthermore, Lafontaine et 

al. (2012) found that more difficult conditions in a phoneme comparison task are more likely to 

result in recruitment of orthographic influence to assist in task performance. Therefore, our 

current understanding of the Met. OE suggests that orthography, strategically recruited by top-

down processes, influences metaphonological decision-making. 
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Lexical OE 

The Lex. OE is defined as an effect of orthographic manipulations on tasks that require lexical 

access, but not necessarily decision making processes. The effect was first shown by Ziegler & 

Ferrand (1998) in a study investigating word consistency effects on a lexical decision task 

(LDT). Participants were asked to identify real words from an auditorily presented series of real 

words and pseudowords. The real words were split by whether they contained phonemes that 

mapped onto one potential grapheme (consistent; e.g., farm), or onto several potential graphemes 

(inconsistent; e.g., in leaf, -eaf may also be spelled as -eef). The authors found that consistent 

words were identified more quickly and with greater accuracy than inconsistent words, as 

consistent words had less interference from orthographic neighbors. Since this study, the Lex. 

OE has been replicated in several tasks involving lexical access. Several studies replicated the 

Figure 1.4 – Orthography Effect Mechanisms 
The mechanisms of OEs can be broken into two steps: 1) Mechanism of orthographic recruitment (most relevant to this dissertation) – 

Orthography is accessed to influence task processes. Importantly, orthographic recruitment is specific to tasks that do not explicitly present 

orthography (i.e. non-written tasks). Orthography must be recruited by NWLPs in some way in order to influence the task. 2) Orthographic 
influence on task processes – Orthography affects task processes (i.e., decision making or lexical access). Orthographic influence occurs 

whether orthography is explicitly presented (i.e. effects of orthography on written LDT or rhyme judgement tasks) or accessed via NWLPs. 

The mechanism of orthographic recruitment (green) and orthographic influence (brown) are shown for  A) the Top-Down Theory, B) the 

Phonological Connection Theory, and C) the Phonological Restructuring Theory 
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Ziegler & Ferrand auditory LDT where performance on identifying orthographically consistent 

words was better than inconsistent words (Pattamadilok, Morais, et al., 2007; Perre, 

Pattamadilok, et al., 2009; Perre & Ziegler, 2008; Ventura et al., 2004; Ziegler et al., 2003, 2004, 

2008). Other studies demonstrated the Lex. OE in the context of auditory priming of the LDT. 

Participants identified words after auditory real or pseudohomographic1 prime words that were 

crossed by whether they were orthographically matched to a target or not (Chéreau et al., 2007; 

Perre, Midgley, et al., 2009; Taft et al., 2008). The researchers found that orthographically 

matching primes yielded better LDT performance. The Lex. OE also extends to semantic 

categorization and semantic go/no-go tasks with auditory word stimuli, which showed that 

orthographic consistency manipulations yielded the same improved performance in words with 

consistent phonemes (Pattamadilok, Perre, et al., 2009; Peereman et al., 2009). While the above 

studies demonstrated that orthography has an effect on auditory input (where only phonological 

information is given), naming from pictorial input (where neither orthographic nor phonological 

information is given) is also subject to the Lex. OE, as lexical access is needed for phonological 

retrieval from pictures. In picture interference paradigms, the co-presentation of a written word 

can prime picture naming performance if the orthography matches that of the picture name 

(Damian & Bowers, 2009; Lupker, 1982; Starreveld & La Heij, 1996). However, even if no 

orthography is presented at all, such as in PRJ tasks, which involve lexical access preceding a 

phonological output, orthographically matching words are judged as rhyming or not more 

accurately than non-matching words (Coch, 2018). Importantly, the Lex. OE in picture rhyme 

judgement tasks is in addition to the Met. OE, since both lexical access and metaphonological 

 
1 Pseudohomograph: a stimulus that sounds like a non-word but may be spelled like a real word 

(e.g. /dri:d/ can be spelled like ‘dread’) 
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judgements are occurring [Figure 1.3H]. These studies suggest that regardless of the task or 

modality of input, the Lex. OE is present in any task that involves lexical access. 

  

In the Lex. OE, the orthography influence is on the level of lexical representations 

(Pattamadilok, Perre, et al., 2009; Pattamadilok, Morais, et al., 2014; Perre et al., 2011; Perre & 

Ziegler, 2008; Ventura et al., 2004; Ziegler et al., 2003, 2004). By demonstrating that 

concurrently presented words prime picture naming, in a picture interference task, Lupker (1982) 

demonstrated that orthography may influence lexical access. EEG studies further support this 

claim. For example, consistency manipulations in auditory lexical decision and a semantic go/no-

go tasks yielded ERP amplitude differences that were time-locked to the onset of the syllable 

containing inconsistent phonemes within a word (Pattamadilok, Perre, et al., 2009; Perre & 

Ziegler, 2008). This effect occurred in an earlier temporal window than that associated with 

decision-making (300-350ms). The authors of both papers concluded that this ERP represents an 

orthographic influence on lexical access. Additionally, this same ERP difference was identified 

in Coch (2018) with the picture rhyme judgement task, in addition to the ERP difference of 

decision making.  

 

When identifying the Lex. OE mechanism of orthographic recruitment, one behavioral study 

argues for a strategic mechanism, as opposed to an automatic mechanism, based on the presence 

of the Lex. OE in priming of a LDT only when reduced phonological overlap made the use of 

orthography necessary (Pattamadilok, Kolinsky, et al., 2007). However, EEG studies have 

supported the notion that the mechanism is automatic (Pattamadilok, Morais, et al., 2014; Perre 

et al., 2011). In these studies, consistency manipulations were done in a word vs. noise go/no-go 
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task, and a passive listening task. No linguistic information was needed to complete these tasks, 

and therefore no strategic benefit to using orthographic information in the task. The authors 

found that orthographic influence on reaction times, as well as the same lexically associated 

ERP, persisted despite the lack of strategic benefit. While there is strong evidence to support that 

the Lex. OE has an automatic influence on lexical access, based on current data, it is still under 

debate as to whether this mechanism of orthographic recruitment is based on bidirectional 

connections between orthography and phonology, or orthographically restructured phonological 

representations (Pulvermüller, 1999).  In support of the Phonological connection Theory, Perre, 

Midgley, et al. (2009) found that orthographic priming of the LDT yielded an expected ERP 

difference that was localized to posterior and middle brain regions, while phonological priming 

of the LDT yielded an ERP difference localized to frontal brain regions. The authors concluded 

that the separability of these two regions indicates that there must be communication from 

phonology to orthography in order recruit orthography for lexical influence. Additionally, Perre 

& Ziegler (2008) determined that the ERP difference found in association with the Lex. OE is 

very similar to a N320 component that is associated with access of phonology from print (Bentin 

et al., 1999), indicating that the ERP difference found in their study was also the result of 

communication between phonology and orthography. However, there is also support for the 

Phonological Restructuring Theory. Muneaux & Ziegler (2004) found that an off-line 

phonological neighbor generation task, where participants spontaneously generated 

phonologically related words from an auditory cue (i.e., words that are generated by 

altering/removing/adding any phoneme in the word), yielded responses that were both 

phonologically and orthographically related to the auditory cue, indicating that phonological 

representations must also include orthographic information. Imaging studies also support this 
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theory. For example, Perre, Pattamadilok, et al. (2009) found that the ERP difference associated 

with the Lex. OE was source localized to the left supramarginal gyrus. Additionally 

(Pattamadilok et al., 2010) found that TMS inhibition of the supramarginal gyrus, but not the 

ventral occipital temporal cortex, impaired the Lex. OE. Given that these studies found 

associations of the supramarginal gyrus, an area largely associated with phonological processing 

(Jobard et al., 2003; Price et al., 1997; Turkeltaub & Coslett, 2010), but not any areas dedicated 

to orthographic processing (such as the VWFA), it is likely that orthographically altered 

phonological representations therefore influence lexical access. However, with currently 

opposing evidence, it is still unclear which of these mechanisms drives orthographic access in 

the Lex. OE. 

 

7.  Orthography Effects When Learning to Read 

Studies of OEs in pre-literate children, children learning to read, and children and adults with 

reading difficulty can shed more light on the mechanisms of the Met. and Lex. OEs. For 

example, as we would expect, pre-literate children and children who have developmental 

dyslexia do not demonstrate either the Met. or Lex. OEs (Castles et al., 2003; Desroches et al., 

2010; Pattamadilok, Morais, et al., 2009; Ventura et al., 2007; Ziegler & Muneaux, 2007). The 

lack of OEs in pre-literate children demonstrates, unsurprisingly, that some form of reading 

proficiency (i.e. the learning of orthographic representations) is required in order for orthography 

to influence NWLPs. However, once these representations are acquired, orthography effects are 

established early. Early readers are able to demonstrate the Met. OE, even when they only have 

implicit orthographic knowledge (i.e. they cannot explicitly spell the words they are judging) 

(Lipourli, 2014). This result indicates that orthographic representations need to be present, but 
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not necessarily proficiently integrated in order for the Met. OE to be present. Additionally, 

although emerging readers do not exhibit the Lex. OE in LDTs, they did exhibit the effect in a 

sub-lexical task, demonstrating orthographic involvement (Pattamadilok, Morais, et al., 2009; 

Ventura et al., 2007). This result is in line with theories of reading development that early 

readers tend to rely more on sub-lexical orthographic – phonological associations (Ehri, 2005). 

Interestingly, the Met. and Lex. OEs are differentially affected by reading ability in adulthood. 

There is a weaker Lex. OE in poor readers vs. proficient readers, but this is not the case for the 

Met. OE, which appears to be unaffected by reading ability (Pattamadilok, Nelis, et al., 2014). 

These findings strengthen the argument that the Met. OE is present as long as the orthographic 

representations have been learned. In contrast, in the Lex. OE, proficient reading knowledge is 

necessary, possibly because lexical orthographic – phonological associations are needed, which 

only exist in the presence of reading fluency (Ehri, 2005). Since the Lex. OE seems to be more 

dependent on reading proficiency than the Met. OE, this study supports dissociability of the 

orthographic recruitment mechanisms between these two OEs. 

 

8.  Orthography Effects in Persons with Aphasia 

Aphasia is an overarching term for acquired language impairments (Damasio, 1992), and most 

commonly occurs following a left-hemisphere stroke. Aphasia is also often accompanied by 

alexia, an acquired impairment of reading (Reiff Cherney, 2004). This population presents the 

opportunity to provide causal evidence for the mechanisms that drive OEs, as opposed to the 

simple associations with the OEs often found in studies of only unimpaired participants. While 

aphasia is an umbrella term for a great variety of language and reading abilities reflecting a wide 

range of linguistic impairments, general language impairments may still inform OE mechanisms 
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by informing whether commonly impaired processes in aphasia, such as lexical access in anomia 

(Benson, 1988; Code & Petheram, 2011; Damasio, 1992; Goodglass & Geschwind, 1976), 

reflect processes also involved in the OEs. Additionally, we may utilize individuals with varied 

language impairments and stroke locations, to determine if more specific impairments affect the 

OEs. Studying general and specific language impairments after stroke therefore presents the 

opportunity to examine if different language processes are involved in the OEs, and by 

extension, the cognitive and neural mechanisms of orthographic integration. However, to date, 

there are no studies of the neuronal correlates of OEs in persons with aphasia, and there are only 

a few studies on the cognitive models of OEs in persons with aphasia or alexia (Baum & 

Leonard, 1999, 2000; C. L. Leonard & Baum, 1997; Miller & Swick, 2003). These studies all 

found intact lexical OEs by priming an auditory lexical decision task (via orthographic rimes and 

phonological rhymes) in persons with either aphasia or pure alexia, a subtype of reading 

impairment. However, these studies differed from one another in their interpretation of the OE 

mechanisms, presumably because of their different participant populations. Baum & Leonard 

(1999, 2000) found evidence that the lexical OE is driven by strategic orthographic access in 

persons with aphasia. Orthographic priming only yielded a lexical OE when there were inter-

stimulus intervals (ISI) too long to indicate automatic access, while they showed phonological 

priming across all ISIs. Miller & Swick, (2003) found evidence that the lexical OE was driven by 

automatic, bi-directional communication between orthographic and phonological processes in 

persons with pure alexia. Those with alexia showed evidence of an intact OE in an auditory 

lexical decision task, but not a written lexical decision task, indicating separable, but associated, 

orthographic and phonological representations. Considering the differing results from these 

studies of populations that had different impairments, the fact that all have small sample sizes (2-
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18 participants), and that the studies only address the Lex. OE, additional research is needed to 

understand the effects of language impairments on OEs, and to determine if the results described 

above are consistent across a range of tasks. 

 

9.  Using Converging Evidence from Cognitive and Neurological Methods 

The research included in this dissertation relies on the same group of participants in cognitive 

and neuroimaging studies to find converging evidence for the OE mechanisms. Our goal is to 

uncover evidence from these studies to adjudicate between proposed cognitive theories of 

orthographic integration with non-written processes. However, there is debate on whether the use 

of neuroimaging analyses can have any bearing on cognitive theories (Coltheart, 2013; Mather et 

al., 2013; R. Poldrack, 2006; Price, 2018; Turner et al., 2013). Our argument is that, while there 

are several limitations to neurological evidence, cognitive models are governed by neurological 

function; as such, a full understanding of cognitive processes benefits from a combination of 

evidence from cognitive and neurological analyses.  

 

Importantly, neither cognitive models nor neurological models provide a full picture of cognitive 

functions (Price, 2018; Turner et al., 2013). Cognitive models do not show how functions are 

represented in the brain, and therefore how these functions are actually implemented. 

Furthermore, cognitive models do not account for the selectivity of a process. If a process is 

involved in one function, that model cannot determine whether or not the same process is shared 

by other functions as well (Mather et al., 2013). Conversely, neurological models have the issue 

of domain specificity. It is nearly impossible to establish with any certainty that a 1:1 

correspondence between a given brain region and a given function. Even areas with very 
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stereotyped function, such as the VWFA, may perform multiple functions (Price & Devlin, 2003, 

2011). Furthermore, much of the neuroimaging literature relies on reverse inference to interpret 

the function performed by a brain region. This method of interpretation presents an issue to the 

field, because a lack of domain specificity means these inferences may not accurately identify 

the cognitive processes implicated in a task (Coltheart, 2013; R. Poldrack, 2006). However, a 

combination of both cognitive and neuroimaging data, along with a careful application of 

neurological analyses, may be able to create a model that fills in the gaps from the two model 

types.  

 

By starting with a cognitive model, we identify processes that are directly related to behavior and 

guide our neurological models. In other words, the cognitive model provides “what” of the 

model by defining the processes involved and providing reliable tasks to isolate those processes. 

Then, neurological models can build on this and provide the “how” of the model. Specifically, 

neurological models indicate how brain functions perform these processes. Addressing the issue 

of function specificity, neurological analyses can determine if that process is specific for a 

certain function, or if it is more general. This specification is done by identifying the association 

of a certain processes with a neural mechanism, and determining if that mechanism is involved in 

multiple functional conditions (Mather et al., 2013). This technique is the basis of the 

neurological evidence for the Primary Systems Hypothesis (Woollams et al., 2018). 

Additionally, interpersonal variability can contribute to differences in behavior due to a reliance 

on different strategies. Multiple neurological mechanisms may perform the same cognitive 

function, but result in different strategies of how to do so (Price, 2018). By examining alternate 
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neurological pathways involved in the same function, we may be able to predict whether a 

participant will utilize one strategy or another, and account for this variability in behavior.  

 

Despite the potential benefits of neurological models, the problem of reverse inference is still an 

issue for neuroimaging analyses. To mitigate this problem, several measures can be taken. First, 

the identification of networks involved in a cognitive process, rather than specific brain areas, 

will enhance mapping with cognitive processes, because networks are more likely to have 

domain specificity than a single brain area (McIntosh, 2004). As a result, a network-level finding 

is more likely to accurately demonstrate involvement, or disengagement, of a specific process 

across multiple cognitive functions. Second, when performing  neuroimaging analyses to 

evaluate a cognitive model or adjudicate between two models, researchers must also be careful to 

avoid the consistency fallacy (Coltheart, 2013). That is, if the involvement of an area or network 

in a certain cognitive process is consistent with a certain model, the researcher must also provide 

evidence as to why one model is favored over a competing model. Third, to provide the most 

accurate evaluation, converging evidence from both cognitive and neurological models will 

provide the best support for the association of a cognitive process with a neural correlate (R. 

Poldrack, 2006). Taken together, we do not argue that cognitive and neural models are 

inadequate on their own; rather, considering one without the other does the researcher a 

disservice by revealing only part of the picture. 

 

10.  Gaps and Dissertation Overview 

While the Met. OE and Lex. OE are clearly established from prior literature as having an effect 

on non-written tasks, the mechanisms of orthographic recruitment that drive these effects are less 
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well established. Especially in the Lex. OE, while orthography is recruited via some strong 

automatic association between orthographic and phonological process, the exact mechanism is 

still debated, as mentioned previously. Furthermore, while previous studies have proposed 

different mechanisms for the Met. and Lex. OEs, only one study has directly compared the 

mechanisms of the two effects to determine if they are indeed separable from one another 

(Pattamadilok, Nelis, et al., 2014). This is not surprising, given that these two OEs were 

considered representations of one effect until relatively recently (Pattamadilok et al., 2011). A 

better understanding of these mechanisms will yield additional evidence to define how 

orthography integrates with NWLPs. 

 

Using a combination of cognitive and neurological methodologies on persons with aphasia 

(Chapters 2 & 3, respectively), this dissertation seeks to find converging evidence to inform the 

mechanisms behind orthographic recruitment in the OEs. The first study will seek to examine the 

effects of aphasia impairments on the two OEs, as compared to unimpaired OEs, to find the 

behavioral correlates of the OE mechanisms. The second study will examine the neurological 

correlates of the OEs by way of Lesion Symptom Mapping and Connectome Lesion Symptom 

Mapping. These studies will give some indication of the mechanism of orthographic integration 

during non-written language tasks, and will help inform a unified model of reading and language 

and may potentially inform how reading disorders are assessed and treated. 

 

Aim 1: Separability of the Two OEs 

The evidence to date of the mechanisms of orthographic recruitment in the OEs suggests that the 

Met. OE utilizes strategic orthographic recruitment, while the Lex. OE relies on an automatic 
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mechanism. Furthermore, studies also demonstrated the differential effects of reading 

proficiency on each OE. We therefore hypothesize that, in a direct comparison of the two effects, 

the mechanisms of orthography recruitment, and therefore the mechanisms of orthography 

integration, will be separable between the two OEs.  

 

Aim 2: Metaphonological OE Mechanism 

The literature to date supports a mechanism of the Met. OE that likely involves top-down 

processes accessing orthographic representations. Of note, both top-down processes and 

orthographic representations are not likely to be affected by common impairments in aphasia, 

such as anomia. We therefore hypothesize that that aphasia will not affect the Met. OE, and that 

linguistic impairments associated with this effect will specify the mechanisms driving the Met. 

OE (Chapter 2). The Met. OE mechanism also likely involves access of orthographic 

representations via cognitive control, attention, and decision-making processes. We therefore 

hypothesize that a loss of the Met. OE will be associated with lesions in the frontal areas, 

including the middle and superior frontal gyri, and superior parietal areas, along with the VWFA, 

and or connections between these areas [Figure 1.3D] (Chapter 3). 

 

Aim 3: Lexical OE Mechanism 

In the Lex. OE, the literature to date supports a mechanism that is in line with either the 

Phonological Connection Theory or the Phonological Restructuring Theory. The linguistic 

processes involved in these theories would likely be affected by common aphasia impairments. 

Therefore, we hypothesize that aphasia will affect the Lex. OE, and that that linguistic 

impairments associated with this effect will specify the mechanisms driving the Lex. OE 
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(Chapter 2). The Lex. OE is also likely driven by either phonological process that are altered by 

orthography, or connections between phonological and orthographic processes. We therefore 

hypothesize that, if the Lex. OE is driven by orthographically altered phonological processes, its 

loss will be associated with lesions in areas in the temporal-parietal junction (posterior STG, and 

SMG), and the pOP IFG [Figure 1.3E]. However, if the Lex. OE is driven by phonological 

connections with orthography, we hypothesize that its loss will be associated with lesions in 

those same areas in addition to connections with the VWFA [Figure 1.3F]. (Chapter 3) 

 

Our research provides important information that informs models of reading and language for 

future linguistic studies. In addition, our research provides support to the notion that neural 

models are useful tools to inform those cognitive models. 
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Chapter 2: The Effects of Aphasic Impairments on Orthography Effects 

1.  Introduction 

Orthographic Integration with Language 

In this chapter we will explore the cognitive evidence for the mechanisms of orthographic 

integration with NWLPs. According to the primary systems hypothesis, orthographic processing 

becomes integrated with phonology and semantics (NWLPs) that reading and spoken language 

then share (Patterson & Lambon Ralph, 1999; Woollams et al., 2018). The potential mechanisms 

by which orthography is then accessed by NWLPs are the strategic Top-Down theory, and the 

automatic Phonological Connection and Phonological Restructuring theories. See Chapter 1 – 

Sections 1-5 for a full discussion of these theories and their relevance for understanding the 

cognitive model of reading and language.  

 

Orthography Effects 

Metaphonological Orthography Effect 

The Met. OE is where orthography influences the decision making component of a 

metaphonological task, or a task that requires identification and comparison of word phonology, 

such as syllable counting or rhyme judgement, even when orthography is not required to perform 

the task. This effect was first described in Seidenberg & Tanenhaus (1979). The authors 

demonstrated an orthographic influence on reaction times in an auditory rhyme judgment (ARJ) 

task [Figure 2.1D]. In this task, pairs of words were presented auditorily. Half of the trials were 

rhyming, and half were non-rhyming. Critically, the orthographic rimes (end orthography, e.g., ‘-

ove’ in ‘stove’) of the word pairs were also manipulated. In half of the trials, the word pairs 

shared a rime [matched], while half of the trials did not share a rime [non-matched]. The authors 
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found an interaction between rhyme and orthographic match, such that when word pairs rhyme, 

orthographically matched pairs are judged faster than non-matched pairs [Figure 2.2A]. In 

contrast, when the word pairs do not rhyme, orthographically matched pairs are judged more 

slowly than non-matched pairs. Put differently, in the Met. OE, congruent orthographic and 

phonological match (or mismatch) yields improved rhyme judgement performance, in this case, 

reaction time. This OE has been replicated in a few studies using performance measures of both 

reaction time and accuracy in metaphonological tasks (Cutler et al., 2010; Damian & Bowers, 

2010; Dijkstra et al., 1995; Donnenwerth-Nolan et al., 1981). The Met. OE also extends to 

picture rhyme judgement (PRJ), where lexical access, or the selection of the appropriate item 

from the mental lexicon, is required via semantics before the metaphonological comparison 

(Campbell & Wright, 1988; Coch, 2018; McPherson et al., 1997, 1998) [Figure 2.1E].  

 

In metaphonological tasks, the evidence to date suggests that the Met. OE has a strategic 

influence, driven by top-down recruitment of orthographic representations to affect decision-

making processes (Cutler et al., 2010; Damian & Bowers, 2010; Lafontaine et al., 2012; 

McPherson et al., 1998; Pattamadilok, 2011) [Figure 2.1A w/ 2.1D-E]. For example, an EEG 

study using orthographic consistency manipulations (using words whose phonemes have 

multiple sound-to-letter mappings [inconsistent, e.g., leaf vs. beef], versus just one mapping 

[consistent, e.g., arm]) in a rhyming task found an ERP amplitude difference between consistent 

and inconsistent words in a temporal window associated with decision-making (Pattamadilok, 

2011). Furthermore, a behavioral analysis of ARJ tasks showed that the Met. OE extinguishes 

when there is no strategic benefit to utilizing orthographic information (Cutler et al., 2010; 
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Damian & Bowers, 2010). (See Chapter 1 – Section 6 for a full description of the Met. OE and 

its proposed mechanisms) 

 

 

 

 

Figure 2.1 – Cognitive Theories of the Orthography Effects 
A-C) Mechanisms of orthographic integration. These mechanisms are classified as either having a strategic influence (i.e., orthography is 

only recruited when there is a benefit to do so), or an automatic influence (i.e., orthography influences the processes regardless of strategic 
benefit) A) Top-Down Theory: cognitive processes recruit orthographic representations to strategically influence non-written language 

tasks, otherwise there is no orthographic influence. B) Phonology Connection Theory: phonology accesses orthography automatically during 

non-written task performance. C) Phonological Restructuring Theory: orthography is not accessed. Instead, automatic orthographic 
influence comes from the influence of phonologic representations restructured to be constrained by orthographic similarity. D-E) Cognitive 

mechanism of the rhyme judgement tasks. D) During auditory rhyme judgement, phonology is accessed from an auditory input, which then 

gives input to decision making processes to compare two words for phonological similarity. E) During picture rhyme judgement, semantics 
is directly accessed from a pictorial input, which must first access the lexical representation, in order to access phonology. Then 

phonological representations can give input to decision making processes to compare two words for phonological similarity. Boxes shaded 

in grey are those processes that may be affected by orthography via the mechanisms shown in A, B, C, or some combination thereof. 
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Lexical Orthography Effect 

In tasks that require lexical access, as opposed to metaphonological comparison, the Lex. OE is 

where orthography influences the speed or accuracy of accessing the lexical representation of the 

word, even when orthography is not provided and is not required for the task. Lupker (1982) 

demonstrated this effect in picture interference tasks, where picture naming is primed by a 

concurrently presented stimulus. This study demonstrated that orthography can have an effect on 

access to lexical representations, where orthography is not needed. However, the stimulus they 

presented was a written word. Subsequent studies have taken the concept of orthography 

affecting lexical access, and shown that orthography does not need to be explicitly presented for 

this effect to occur. For example, auditory lexical decision tasks (Perre, Pattamadilok, et al., 

2009; Ziegler et al., 2008; Ziegler & Ferrand, 1998) and both semantic and lexical auditory 

go/no-go tasks (Pattamadilok, Perre, et al., 2009; Perre & Ziegler, 2008) are affected by 

orthographic consistency manipulations. In these tasks, consistent word performance is faster 

and more accurate than inconsistent words. Additionally, auditory lexical decision (Perre, 

Figure 2.2 – Orthography Effect Measures 
A) Expected behavioral effects of the Met. OE. An interaction of rhyme and orthographic match, such that performance is better with 
congruent word pairs than with incongruent word pairs. B) Expected behavioral effects of the Lex. OE. A main effect of orthographic 

match, such that performance is better with orthographically matching pairs than orthographically mismatching pairs. These two effect could 

theoretically be super imposed if they are observed in the same measure. This would result in an exaggerated performance difference in 
orthographically matching vs. mismatching pairs when those pairs also rhyme, while reducing or eliminating the observable differences 

between matching and mismatching pairs when they do not rhyme. However, this hypothesized effect has yet to be shown. 

A) B) 
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Midgley, et al., 2009) and phonological neighbor generation (Muneaux & Ziegler, 2004) are 

affected by orthographic priming. In these tasks, the orthography of a preceding stimulus primes 

the word that follows, such that performance is better if the preceding stimulus is similarly 

spelled. The PRJ task is also affected by the Lex. OE, likely because it requires lexical access 

from semantics (Coch, 2018) [Figure 2.1E]. This is such that pictures representing matching 

words are judged more accurately than pictures representing mismatching words, showing a 

main effect of orthography [Figure 2.2B].  

 

In lexical tasks, the evidence to date suggests that the Lex. OE has an automatic influence, and 

that the automaticity is driven by orthography tightly integrated with phonology. In EEG studies 

of Lex. OE mechanisms, consistency manipulations in auditory lexical decision and a semantic 

go/no-go tasks yielded ERP amplitude differences that were time-locked to the onset of the 

syllable containing inconsistent phonemes within a word (Pattamadilok, Perre, et al., 2009; Perre 

& Ziegler, 2008). This effect occurred in an earlier temporal window than that associated with 

either lexical access or decision-making. The authors of both papers concluded that this OE 

represents an automatic orthographic influence on lexical access. Further suggesting that this 

effect is automatic, additional studies showed that the OE persisted when there was no strategic 

benefit to using orthographic information in the task (Castles et al., 2003; Pattamadilok, Morais, 

et al., 2014; Perre et al., 2011). The PRJ task also demonstrates an effect in this temporal 

window, as well as the window associated with the Met. OE (Coch, 2018). It is still a matter of 

debate as to whether Phonological Connection Theory or Phonological Restructuring Theory is 

the mechanism of orthographic integration that drives the automatic phonological-orthographic 

coupling in the Lex. OE (Pulvermüller, 1999). However, the automaticity of the Lex. OE, 
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compared with the strategic nature of the Met. OE, importantly suggests that these two OEs are 

driven by two different mechanisms of orthographic integration into NWLPs. This is further 

supported by the two distinct effects detected in the PRJ task. (See Chapter 1- Section 6 for a full 

description of the Lex. OE and its proposed mechanisms) 

 

Gaps 

The majority of current studies on the mechanisms of the OE draw conclusions from correlated 

effects in unimpaired participants. These studies are limited in their ability to demonstrate a 

strong relationship between the proposed mechanism and the behavioral result due to the 

relatively narrow range of function between participants. Additionally, while the Met. OE and 

Lex. OE are clearly established from prior literature as having an effect on non-written tasks, the 

mechanisms of orthographic recruitment that drive these effects are less well established. 

Especially in the case of the Lex. OE, while orthography is recruited via some strong automatic 

association between orthography and phonology, the exact mechanism is still debated, as 

mentioned previously. Furthermore, while previous studies have proposed different mechanisms 

for the Met. and Lex. OEs, only one study has directly compared the mechanisms of the two 

effects to determine if they are indeed separable from one another (Pattamadilok, Nelis, et al., 

2014). In order to confirm the OEs’ dissociability from one another, and provide further evidence 

regarding OE mechanisms, an analysis of these OEs after an acquired language impairment may 

be useful. This study seeks to examine the effects of aphasia impairments on the two OEs, as 

compared to OEs in unimpaired participants. Furthermore, individuals with language 

impairments exhibit greatly varied language and reading abilities, which may provide an 

opportunity to further characterize the OEs by their relationship to specific impairments. 
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Orthography Effects in Persons with Language Impairments 

Aphasia, or acquired language impairments, is a common type of impairment that follows a 

stroke in the left hemisphere. The impact of aphasia on the OEs can elucidate the mechanisms 

involved in the OEs. For example, if an OE is impacted by aphasia, we can infer that the 

cognitive processes most commonly affected by aphasia, such as lexical access (Benson, 1988; 

Goodglass & Geschwind, 1976), are also in involved in that OE. However, since relatively few 

studies have examined OEs in persons with aphasia (Baum & Leonard, 1999, 2000; C. L. 

Leonard & Baum, 1997; Miller & Swick, 2003), and none of them have examined the Met. OE, 

additional research is needed to examine how language impairments may affect OEs. (See 

Chapter 1 – Section 8 for a full description of OEs in Persons with Aphasia) 

 

Current Study 

The current study seeks to answer the questions: 1) Are the Met. and Lex. OEs affected by 

overall aphasia impairments? And 2) What language abilities may predict the strength of these 

OEs? We address these questions by comparing group-level OEs in persons with aphasia to those 

in unimpaired individuals. We use auditory and picture-based rhyme judgment tasks, with a 

cohort of 76 participants with aphasia. Based on the results of Coch (2018), we predict that both 

Met. and Lex. OEs will be present in the PRJ task performance data in unimpaired participants. 

We hypothesize that aphasia will affect the Lex. OE (Hypothesis 1), but not the Met. OE 

(Hypothesis 2). If the Lex. OE is extinguished while the Met. OE is preserved, this would 

suggest that the two OEs are driven by different mechanisms of orthographic integration, and are 

separable in the presence of aphasia. Additionally, we attempt to identify specific speech and 

language impairments associated with the reduction of the OEs. We predict that linguistic 
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impairments associated with these effects will specify the mechanisms driving the OEs, and/or 

reveal further evidence of separability between the OEs. 

 

2.  Methods 

Participants 

The data for the current study were collected as part of two separate studies conducted by the 

Cognitive Recovery Lab at Georgetown University. Forty-seven participants with aphasia and 19 

unimpaired participants were tested in the first study (S1), between 2016-2017, which examined 

inner speech after stroke (Fama, Henderson, et al., 2019; Fama, Snider, et al., 2019). Twenty-

nine participants with aphasia were tested in the second study (S2), between 2018-2020, a cross-

sectional study on language impairments after stroke. This yielded a total of 76 (33F) 

participants with aphasia and 19 (10F) unimpaired participants. All participants were native 

English speakers. The participants with aphasia had all experienced a left-hemisphere stroke 

[Figure 2.3], with no further history of significant neurological problems, no significant 

psychiatric disorders, and no speech or language impairments prior to the stroke. No significant 

differences were found in age, education, gender, or handedness between participant groups 

[Table 2.1]. All participants provided written informed consent, as approved by the Georgetown 

University IRB. 
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Table 2.1 – Participant Demographics 

 

 

Task Procedures and Stimuli 

Each participant completed a testing battery that spanned (at least) two testing days. During these 

sessions, five tasks were administered: an ARJ task, a PRJ task, a combined picture naming task, 

a pseudoword (PW) reading task, and a PW repetition task. The rhyme judgement tasks were 

administered to all participants, while the oral naming, PW reading, and PW repetition tasks 

were only administered to participants with aphasia. All tasks were developed in S1 (see Fama, 

Henderson, et al. (2019) for task description).  

  

  

Unimpaired Aphasia Aphasia vs. Unimpaired 

Two Sample t(df), p 

χ2 (df, N), p 
Study 1 

Mean (SD) 

Study 1 

Mean (SD) 

Study 2 

Mean (SD) 

Age (yrs) 65.4 (8.6) 61.1 (9.4) 61.9 (10.3) 
t(31.01) = 1.74, 

p = 0.092 

Education (yrs) 17.0 (2.6) 16.2 (2.9) 17.6 (2.6) 
t(29.76) = 0.41, 

p = 0.686 

Gender 10F:9M 21F:24M 12F:16M 
χ2 (1, 95) = 0.33, 

p = 0.563 

Handedness 17R:2L 41R:4L 25R:3L 
χ2 (1, 95) = 0.02, 

p = 0.903 

Lesion Size (cm3) -- 111.72 (88.09) 66.52 (65.17) -- 

Stroke Chronicity (yrs) -- 4.92 (4.73) 3.92 (5.06) -- 

x = -15 x = -63 

Figure 2.3 – Lesion Overlap Map 
Lesion overlap of all participants with aphasia. All lesions are confined to the left hemisphere, and are largely concentrated around 

perisylvian areas. 
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Rhyme Judgement Tasks 

For the ARJ task, participants were presented with two words that were pre-recorded in-house 

and played through high-fidelity Sennheiser 555s headphones. The participants were then asked 

to make a two-alternate forced choice (2-AFC) button press (yes/no) in response to the 

instruction, “Do the two words rhyme?”. An analogous procedure was performed for the PRJ 

task, with the exception that two pictures were simultaneously presented on a screen, and 

participants were asked to indicate if the names of the pictures rhymed or not. The participants 

were explicitly asked to not name the pictures out loud, but rather to name the pictures inside 

their heads in order to perform the judgment task. Each task had its own pseudo-randomized 

order of stimuli that was consistent between participants. The PRJ and ARJ tasks were 

administered on separate testing days, and all participants performed the PRJ task in an earlier 

session than the ARJ task, so that the names of the pictures were not primed by the ARJ task. 

Accuracy and reaction times (RTs) were recorded. 

 

While the tasks from the S1 and S2 were designed to be comparable, with the tasks using the 

same stimuli and many of the same procedural parameters, there were some differences between 

the two studies. The study differences resulted in significantly longer RTs in S1 than S2 [Table 

2.2]. In S1, the tasks were presented using the PsychoPy presentation software (Peirce, 2009). 

Participants were encouraged to take their time on each trial, and had no time limit. For the ARJ 

task, RTs were recorded beginning at the start of the second word of each trial, with a stimulus 

onset asynchrony (SOA) of 2000ms, and a visual cue to respond, with an SOA of 3000ms. For 

the PRJ task, RTs were recorded starting immediately following picture presentation in each 

trial, with a visual cue to respond at an SOA of 3000ms. In S2, the tasks were presented using the 
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E-Prime 3.0 software (Psychology Software Tools, Inc., 2016), and participants were encouraged 

to answer as quickly and accurately as possible with a time limit of 20 seconds. For the ARJ task, 

RTs were also recorded beginning at the start of the second word of each trial, with an SOA of 

1000ms, and no visual cue. For the PRJ task, RTs were recorded starting immediately following 

picture presentation in each trial, with no visual cue. The longer RTs in S1 likely result from the 

delayed visual cueing to respond and the slower task pacing. To account for the procedural 

differences, the differing RTs were addressed in the mixed effects models analyzing RT by 

including random effects of study (see Analyses).  

 

The stimuli for the Rhyme Judgement Tasks consisted of 40 word-pairs. All words were 1 

syllable nouns, 3-6 letters long. The words were crossed by rhyme and orthographic rime match 

such that 8 word pairs rhymed and had matched orthographies (snake – cake), 10 pairs rhymed 

and had mismatching orthographies (wheel – seal), 10 pairs did not rhyme and had matched 

orthographies (glove – stove), and 12 pairs neither rhymed nor had matching orthographies (goat 

– net) [Table 2.3, Figure 2.4]. Both tasks used the same words, presented either as a recorded 

audio file in a natural speaker’s voice for the ARJ task, or as black-and-white line drawings for 

the PRJ task. Some stimuli were only used in one study or the other [Table 2.3].  To account for 

any item-level differences, random effects of item were included in all mixed effects models (see 

Section 2.3). 
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Table 2.2 – Performance Differences in Participants with Aphasia by Study 

 

 

 

 

 

 

 

Table 2.3 – Rhyme Judgement Stimuli  

 

 

 

 

 

 

 

 

1Only used in S1; 2Only used in S2 

 Study 1 

Mean (SD) 

Study 2 

Mean (SD) 

Study 1 vs. Study 2 

Two Sample t(df), p 

ARJ Accuracy 0.89 (0.11) 0.91 (0.07) 
t(67.99) = -1.18,            

p = 0.243 

PRJ Accuracy 0.80 (0.08) 0.83 (0.10) 
t(36.03) = -1.00,            

p = 0.325 

ARJ RT (ms) 2537 (798) 1725 (1228) 
t(37.85) = 3.61,            

p = 0.001 

PRJ RT (ms) 13753 (15735) 6085 (3660) 
t(30.37) = 3.58,            

p = 0.001 

Rhyme No-Rhyme 

Match No-Match Match No-Match 

book-hook bread-bed bomb-comb ant-tent 

brain-chain cane-train boot-foot cage-hinge 

fork-cork chair-bear bowl-owl church-torch 

fox-box drum-thumb cow-bow cup-rope 

hat-cat 2eye-pie ear-pear drill-shell 

king-ring fly-tie glove-stove fist-ghost 

snake-cake knight-kite 1hoof-roof flag-pig 

tire-fire 1screw-shoe match-watch goat-net 

well-bell skis-cheese 2shoe-toe leaf-wolf 

wrench-bench snail-whale  moon-pen 

 wheel-seal  rug-bag 

   sheep-pipe 
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Picture Naming 

A picture naming task was included to measure lexical and phonological retrieval from pictorial 

input (see Fama, Henderson, et al., 2019). Participants were presented with a single picture for 

up to 20 seconds and instructed to name the picture aloud using a single word. Responses were 

recorded and transcribed for accuracy. The stimuli consisted of 60 pictures from the Philadelphia 

Naming Task (Walker & Schwartz, 2012), and 60 pictures from an in-house naming task 

consisting of pictures with names of 1 to 3 syllable real words. Stimuli were presented as black-

and white line drawings. 

 

Pseudoword Reading 

A pseudoword (PW) reading task was included to measure phonological processing accessed 

from an orthographic input (see Fama, Henderson, et al., 2019). Single written PWs were 

presented for up to 10 seconds; participants were instructed to read them aloud. Responses were 

marked for accuracy based on the participants’ first complete attempt, with plausible alternatives 

Figure 2.4 – Sample Stimulus 
Sample stimulus for the PRJ task. Pictured here is the pair “bomb - comb”, an example of a non-

rhyme/orthographic-match pair. 
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allowed, based on prior norming. The stimuli consisted of 20 PW from an in-house task. All 

items were single-syllable PWs and 3-4 letters long. Stimuli were presented as black typeface. 

 

Pseudoword Repetition 

A PW repetition task was included to measure phonological processing accessed from auditory 

input (see Fama, Henderson, et al., 2019). PWs were presented with a 5 second inter-trial 

interval, and participants were instructed to repeat the PW aloud. Responses were marked for 

accuracy based on the participants first complete attempt based on prior norming. The stimuli 

consisted of 60 PWs from an in-house task. The PWs were 1-3 syllables, and were derived by 

altering phonemes in real words (e.g., “lemp” from “limp”). Recorded stimuli were presented in 

a natural speaker’s voice.  

 

Analyses 

Mixed Effect Model Procedures 

All analyses were performed in R version 4.0.3 (R Core Team, 2020). Eight mixed effect models 

(MEMs) were fit to assess if the interaction of orthographic match and rhyme, and/or the main 

effect of orthographic-match, affect the dependent variables of accuracy and RT (measure). The 

effect on each measure was individually modeled for the ARJ and PRJ tasks crossed with 

participant group (unimpaired vs. person with aphasia). An additional four MEMs were fit to 

assess if the OEs in the measure of either task significantly differed by participant group, and 

used combined data from both participant groups. Finally, four other models were fit to 

determine if specific measures of linguistic function significantly affected any identified OEs in 

persons with aphasia. The scores of picture naming, PW reading, and PW repetition (language 
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task scores), were included to assess OE associations with lexical and phonological retrieval 

from pictorial input, phonological processing accessed from an orthographic input, and 

phonological processing accessed from auditory input, respectively (Fama, Henderson, et al., 

2019). 

 

Models were specified using backwards fitting from a maximal effect structure, the most 

complex model justified by the experimental design, as seen in Appendix – Section A.1 (Barr et 

al., 2013). Random effects were specified first, and then fixed effects (Brauer & Curtin, 2018; 

Matuschek et al., 2017; Meteyard & Davies, 2020). Factors were then eliminated in a step-wise 

manner, starting with the highest order interactions between factors, and then factors that account 

for the least amount of variance (random effects), or were not significant at p<0.05 (fixed 

effects). We removed factors from each model until a significant change was demonstrated in the 

variance accounted for by the model, via a pairwise likelihood ratio test comparing the variance 

of nested models. A cut-off of p<0.10 was chosen to balance type I error and power in the model 

(Matuschek et al., 2017). Models that were a near-singular fit, or did not converge, were rejected.  

 

In the continuous outcome models (RT), linear MEMs were fitted to the data using the lmer 

function from the lme4 version 1.1-26 (D. Bates et al., 2014) and lmerTest version 3.1-3 

(Kuznetsova et al., 2017) packages, and including the option: control = lmerControl(optimizer = 

"bobyqa", optCtrl=list(maxfun=2e5). During model specification, models that differed in their 

random effects were generated via restricted maximum likelihood estimation, and those that 

differed in their fixed effects were refit via maximum likelihood estimation (Meteyard & Davies, 

2020). The final models were generated using restricted maximum likelihood estimation, and the 
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p-values were computed using Satterthwaite approximate degrees of freedom (Kuznetsova et al., 

2017). 

 

In binary outcome models (accuracy), we fit a generalized linear MEM using the glmer function 

from the lme4 version 1.1-26 package, and including the options: family = binomial, control = 

glmerControl(optimizer = "bobyqa", optCtrl=list(maxfun=2e5). P-values for these models were 

computed based on asymptotic Wald tests (D. Bates et al., 2014).  

 

Data preprocessing included several steps. Participants were excluded from any analysis if their 

accuracy was not above chance on the examined rhyme judgement task, based on a binomial test 

with a p < 0.05 cutoff. Trials were removed as outliers if their RTs were 1.5 times the 

interquartile range (Q3-Q1) above Q3 or below Q1. Inaccurate trials were also excluded from 

analyses of RT. To preserve normality and increase the power of the linear MEM analyses, RTs 

were transformed by inverting them (invRT) and multiplying by -1000 (maintaining that more 

positive values represent slower RTs) (Brysbaert & Stevens, 2018). The variables of rhyme, 

orthographic-match, and participant group were deviation-coded: 0.5 (rhyming pair; 

orthographically matching pair; aphasia group) and -0.5 (non-rhyming pair; orthographically 

non-matching pair; unimpaired group). Language task scores were mean centered.  Coding the 

variables in this way created models with coefficients that are more interpretable by virtue of 

being related to the grand mean.  

 

To assess the omnibus variability accounted for in each model, the marginal R2 was included to 

assess the variability accounted for by the fixed effects in the model, and the conditional R2 was 
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included to assess the variability accounted for by the entire model. Model parameters were 

calculated via the tab_model function in sjPlot version 2.8.7 package (Lüdecke, 2021). Figures 

were produced via ggplot2 version 3.3.3 (Wickham, 2016) and sjPlot version 2.8.7 packages. 

 

Mixed Effect Model Variables 

Orthography Effects and Interactions 

The Met. OE is modeled as a significant interaction between rhyme and orthographic-match, 

such that the “yes”-condition in orthographic-match has higher accuracy or lower invRT when 

crossed with the “yes”-condition of rhyme, but lower accuracy or higher invRT when crossed 

with the “no”-condition of rhyme. In other words, just as in Seidenberg & Tanenhaus (1979), 

word pairs with congruent rhyme and orthographic-match (i.e., rhyme-match, and no rhyme-no 

match) yield improved performance, demonstrating the Met. OE. 

 

The Lex. OE is modeled as a significant main effect of orthographic-match, such that the “yes”-

condition in orthographic-match has higher accuracy or lower invRT. In other words, an 

independent effect of orthography improving performance on a task requiring lexical access is 

indicative of the Lex. OE. 

 

The effects of linguistic processes on OEs are modeled as interactions between the OEs and 

language task scores associated with each linguistic process. A significant three-way interaction 

of task score, rhyme, and orthographic-match indicates the language process is associated with 

the Met. OE. A significant two-way interaction with task-score and orthographic-match indicates 

the language process is associated with the Lex. OE. An association of either OE with picture 
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naming scores, such that an increase in naming results in a greater OE, would indicate that 

lexical and phonological access from pictorial input is associated with orthographic influence. 

An association of the PW reading score with either OE, such that an increase in PW reading 

results in a greater OE, would indicate that the phonological access from orthography is 

associated with orthographic influence. The presence of this interaction would support the 

Phonological Connection Theory. An association of the PW repetition score with either OE, such 

that an increase in PW repetition results in a greater OE, would indicate that the phonological 

access from audition is associated with orthographic influence. The presence of this interaction 

would support the Phonological Restructuring Theory. 

 

Random Effects 

The maximal random effect structure included random intercepts and slopes of participant, item, 

and study. For random effects of participants, we included random intercepts to account for 

potential variability in overall performance between individual participants, and random slopes 

to account for the potential effects of rhyme, orthographic-match, or the interaction thereof 

varying by participant. For random effects of item, in the 8 models assessing the OEs, we 

included random intercepts, accounting for potential variation in performance between items. In 

the 4 models that included both unimpaired participants and participants with aphasia, additional 

random effects of item included a random slope of participant group. In the 4 models that 

included language task scores additional random effects of item included a random slope of task 

scores. Including these effects accounts for the effect of participant group or task scores varying 

by item, respectively. In order to account for overall reaction times differing between the S1 and 

S2, random effects of study was included in all invRT models. Random intercepts were included 
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to account for variability in overall invRT between studies, and random slopes to account for the 

effects of rhyme, orthographic-match, or the interaction thereof varying by study. (see Appendix 

– Section A.1) 

 

Fixed Effects 

The maximal fixed effect structure of all models included: 1) a main effect of whether the 

presented word-pairs rhymed (rhyme: yes, no), 2) a main effect whether the presented word-pairs 

matched orthographically (orthographic-match: yes, no), and 3) an interaction thereof. In the 

models assessing differences between participant groups, additional effects included, 1) a main 

effect of participant group, and 2) a three-way interaction between participant group, rhyme, and 

orthographic-match, plus all lower order interactions. In the models assessing language task 

score associations with the OEs, additional effects included: 1) a main effects of picture naming, 

PW reading, and PW repetition, and 2) three-way interactions between each score, rhyme, and 

orthographic-match, plus all lower order interactions. (see Appendix – Section A.1) 

 

 Predictions 

We made several predictions. In all models with a single participant group, a predicted effect is a 

significant interaction of rhyme and orthographic-match, representative of the Met. OE [Figure 

2.2A]. In the models of the PRJ task, we also predict a significant main effect of orthographic-

match, as we predict that the Lex. OE will affect only this task, perhaps in combination with the 

Met. OE [Figure 2.2B-C]. In models assessing participant-group differences, we predict an 

interaction between participant-group and orthographic-match in the PRJ models, as we 

hypothesized that aphasia will extinguish the Lex. OE (Hypothesis 1). However, we predict that 



50 

 

a three-way interaction between participant-group, rhyme, and orthographic-match will not be 

significant in the models of ARJ and PRJ invRT, as we hypothesized that aphasia will not affect 

the Met. OE (Hypothesis 2). In models with language task scores, we predict that there should be 

an interaction with picture naming on all OEs in the PRJ task, as lexical access from pictorial 

input is needed to perform the task. We also predict that there should be an interaction between 

the main effect of orthographic-match (the Lex. OE) and PW reading or PW repetition 

depending on if the Lex. OE mechanism is via orthographic connections with phonology or 

phonological restructuring, respectively. Effects that we predict, but are not experimentally 

relevant are: a significant main effect of rhyme, expected in all models, as rhyming pairs are 

phonologically primed and enhance accuracy and RT; and a significant main effect of participant 

group, as we would expect that participants with aphasia are less accurate and slower on all 

tasks. 

 

3.  Results 

Overall Results 

Unimpaired participants performed the ARJ task with an average accuracy of 0.99 (SD = 0.03), 

and an average RT of 2019ms (SD = 428). They performed the PRJ task with an average 

accuracy of 0.96 (SD = 0.04), and an average RT of 2879ms (SD = 1422). Participants with 

aphasia performed the ARJ task with an average accuracy of 0.89 (SD = 0.09), and average RT 

of 2198ms (SD = 1078). They performed the PRJ task with an average accuracy of 0.81 (SD = 

0.09), and average RT of 10498ms (SD = 12746). As expected, there were significant differences 

between unimpaired participants and participants with aphasia, as determined by two-sample t-

tests in both average accuracy and RTs [Table 2.4]. Participants with aphasia had an average 
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picture naming score of 0.64 (SD = 0.29), an average PW Reading score of 0.45 (SD = 0.35), 

and an average PW Repetition score of 0.56 (SD = 0.29). 

 

In the final MEMs, the R2-values of each model were compared to assess the variability 

accounted for by the models. Conditional R2-values were relatively consistent across models of 

unimpaired persons when compared with persons with aphasia [Appendix – Tables A.1-4]. 

However, the marginal R2-values of the models were lower in persons with aphasia than in 

unimpaired participants, indicating that the fixed effects account for less variance in the data 

[Appendix – Tables A.1-4]. This is compounded with the fact that, within measures of overall 

performance, especially RT, participants with aphasia had larger standard deviations than 

unimpaired participants, which is reflective of greater individual variation [Table 2.4]. 

 

Table 2.4 – Overall Performance by Participant Group 

 

 

 

 

 

 

 

 

 

 

 Unimpaired 

Mean (SD) 

Aphasia 

Mean (SD) 

Unimpaired vs. 

Aphasia 

Two Sample t(df), p 

ARJ Accuracy 0.99 (0.03) 0.89 (0.09) 
t(2978.4) = 12.49,            

p < 0.001 

PRJ Accuracy 0.96 (0.04) 0.81 (0.09) 
t(2428.7) = 12.84,            

p < 0.001 

ARJ RT (ms) 2019 (428) 2198 (1078) 
t(2764) = -6.53,                

p < 0.001 

PRJ RT (ms) 2879 (1422) 
10498 

(12746) 

t(1584.1) = -22.88,            

p < 0.001 

Naming Accuracy -- 0.64 (0.29) -- 

PW Reading 

Accuracy 
-- 0.45 (0.35) -- 

PW Repetition 

Accuracy 
-- 0.56 (0.29) -- 
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Auditory Rhyme Judgement Task 

See Appendix – Tables A.1 and A.2 for full model descriptions, and Table 2.5 for a summary of 

results. 

 

Unimpaired participants did not show a significant main effect of rhyme, a main effect of 

orthographic-match, or an interaction of rhyme and orthographic-match on ARJ task accuracy. 

This indicates that none of the variables influenced unimpaired participant accuracy in the ARJ 

task. It should be noted that the ceiling effect observed in unimpaired participants [Table 2.4] 

may have obscured any possible effects. In contrast, in ARJ invRT, there was a significant effect 

of an interaction of rhyme and orthographic-match (estimate = -0.11, t(35.8) = -2.88, p = 0.007), 

such that congruent trials (rhyme/match; no-rhyme/no-match) had faster reaction times than 

incongruent trials (rhyme/no-match; no rhyme/match) [Figure 2.5a,b]. These analyses indicate 

that, in unimpaired participants, although there was no detectable effect of orthography on ARJ 

accuracy, ARJ RT demonstrated an influence of orthography interacting with rhyme (indicative 

of the Met. OE). 

 

In participants with aphasia, we found a significant main effect of rhyme on both ARJ accuracy 

and invRT. We found a significant interaction between rhyme and orthographic-match on ARJ 

accuracy (odds ratio = 3.13, Z = 2.06, p = 0.039). On ARJ invRT, we found the same significant 

interaction between rhyme and orthographic-match (coefficient = -0.08, t(41.1) = -3.33, p = 0.002). 

These results were such that congruent trials were more accurate and faster than incongruent 

trials [Figure 2.5c,d]. There was also a significant main effect of rhyme in both models. These 
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analyses indicate that the ARJ influence of orthography interacting with rhyme is present in 

persons with aphasia.  

 

In the models testing the participant group effects on the interactions detected in ARJ, the model 

of ARJ accuracy and invRT did not identify a significant three-way interaction between 

participant group (unimpaired vs. impaired) and the interaction of rhyme and orthographic-

match. There was a significant interaction of rhyme and orthographic-match on ARJ invRT, and 

a trending interaction in ARJ accuracy. There were also significant main effects of rhyme and 

participant group on both models. This analysis indicates that the interaction between rhyme and 

orthographic-match on the ARJ task was not significantly different between our participant 

groups.  
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Picture Rhyme Judgement Task  

See Appendix – Tables A.3 and A.4 for full model descriptions, and Table 2.5 for a summary of 

results. 

 

Unimpaired participants showed a trending interaction between rhyme and orthographic-match 

on PRJ accuracy (odds ratio = 64.54, Z = 1.87, p = 0.062), such that congruent trials were more 

accurate than incongruent trials [Figure 2.6a]. This trending effect is notable, because a ceiling 

effect was observed for this task, and may have diminished the effect [Table 2.4]. On PRJ invRT, 

Figure 2.5 – Mixed Effect Model Results in the Auditory Rhyme Judgement Task 
Points represent one participant’s average score in a condition of the ARJ Task, with grey lines connecting points of the same participant. 

Black bars are the marginal means of each condition. Significance markers are an indication of a Rhyme:Orthographic_Match interaction. 

n.s. : not significant;  : trending; * :  p < 0.05; ** :  p < 0.01; *** : p < 0.001 
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we found a significant main effect of orthographic-match (estimate = -0.06, t(35.9) = -4.13, p < 

0.001), such that trials with matching orthographies yielded faster reaction times than trials with 

non-matching orthographies [Figure 2.6b]. There was also a significant main effect of rhyme on 

PRJ invRT. There was no significant interaction between rhyme and orthographic-match in PRJ 

invRT. These analyses indicate that orthography significantly influences the RTs of the PRJ task 

independently of rhyme (indicative of the Lex. OE), but do not significantly support the presence 

of the Met. OE in either PRJ measure.  

 

In participants with aphasia, there was a significant interaction of rhyme and orthographic-match 

on PRJ accuracy (odds ratio = 6.91, Z = 3.68, p < 0.001), such that congruent trials were more 

accurate than incongruent trials [Figure 2.6c]. There was also a significant main effect of rhyme 

in PRJ accuracy. For PRJ invRT, we found a different pattern of results. While the model 

showed a significant main effect of rhyme, there was no main effect of orthographic-match, 

unlike in unimpaired participants [Figure 2.6d]. These analyses indicate that, while participants 

with aphasia show the effect of orthography interacting with rhyme on PRJ accuracy (the Met. 

OE), the independent effect of orthography on PRJ invRT (the Lex. OE) is not present in 

participants with aphasia. 

 

The models testing the participant group effect on the interactions found in PRJ accuracy showed 

similar results to the model of participant group effects on ARJ accuracy. Namely, there was a 

significant interaction of rhyme and orthographic-match, significant main effects of rhyme and 

participant group, but the model did not show a significant three-way interaction of rhyme and 

orthographic-match with participant group. Importantly, the PRJ invRT model of participant 
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group effects showed a significant interaction of participant group and orthographic-match 

(estimate = 0.04, t(34.6) = 3.78, p < 0.001), such that the effect of orthographic-match was larger 

in unimpaired participants than in persons with aphasia. This model also showed significant main 

effects of rhyme, orthographic-match, and participant group, as well as a trending interaction of 

rhyme and orthographic-match. These analyses indicate that, while the interaction between 

rhyme and orthographic-match on PRJ accuracy was not significantly different between 

participant groups, participants with aphasia had a significantly reduced effect of orthography on 

PRJ invRT compared with unimpaired participants.  
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ARJ 

Accuracy                    

Met. OE 

ARJ invRT                                     

Met. OE 

PRJ 

Accuracy                                  

Met. OE 

PRJ invRT                                               

Met. OE 

PRJ invRT                                                         

Lex. OE 

Unimpaired n.s. **  n.s. *** 

Aphasia * *** *** n.s. n.s. 

Participant 

Group 

Interaction 

n.s. n.s. n.s. n.s. *** 

n.s. : non-significant;   : trending;  * : p<0.05;  ** : p<0.01;  *** : p<0.001;  

Met. OE : interaction between rhyming and orthographic-match;  

Lex. OE : orthographic-match main effect 

 

Figure 2.6 – Mixed Effect Model Results in the Picture Rhyme Judgement Task 
Points represent one participant’s average score in a condition of the PRJ Task, with grey lines connecting points of the same participant. 

Black bars are the marginal means of each condition. Significance markers are an indication of a Rhmye:Orthographic_Match interaction in 

a) and c), and an indication of a main effect of Orthographic_Match in b) and d). 

n.s. : non-significant;  : trending; * : p<0.05; ** : p<0.01; *** : p<0.001 

Table 2.5 – Effects of Interest, Orthography Effects 
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Orthography Effect Interactions with Language Task Scores 

See Table 2.6 for a summary of results. 

 

In the models that examined interactions between the above OEs and language tasks scores, we 

found two models of rhyme judgement accuracy with significant three-way interactions between 

task scores and the interaction of rhyme and orthographic-match (the Met. OE). No two-way 

interactions occurred between any task score and orthographic-match, which was consistent with  

 our predictions for the models of ARJ or PRJ accuracy. And no relevant interactions were 

significant in the models of ARJ or PRJ invRT [Appendix – Tables A.6 and A.8].  

  

In the model of ARJ accuracy, PW Repetition scores had a significant three-way interaction 

(odds ratio = 10.44, Z = 2.318, p = 0.020) with rhyme and orthographic-match [Appendix - Table 

A.5], such that higher PW repetition scores were associated with a greater interaction of rhyme 

and orthographic-match on ARJ accuracy. This model also found a significant interaction of 

rhyme and orthographic-match, and significant main effects of rhyme, and PW repetition. This 

analysis indicates that, in the ARJ accuracy of persons with aphasia, better phonological 

processing is associated with a greater Met. OE.  

 

In the model of PRJ accuracy, both PW Reading scores (odds ratio = 6.72, Z = 2.01, p = 0.045) 

and PW Repetition scores (odds ratio = 0.068, Z = 1.98, p = 0.048) had significant three-way 

interactions with rhyme and orthographic-match [Appendix – Table A.7]. These interactions 

were such higher PW reading scores combined with lower PW repetition scores were associated 

with a greater interaction of rhyme and orthographic-match on PRJ accuracy. This model also 
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found a significant interaction of rhyme and orthographic-match, as well as significant main 

effects of rhyme and naming scores. This analysis indicates that, in the PRJ accuracy of persons 

with aphasia, better phonological access from orthographic input and worse phonological 

processing is associated with a greater Met. OE. 

 

Table 2.6 – Effects of Interest, Language Task Associations in Persons with Aphasia  

n.s. : non-significant; * : p<0.05;  ** : p<0.01;  *** : p<0.001;   

+ : positive effect;  – : negative effect; -- : non-significant and not expected in this model;  

Met. OE –> interaction between rhyming and orthographic-match;  

Lex. OE –> orthographic-match main effect;  

[Language-Task]:Met. OE –> three-way interaction between task-score, rhyming, and orthographic-match;  

[Language-Task]:Lex. OE –> two-way interaction between task-score and orthographic-match 

 

4.  Discussion 

This study replicates the results of previous OE studies in unimpaired individuals. We found 

Met. OEs (measured by the rhyme/orthographic-match interaction) on both the auditory and 

picture rhyme judgement tasks, and a Lex. OE (measured by the main effect of orthographic-

match) on the PRJ task. The results from participants with aphasia demonstrate that the Met. OE, 

but not the Lex. OE, were preserved after stroke. These results suggest that the metaphonological 

and Lex. OEs may have dissociable mechanisms that are differentially affected by aphasia. 

When we examined whether performance on other language tasks moderated the OE in persons 

with aphasia, we found that persons with aphasia had a larger Met. OE in the ARJ task when 

 
Naming:                    

Met. OE 

PW 

Reading:                                     

Met. OE 

PW 

Repetition:                                   

Met. OE 

Naming:                                                         

Lex. OE 

PW 

Reading:                                      

Lex. OE 

PW 

Repetition:                                   

Lex. OE 

ARJ Accuracy n.s. n.s. + * -- -- -- 

ARJ invRT n.s. n.s. n.s. n.s. n.s. n.s. 

PRJ Accuracy n.s. + * – * -- -- -- 

PRJ invRT n.s. n.s. n.s. n.s. n.s. n.s. 
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they had stronger phonological processing ability (measured by PW repetition), while the same 

individuals had a larger Met. OE in the PRJ task when they had weaker phonological processing 

ability combined with stronger phonological access from orthography (measured by PW 

reading). Because the Met. OE was affected by different processes when it was observed in 

different tasks, these results suggest that even the same type of OE can have differing 

mechanisms, which can be revealed with differing task demands. Given the above results, while 

the exact mechanisms of orthographic integration with NWLPs are still unclear, we can conclude 

that the integration of orthography with NWLPs likely occurs in multiple ways. 

 

Orthography Effects in Unimpaired Participants 

In unimpaired participants, as predicted, we found that congruency between word-pair 

orthographic-match and phonological-match improves rhyme judgement speed and accuracy, the 

Met. OE [Figure 2.2A]. The presence of a Met. OE on ARJ RT and a trending effect on PRJ 

Accuracy in unimpaired participants replicates and expands on previous studies (Damian & 

Bowers, 2010; McPherson et al., 1997, 1998; Pattamadilok, 2011; Seidenberg & Tanenhaus, 

1979), showing that orthography influences rhyme judgement performance with both auditory 

and picture stimuli. Notably, the effect on accuracy did not reach significance for either the ARJ 

or PRJ tasks, likely because the participants’ performance was near ceiling.  

 

An unexpected result was that the PRJ RT in unimpaired participants did not show a Met. OE. 

This is note-worthy, as we predicted the Met. OE in all measures. However, we did find evidence 

that orthography affects RTs in the PRJ task independently of rhyme, indicating the presence of 

the Lex. OE [Figure 2.2B]. This effect has been demonstrated in several other studies where 
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orthography primes performance (Lupker, 1982; Muneaux & Ziegler, 2004; Perre, Midgley, et 

al., 2009; Starreveld & La Heij, 1996), but has only been demonstrated in the PRJ task in one 

other study (Coch, 2018). The Lex. OE on the PRJ task is likely because, when participants 

access a lexical representation from the semantic representations of a picture, the orthography of 

that lexical representation primes access to the lexical representation of the other picture when 

the orthographies are similar. 

 

Demonstrating both the metaphonological and Lex. OE in the PRJ task is in line with the ERP 

results from (Coch, 2018) that suggested the PRJ task yields OEs that influence both lexical 

access and decision making. Here we instead detected the Met. OE (at a trending level) in PRJ 

accuracy, and the Lex. OE in PRJ RT. This is in contrast to other studies, which were able to 

detect the Lex. OE in PRJ accuracy (Coch, 2018; McPherson et al., 1997). We may observe the 

Lex. OE in RT, as automatic processes such as lexical access occur quickly, which more easily 

affects RT (Prinzmetal et al., 2005). Similarly, Met. OE may be observed in accuracy, as 

strategic processes such as decision making occur slowly, which more easily affects accuracy 

(Prinzmetal et al., 2005). Overall, detecting multiple different OEs in unimpaired participants 

provided us an opportunity to examine the differential effects of aphasia on each type of OE. 

This suggests that the PRJ task may be an additional tool for studying both the Met. and Lex. 

OEs, despite discrepancies in the measures these effects are detected in. 

 

Orthography Effects in Persons with Aphasia 

The current study expands on previous work on OEs in aphasia (Baum & Leonard, 1999, 2000; 

C. L. Leonard & Baum, 1997; Miller & Swick, 2003) in three ways. First, we employed 
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metaphonological tasks instead of the lexical tasks previously used, which allowed us to explore 

the Met. OE in addition to the Lex. OE. Second, the tasks include both picture and auditory 

stimuli. These stimuli demonstrate the OEs in multiple task types, and demonstrate how the OEs 

may differ between tasks. And third, the results demonstrate the persistence or absence of OEs in 

a larger sample size of persons with aphasia than in previous studies, giving more 

generalizability to our conclusions.  

 

Metaphonological Orthography Effect 

As hypothesized, we found that the Met. OE is preserved in participants with aphasia 

(Hypothesis 2). In fact, the Met. OE is present in the accuracy of both ARJ and PRJ tasks and in 

ARJ RT. We found no differences in this effect between participants with aphasia and 

unimpaired participants in both ARJ and PRJ accuracy, and there were no significant differences 

between participant groups in ARJ RT. These results support our hypothesis that the Met. OE is 

not affected by general NWLP impairments in aphasia, which leads us to conclude that the 

mechanism driving the Met. OE does not involve those processes. 

 

To speculate on the exact mechanism driving the Met. OE, the finding that general NWLP 

impairments do not affect the Met. OE supports the theory of strategic recruitment as the 

mechanism underlying the Met. OE, since the top-down recruitment of orthography [Figure 

2.1A] does not rely on NWLPs. The preservation of the Met. OE in persons with aphasia despite 

impairments in NWLPs is also consistent with prior evidence for the Met. OE being driven by 

top-down processes strategically accessing orthography to perform rhyme judgement tasks (Cone 

et al., 2008; Cutler et al., 2010; Damian & Bowers, 2010; Desroches et al., 2010; Lafontaine et 
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al., 2012; Pattamadilok, 2011). However, it must be emphasized that these effects are from 

generalized impairments on a group level, and individuals may vary based on a several other 

factors, including their lesion location and specific aphasic language impairments. 

 

Lexical Orthography Effect 

The Lex. OE in PRJ RT was not significantly present in participants with aphasia as a group. 

Furthermore, there are significant differences in this OE between unimpaired participants and 

participants with aphasia. These results are in line with our hypothesis, which predicted that 

aphasia will disrupt the Lex. OE (Hypothesis 1). We can conclude from this finding that the Lex. 

OE is affected by general NWLP impairments in aphasia, and the mechanism driving the Lex. 

OE likely involves these processes. However, once again, we must note that these effects are 

from generalized impairments on a group level, and individuals may or may not vary based on 

several individual factors. 

 

Importantly, since the Met. OE is still present in our participants with aphasia, while the Lex. OE 

is disrupted, this finding suggests that the Met. and Lex. OEs are dissociable, even though they 

both manifest during the PRJ task in unimpaired individuals. The separability of the Met. and 

Lex. OEs further suggests that these OEs are driven by different mechanisms of orthographic 

integration into NWLPs. This conclusion is in line with studies of OEs in adults with reading 

difficulty, as the Lex. and Met. OEs are differentially affected by reading ability in adulthood. 

There is a weaker Lex. OE in poor readers vs. proficient readers, but this is not the case for the 

Met. OE, which appears to be unaffected by reading ability (Pattamadilok, Nelis, et al., 2014). 

These findings indicate that the Met. OE is present regardless of how proficient the reader is, as 
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long as the orthographic representations have been learned. But in the Lex. OE, proficient 

reading knowledge is necessary, possibly because stronger associations are needed in order for 

orthography to integrate with phonology. Since the Lex. OE is more dependent on reading 

proficiency than the Met. OE, these studies further support the mechanistic separability of these 

two OEs. 

 

Because general NWLP impairments extinguish the Lex. OE, we can speculate that the Lex. OE 

has an automatic mechanism, either via orthographically altered phonology or orthographic 

connections, because both mechanisms rely on NWLPs [Figure 1B-C]. This would be in line 

with Coch (2018) and Miller & Swick (2003), who suggest that the Lex. OE is automatically 

driven. The interpretation of an automatic mechanism seemingly conflicts with Baum & Leonard 

(1999), who showed that Lex. OEs in those with aphasia may be driven by strategic orthographic 

access. Their results from an auditory lexical decision task are based on the fact that there was 

only an effect of orthography when a longer ISI was used between word presentations. However, 

these results do not necessarily conflict with ours, as Baum and Leonard could not rule out the 

possibility of automatic processing for trials that were presented in shorter intervals. Our findings 

not only suggest that multiple OE’s are indeed present, but along with other recent studies 

(Pattamadilok, Perre, et al., 2009; Perre, Midgley, et al., 2009; Perre & Ziegler, 2008), suggest 

that the Lex. OE is driven by that automatic orthographic access. 

 

We can then further speculate as to the exact mechanism of orthographic integration with 

NWLPs that drives the Lex. OE. Since access of phonology from the lexical representation is 

necessary to perform the PRJ task, as lexical representations must be first accessed via semantic 
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input, impaired access of orthographically altered phonological representations by itself is less 

likely to drive the diminished Lex. OE. A more likely interpretation is that connections between 

separable orthographic process and NWLP units are disrupted in aphasia, reducing the effect of 

orthography on lexical access. This Phonological Connection Theory is in line with Miller & 

Swick (2003), who suggested a mechanism of bi-directional communication between phonology 

and orthography, as well as with studies that use: neural feedback models of the consistency 

effect (Ziegler et al., 2008), priming latencies in word naming and lexical decision tasks 

(Grainger & Ferrand, 1996), and comparison of the locus of EEG differences in phonological 

(posterior) versus orthographic (anterior) priming effects (Perre, Midgley, et al., 2009). However 

the Phonological Restructuring Theory is supported by other studies that use spatially specific 

localization methods to isolate the locus of the Lex. OE, either with ERP source localization or 

transcranial magnetic stimulation. Both of these techniques identify the supramarginal gyrus as 

necessary for the Lex. OE to occur (Pattamadilok et al., 2010; Perre, Pattamadilok, et al., 2009). 

Across several studies, this area has been associated with the integration of phonology with both 

motor processing (Hickok et al., 2003), and orthographic processing (Jobard et al., 2003; Price, 

2012). This debate is unresolved, and will need further evidence to identify if either (or both) 

theories represent the mechanism of orthographic integration driving the Lex. OE. 

 

Language Task Associations 

The above effects can be observed at the group level for both participant groups, but analyses of 

the between-participant variation show that there is greater variability in persons with aphasia 

than in unimpaired participants [see standard-deviations and r2 values in Tables 2.4 and 

Appendix – Tables A.1-4].  This high variability reflects the heterogeneity of aphasia, as the 
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participants have a variety of language deficits. Some of these factors may have more of an 

effect on OEs than others, and assessing how specific linguistic deficits in persons with aphasia 

relate to OEs may shed further light on the mechanisms of those OEs. To this end, we examined 

whether naming, PW reading, or PW repetition scores varied with OEs in participants with 

aphasia. A greater ARJ Accuracy Met. OE is associated with greater phonological processing 

ability, as measured by the PW repetition score. This may be because phonology is accessed first 

via auditory input in the ARJ task, so all subsequent processes rely on access from phonological 

representations. Therefore, weaker phonological representations will have more difficulty 

communicating with other processes, such as top-down processes, for potential orthographic 

recruitment [Figure 2.1]. By contrast, a  greater PRJ Accuracy Met. OE is associated with lower 

phonological processing ability, as measured by PW repetition scores, combined with greater 

orthography to phonology access, as measured by PW reading scores. This finding may be 

explained by lower phonological processing ability reducing the influence of phonology on 

decision making, compounded by the phonologic representations themselves being more heavily 

influenced by the greater orthographic communication with phonology. Together, these 

influences may lead to a more pronounced orthographic influence on the decision making 

processes and a greater Met. OE. However, there were no effects of Picture Naming on any task, 

despite our prediction that Picture Naming should be related to PRJ performance due to both 

relying on access of lexical representations. Therefore, it is important to note that these 

conclusions are speculative and should be investigated by future studies specifically designed to 

test OE mechanisms. Furthermore, a lack of statistical power due to the number of usable trials 

and participants may be the reason no significant associations were found between task scores 

and OEs in invRT models. Nevertheless, the fact that the Met. OEs in ARJ Accuracy and PRJ 
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accuracy have different associations with reading and repetition deficits suggests that the 

mechanisms driving the Met. OE may differ depending on the task being performed, and further, 

that these mechanisms are dissociable in persons with aphasia. 

 

Limitations 

One limitation of this study was that all of the data were collected in the context of larger studies. 

As such, while the rhyme tasks were designed prospectively to measure OEs, the participants and 

other tasks involved in the current study were not chosen specifically to address questions about 

OEs. For example, the participants with aphasia were not selected on the basis of having specific 

deficits that might influence OEs. Additionally, language tasks were not selected for the studies 

in order to test the OE mechanisms, making it difficult to do so retrospectively.  

 

Additionally, some analyses had lower power than is recommended for mixed effects models. To 

be adequately powered, Brysbaert & Stevens (2018) recommends ~1600 observations, more than 

what were included in the unimpaired participant models [Appendix – Tables A.1-4]. 

Additionally, the PRJ invRT analysis in participants with aphasia had slightly fewer than the 

number of recommended observations (1505), while the ARJ Accuracy, ARJ invRT, and PRJ 

Accuracy analyses of participants with aphasia had over 1600 observations. Therefore, null 

results from these analyses should be interpreted cautiously. 

 

Conclusions 

We have demonstrated that orthography influences rhyming judgement and lexical access, as 

evidenced by the Met. and Lex. OEs shown in this study. Using the variable presence of these 
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OEs in persons with aphasia, we also demonstrated that Met. and Lex. OEs were dissociable 

from one another, suggesting different mechanisms. The Met. OE survives NWLP impairment, 

suggesting a strategic mechanism of orthographic recruitment. In contrast, the Lex. OE becomes 

disrupted, suggesting an automatic mechanism of orthographic recruitment. We also determined 

that the Met. OE in ARJ Accuracy and PRJ Accuracy associate differently with language tasks, 

indicating that the same OE may have a different mechanism depending on the task being 

performed. While we speculate on the potential mechanisms of orthographic recruitment in these 

OEs, future studies should examine how linguistic impairments specific to the above 

mechanisms of orthographic integration relate to OEs, in order to elucidate the exact mechanisms 

of those OEs. The results of such studies would allow for more concrete predictions of how 

NWLPs are influenced by orthography, and would presumably reflect the multiple ways in 

which orthography integrates into the language system.  
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Chapter 3: Lesion-Symptom Mapping Analyses of Orthography Effects 

1.  Introduction 

Orthographic Integration 

In this chapter we will explore the neurological evidence for the mechanisms of orthographic 

integration with NWLPs. Reading is an acquired skill that allows a person to extract meaning 

and sound from printed symbols. To perform this skill, neural processes involved in word sound 

(phonology), meaning (semantics), and top-down processes (attention, cognitive-control, and 

decision-making) must become associated with word spelling (orthography) (Jobard et al., 2003; 

Plaut, 1997; Seidenberg & McClelland, 1989; Seigneuric et al., 2000; Yoncheva et al., 2010). 

While it is known that reading relies on orthographic integration with non-written language 

processes (NWLPs, Patterson & Lambon Ralph, 1999), it also appears that NWLPs are 

influenced by orthography (Seidenberg & Tanenhaus, 1979). Despite the close relationship 

between orthography and general language, it still is not clear how orthography integrates with 

those processes. One way to study orthographic integration is through orthography effects (OEs). 

These are the observed effects of orthography on the performance of non-written tasks (Damian 

& Bowers, 2010; Grainger & Ferrand, 1996; Muneaux & Ziegler, 2004; Perre, Midgley, et al., 

2009; Seidenberg & Tanenhaus, 1979; Ziegler et al., 2008; Ziegler & Ferrand, 1998). OEs are 

the manifestation of strong associations between orthography and NWLPs, and their disturbance 

can therefore be an indicator of a disruption of those associations. In this study, two types of OEs 

will be examined to evaluate the mechanisms by which orthography integrates with NWLPs, and 

if those mechanisms are separable.  
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The Metaphonological Orthography Effect 

One OE is the metaphonological OE (Met. OE), first described by Seidenberg & Tanenhaus 

(1979). This OE is defined as orthographic influence on metaphonological judgments in non-

written tasks, such as rhyme judgment. The Met. OE presents as when congruency between 

orthographic-match and rhyme of the stimuli (i.e. words pairs that match both orthographically 

and phonologically & word pairs that mismatch both orthographically and phonologically) yields 

improved task performance, over when there is incongruent orthographic-match and rhyme 

(Coch, 2018; Damian & Bowers, 2010; McPherson et al., 1997; Seidenberg & Tanenhaus, 1979). 

Incongruent word-pairs yield interference between orthographic and phonological information 

during rhyme judgments, resulting in longer response times, and sometimes in errors. As to the 

mechanism of orthographic integration driving this effect, the evidence to date suggests that the 

Met. OE is driven by top-down processes recruiting orthography to strategically affect decision 

making processes (Pattamadilok et al., 2011) [Figure 3.1A]. That is, in tasks such as rhyme 

judgment, processes like cognitive control and attention selectively recruit orthography when it 

is helpful for the task, and orthography then goes on to influence the rhyme judgment decisions. 

We will refer to this mechanism as the Top-Down Theory. This mechanism involves existing 

associations between top-down and orthographic processes that function in response to task 

demands (Ludersdorfer et al., 2015, 2016; Planton et al., 2019; Yoncheva et al., 2010). Evidence 

that the Met. OE relies on top down mechanisms comes from a behavioral study, which found 

that the Met. OE was extinguished when filler stimuli were added to make the 

orthographic/phonological match manipulation less transparent to the participant, yielding no 

strategic benefit to using orthographic information (Damian & Bowers, 2010). The Top Down 

Theory in the Met. OE is further evidenced by the Met. OE relating to EEG event-related 
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potential amplitude differences in a temporal window associated with top-down decision making 

(Pattamadilok et al., 2011).  

 

The Lexical Orthography Effect 

The second OE is the Lexical OE (Lex. OE). This OE is identified in tasks that rely on lexical 

access, such as lexical decision, picture naming, or picture rhyme judgment tasks (Coch, 2018; 

Lupker, 1982; Muneaux & Ziegler, 2004; Pattamadilok, Perre, et al., 2009; Perre, Pattamadilok, 

et al., 2009; Starreveld & La Heij, 1996; Taft et al., 2008; Ziegler et al., 2008). In the Lex. OE, 

there is improved task performance when stimuli are pairs of words that match orthographically, 

are orthographically consistent words (words with phonemes that have a single sound-to-letter 

mapping [arm], vs. multiple [leaf]), or are words that have a high number of orthographic 

neighbors. The evidence to date suggests that the Lex. OE results from automatic access of 

orthographic information that influences lexical access (Grainger & Ferrand, 1996; Muneaux & 

Ziegler, 2004) [Figure 3.1B-C]. This mechanism is evidenced by EEG studies finding that the 

Lex. OE was associated with ERP amplitude differences in a timeframe earlier than the 

timeframes associated with lexical access or decision making. These amplitude differences were 

time-locked to the syllables that determined whether the words were orthographically consistent 

or not (Pattamadilok, Perre, et al., 2009; Perre & Ziegler, 2008). Furthermore, the Lex. OE is 

thought to be automatic because the effects remain even when there is no strategic benefit 

(Castles et al., 2003; Pattamadilok, Morais, et al., 2014; Perre et al., 2011). The exact mechanism 

of orthographic recruitment in the Lex. OE is still debated (Pulvermüller, 1999), but studies have 

postulated two theories. The first proposed mechanism is that there are dedicated phonological 

and orthographic representations and the Lex. OE occurs via cascading activation between the 
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two (Grainger & Ferrand, 1996; Woollams et al., 2018). We will refer to this mechanism as the 

Phonological Connection Theory [Figure 3.1B]. The second proposed mechanism is that 

phonological representations affect lexical access, but those representations contain orthographic 

information via restructuring of phonological representations while learning to read (Muneaux & 

Ziegler, 2004). This restructuring is such that two phonological representations become more 

similar if they represent orthographically similar words, regardless of their phonological 

similarity (e.g. bomb - comb) (Dehaene et al., 2010; Montant et al., 2011; Muneaux & Ziegler, 

2004). We will refer to this mechanism as the Phonological Restructuring Theory [Figure 3.1C]. 

In these theories, phonology is the mechanism by which orthography is recruited, likely because 

phonological representations are accessed in tasks with auditory input and where phonological 

assessments are performed (N. Martin & Saffran, 2002; Pillay et al., 2014). Additionally there is 

significant evidence for phonological associations with orthography during reading (Coltheart et 

al., 1993, 2001; Plaut et al., 1996), which may translate to phonological associations with 

orthography in non-reading tasks as well.  

 

Separable OE Mechanisms 

The above studies suggest that there are different mechanisms driving the two effects. Note that, 

the above theories of orthographic integration are not mutually exclusive, multiple mechanisms 

of orthographic integration with NWLPs may exist concurrently (Dehaene et al., 2010, 2015). 

However, to date, there are only two studies that directly compare the Met. and Lex. OEs, and 

provide evidence that these mechanisms both exist and are separable from one another 

(Pattamadilok, Nelis, et al., 2014; also see Chapter 2). More evidence from a direct comparison 
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of the two OEs is needed to confirm that they are indeed driven by two separable mechanisms of 

orthographic integration. 

 

 

 

 

 

Figure 3.1 – Models of Orthographic Integration and Proposed Neurological Markers 
A-C) Mechanisms of orthographic integration. These mechanisms are classified as either having a strategic influence (i.e., orthography is 

only recruited when there is a benefit to do so), or an automatic influence (i.e., orthography influences the processes regardless of strategic 

benefit) A) Top-down recruitment of orthographic representations to strategically influence task processes; otherwise there is no 

orthographic influence. B) Automatic accesses of orthography via phonological processes to influence task processes. C) Orthographically 
altered phonology directly influences task processes, instead of accessing separate orthographic processing. Automatic orthographic 

influence comes from the influence of phonologic representations restructured to be constrained by orthographic similarity. D-F) 

Neurological markers of orthographic integration mechanisms. D) Top down access of orthography is indicated by areas involved with 
attention and cognitive control (superior and middle frontal gyri, and superior parietal lobe) and their connections to the visual word form 

area associated with the orthography effect. E) Phonologic access of orthography is indicated by areas involved with phonology (temporal-

parietal junction and the pars-opercularis of the inferior frontal lobe) and their connections to the visual word form area associated with the 
orthography effect. F) Orthographically altered phonology is indicated by the same temporal-parietal junction and inferior frontal areas, but 

NOT connections to the visual word form area, associated with the orthography effect. 
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Neural Correlates of OEs 

Identifying the neural underpinnings of the Met. OE and the Lex OE might help to discern the 

mechanisms by which orthography is integrated with NWLPs. While the above studies attempt 

to understand the OEs on a cognitive level, we predict several potential neural correlates of the 

OE mechanisms, which can be used to understand the OEs on a neural level. 

 

Met. OE Mechanism Neural Correlates 

The predominant cognitive theory of the Met. OE mechanism is that top-down processes recruit 

orthography to strategically affect decision making processes, i.e. the Top Down Theory 

(Pattamadilok et al., 2011) [Figure 3.1A]. It would then follow that the Met. OE is dependent on 

brain areas involved in attention and executive functions, such as the middle and superior frontal 

gyri (MFG/SFG), as well as the superior parietal lobe (Alexander et al., 2007; Egner & Hirsch, 

2005; Nakao et al., 2012; Paulus et al., 2002; Volle et al., 2008). These cognitive control areas 

would then interact with areas that store orthographic representations, primarily the mid-fusiform 

gyrus, also known as the visual word form area (VWFA; Dehaene & Cohen, 2011; Glezer et al., 

2016; Glezer & Riesenhuber, 2013; Jobard et al., 2003; Price, 2012; Sebastian et al., 2014) 

[Figure 3.1D]. To date, there have been no studies that attempt to determine the neural 

mechanisms of the Met. OE. 

 

Lex. OE Mechanism Neural Correlates 

The two predominant theories of the Lex. OE mechanism are: 1) that dedicated phonological and 

orthographic representations automatically communicate to recruit orthographic influence on 

lexical access (Grainger & Ferrand, 1996) [Phonological Connection Theory; Figure 3.1B], and 
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2) that orthographically constrained phonological representations automatically affect lexical 

access (Dehaene et al., 2010; Montant et al., 2011; Muneaux & Ziegler, 2004) [Phonological 

Restructuring Theory; Figure 3.1C]. Therefore, in support of the Phonological Connection 

Theory, the Lex. OE would be dependent on brain areas specifically involved in phonological 

processing, such as the inferior frontal gyrus, specifically the pars opercularis (pOp), and the 

Temporal-parietal junction (TPJ), specifically the supramarginal gyrus (SMG) and the posterior 

superior temporal gyrus (pSTG) (Glezer et al., 2016; Jobard et al., 2003; Mesgarani et al., 2014; 

R. A. Poldrack et al., 1999; Price, 2012; Turkeltaub & Coslett, 2010). These areas would then 

interact with areas that store orthographic representations, such as the VWFA [Figure 3.1E]. One 

study suggests, through EEG signal source localization, that the ERP for priming words with 

phonology is localized to a separate location (posterior) than when words are primed with 

orthography (anterior) (Perre, Midgley, et al., 2009). While this study does not localize the 

VWFA, the result supports the Phonological Connection Theory, as orthographic effects are 

separate from phonological effects.  

 

However, in support of the Phonological Restructuring Theory, the Lex. OE would be dependent 

on the same brain areas involved in phonological processing, but without the VWFA [Figure 

3.1F]. Two studies identifying the neural mechanisms of the Lex. OE, have identified one area 

associated with phonological processing, the SMG (Jobard et al., 2003; Turkeltaub & Coslett, 

2010). In one study, the SMG was localized during EEG activation associated with the Lex. OE 

(Perre, Pattamadilok, et al., 2009). In the other, inhibition via transcranial magnetic stimulation 

applied to the SMG reduced the Lex. OE (Pattamadilok et al., 2010). These studies support the 

Phonological Restructuring Theory, as no orthography-specific areas were isolated. 
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Current Study  

In this study, our goal was to examine if there are multiple separable mechanisms of 

orthographic integration, and to attempt to identify the mechanisms driving each orthography 

effect. We accomplished our goals by performing multimodal lesion-symptom mapping (LSM) 

analyses over two experiments. We ran these LSM analysis with persons with aphasia due to 

stroke. This population presents the opportunity to provide causal evidence that certain brain 

areas or connections are related to the OEs, as opposed to simple associations with the OEs. 

Running LSM analyses in a stroke population, with varying lesions and levels of OE impairment, 

allows us to investigate the effects of different lesion locations on OE impairment or 

exaggeration. To date, these analyses have not been used to examine OE mechanisms.  

Experiment 1 utilized voxel-based LSM (vLSM; Bates et al., 2003) to provide causal evidence 

for lesion locations that affect the analyzed OEs by either diminishing or exaggerating them. 

This experiment provided evidence for a direct relationship between lesioned brain areas and the 

OEs. 

Experiment 2 utilized structural connectome LSM (CLSM) (Gleichgerrcht et al., 2017) to 

provide causal evidence of lesioned white matter (WM) connections (disconnections) that affect 

the analyzed OEs by either diminishing or exaggerating them. This experiment had the benefit of 

demonstrating associations between OEs and damaged connections that may extend beyond the 

boundaries of the lesion. Additionally, the results provide evidence for interregional 

communication that influences the OEs. 

 

We hypothesized that vLSM and CLSM results will provide converging evidence to support: 
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The metaphonological and lexical orthography effects are driven by two separate mechanisms, 

providing additional evidence for multiple mechanisms of orthographic integration with other 

language processes. 

1. The Met. OE is driven by top-down recruitment of orthography to influence decision 

making [Figure 3.1D] 

2. The Lex. OE is driven by either phonological processes recruiting an independent 

orthographic process in the VWFA, or by orthographically altered phonologic processes, 

influencing lexical access [Figure 3.1E-F]  

 

2.  Methods 

Participants 

Seventy-nine (31F) participants with aphasia and 19 (10F) unimpaired participants (only used to 

binarize OE scores – see below) were included in this study to assess the orthography effect 

scores. No significant differences between participants with aphasia and unimpaired participants 

were found in age, education, gender, or handedness, although a significant difference was found 

in race [Table 3.1]. This participant pool was a combination of participants from two separate 

studies conducted by the Cognitive Recovery Lab at Georgetown University. All participants 

were native English speakers, and were able to complete either the auditory rhyme judgment 

(ARJ) and/or the picture rhyme judgment (PRJ) with a score above chance. The participants with 

aphasia had all experienced a left-hemisphere stroke, with no further history of significant 

neurological problems, no significant psychiatric disorders, and no speech or language 

impairments prior to the stroke. Forty-one participants with aphasia and the 19 unimpaired 

participants were included from the first study (S1), between 2016-2017, which examined inner 
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speech after stroke (Fama, Henderson, et al., 2019; Fama, Snider, et al., 2019). Thirty-eight 

participants with aphasia were included from the second study (S2), between 2018-2021, a cross-

sectional study on language impairments after stroke. All participants provided written informed 

consent, as approved by the Georgetown University IRB. 

From this pool of participants, 77 participants with aphasia were included in Experiment 1. 

These participants met the above inclusion criteria, in addition to having completed high 

resolution structural MRI scans, which were used to create the lesion tracings necessary for the 

lesion-symptom mapping analyses (see below). 

 

Seventy-four participants with aphasia were included in Experiment 2, drawn from the same pool 

of participants as in Experiment 1. These participants met the above inclusion criteria, in addition 

to having completed high resolution T1-MPRAGE scan, and a Diffusion Weighted Image (DWI) 

scan. These scans were used to create the structural connectomes necessary for the connectome 

lesion-symptom mapping analyses (see below). In addition, 88 matched unimpaired participants, 

who were not limited to the above participant pool, were included as a control group for the 

connectome analysis. These participants were from S1, S2, and a third study, but did not 

necessarily perform the rhyme judgment tasks, as they were only used as a normative imaging 

sample for the connectome lesion symptom mapping (CLSM) analyses. No significant 

differences between these participants groups were found in age, education, gender, race, or 

handedness [Table 3.2].  
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Table 3.1 – Participant Demographics: Orthography Effect Calculations 

 

Table 3.2 – Participant Demographics: Connectivity Lesion Symptom Mapping Analyses 

 

Orthography Effect Measurement 

Tasks 

Each participant completed a testing battery that spanned (at least) two testing days. During these 

sessions, two tasks were administered: an ARJ task and a PRJ task. Both tasks were developed in 

S1 (see Fama, Henderson, et al. (2019) for task descriptions). For the ARJ task, participants were 

presented with two words that were pre-recorded in-house and played through high-fidelity 

  

  

Unimpaired Aphasia Aphasia vs. Unimpaired 

Two Sample t(df), p 

χ2 (df, N), p 
Study 1, N=19 

Mean (SD) 

Study 1, N=41 

Mean (SD) 

Study 2, N=38 

Mean (SD) 

Age (yrs) 65.4 (8.4) 61.2 (9.8) 61.3 (11.4) 
t(96) = 1.55, 

p = 0.123 

Education (yrs) 17.0 (2.6) 16.1 (2.9) 17.4 (3.5) 
t(96) = 0.33, 

p = 0.745 

Gender 10F:9M 16F:25M 15F:23M 
χ2 (1, 98) = 1.13, 

p = 0.288 

Race 2AA:17W 15AA:26W 15AA:23W 
χ2 (1, 98) = 5.25, 

p = 0.022 

Handedness 17R:2L 36R:5L 34R:4L 
χ2 (1, 98) = 0.01, 

p = 0.914 

Lesion Size (cm3) -- 107.26 (86.07) 72.98 (67.18) -- 

Stroke Chronicity (yrs) -- 4.96 (4.84) 3.28 (4.38) -- 

  

  

Unimpaired Aphasia Aphasia vs. Unimpaired 

Two Sample t(df), p 

χ2 (df, N), p 
N=88 

Mean (SD) 

Study 1, N=37 

Mean (SD) 

Study 2, N=37 

Mean (SD) 

Age (yrs) 61.2 (12.3) 61.4 (9.9) 61.8 (11.0) 
t(159) = 0.21, 

p = 0.832 

Education (yrs) 17.0 (2.5) 15.9 (2.9) 17.4 (3.6) 
t(159) = -0.61, 

p = 0.540 

Gender 46F:42M 14F:23M 15F:22M 
χ2 (1, 162) = 2.77, 

p = 0.096 

Race 25AA:57W:6Other 14AA:23W 15AA:22W 
χ2 (2, 162) = 1.30, 

p = 0.254 

Handedness 80R:7L:1Ambi. 33R:4L 33R:4L 
χ2 (2, 162) = 0.36, 

p = 0.548 

Lesion Size (cm3) -- 108.50 (90.19) 72.39 (67.99) -- 

Stroke Chronicity (yrs) -- 5.21 (5.00) 3.19 (4.40) -- 
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Sennheiser 555s headphones. The participants were asked to make a two-alternate forced choice 

(2-AFC) button press (yes/no) in response to the question, “Do the two words rhyme?”. An 

analogous procedure was performed for the PRJ task, but here two pictures were simultaneously 

presented on a screen, and participants were asked to indicate if the names of the pictures 

rhymed or not. The participants were explicitly asked to not name the pictures out loud, but 

rather to name the pictures inside their heads in order to perform the judgment task. Each task 

had its own pseudo-randomized order of stimuli that was consistent between participants. Stimuli 

for both tasks were presented on PsychoPy software (Peirce, 2009) in S1, and E-Prime 3.0 

software (Psychology Software Tools, Inc., 2016) in S2. The PRJ and ARJ tasks were 

administered on separate testing days, and all participants performed the PRJ task in an earlier 

session than the ARJ task, so that the names of the pictures were not primed by the ARJ task. 

Accuracy and reaction times (RTs) were recorded.  

 

The stimuli for the rhyme judgment tasks consisted of 40 word-pairs. All words were 1 syllable 

nouns, 3-6 letters long. The words were crossed by rhyme and orthographic rime match into four 

conditions such that 8 word pairs rhymed and had matched orthographies (snake – cake), 10 

pairs rhymed and had mismatching orthographies (wheel – seal), 10 pairs did not rhyme and had 

matched orthographies (glove – stove), and 12 pairs neither rhymed nor had matching 

orthographies (goat – net) [Table 3.3]. Both tasks used the same words, presented either as a 

recorded audio file in a natural speaker’s voice for the ARJ task, or as black-and-white line 

drawings for the PRJ task [Figure 3.2].  

 

 



81 

 

Table 3.3 – Rhyme Judgment Stimuli 

 

 

 

 

 

 

 

 

 1Only used in S1; 2Only used in S2 

 

 

 

 

 

 

 

 

 

 

Orthography Effect Scores 

In order to identify a single OE score per measure per participant, the accuracy and RT measures 

for the ARJ and PRJ tasks had to first undergo several steps of transformation. Participants were 

Rhyme No-Rhyme 

Match No-Match Match No-Match 

book-hook bread-bed bomb-comb ant-tent 

brain-chain cane-train boot-foot cage-hinge 

fork-cork chair-bear bowl-owl church-torch 

fox-box drum-thumb cow-bow cup-rope 

hat-cat 2eye-pie ear-pear drill-shell 

king-ring fly-tie glove-stove fist-ghost 

snake-cake knight-kite 1hoof-roof flag-pig 

tire-fire 1screw-shoe match-watch goat-net 

well-bell skis-cheese 2shoe-toe leaf-wolf 

wrench-bench snail-whale  moon-pen 

 wheel-seal  rug-bag 

   sheep-pipe 

Figure 3.2 – Sample Rhyme Judgement Stimulus 
Sample stimulus for the PRJ task. Pictured here is the pair “bomb - comb”, an example of a non-

rhyme/orthographic-match pair. 
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first excluded from any analysis if their accuracy was not above chance on the examined rhyme 

judgement task, based on a binomial test with a p < 0.05 cutoff. Trials were removed as outliers 

if their RTs were 1.5 times the interquartile range (Q3-Q1) above Q3 or below Q1. Inaccurate 

trials were also excluded from analyses of RT. To preserve normality of the RT measurements, 

each trial was transformed by inverting its RT (invRT) and multiplying by -1000 (maintaining 

that greater values represent slower RTs) (Brysbaert & Stevens, 2018). For all measurements, the 

trials for each condition were separated and averaged for each participant. The orthography 

effects of each participant were then calculated. 

 

For our analyses, the Met. OE refers to when a participant has better performance on the rhyme 

judgment task when judging congruent trials over incongruent trials (Seidenberg & Tanenhaus, 

1979). Congruency of word pairs is defined by the alignment or conflict of the word pair’s 

phonologic match (rhyme) with their orthographic-match. Of the four conditions, rhyme – 

orthographic-match and non-rhyme – orthographic-mismatch are considered congruent, as the 

rhyme and rime of the word pairs either both match or mismatch. This is in contrast to the rhyme 

– orthographic-mismatch and non-rhyme – orthographic-match conditions, which are considered 

incongruent, as the status of the phonologic and orthographic match are in opposition to one 

another. To identify and quantify the Met. OE, the measure of incongruent trials was subtracted 

from the measure of congruent trials. To normalize the OE scores, and control for greater 

potential differences during overall poorer task performance, the difference was then divided by 

the total participant average in invRT measures [Met OE = (Congruent Trials – Incongruent 

Trials)/ Participant Average], and multiplied by the participant average in accuracy measures 

[Met OE = (Congruent Trials – Incongruent Trials)*Participant Average]. This calculation 
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created a single score for each measure that represents the participant’s advantage on congruent 

word pairs, normalized by the participant’s overall average score. 

 

For our analyses, the Lex. OE refers to when a participant has better performance during 

orthographically matching trials over mismatching trials, regardless of rhyming status (Coch, 

2018; Ziegler et al., 2008). Orthographic match is defined as all trials within the rhyme – 

orthographic-match and non-rhyme – orthographic-match conditions. And Orthographic 

mismatch is defined as all trials within the rhyme – orthographic-mismatch and non-rhyme – 

orthographic-mismatch conditions. The Lex. OE score was only calculated in the PRJ invRT 

measure (see below). To identify and quantify the Lex. OE, the invRT of mismatching PRJ trials 

was subtracted from the invRT of matching PRJ trials, and the difference was divided by the 

total participant average [Lex OE = (Orthographically Matching Trials – Orthographically 

Mismatching Trials)/Participant Average]. This created a single score that represents the 

participant’s advantage on orthographically-matching word pairs, normalized by the participant’s 

overall average score. 

 

The two OEs were identified only in certain measures of the rhyme judgment tasks. The Met. OE 

was identified in three of the four measures used in this study: ARJ accuracy, ARJ invRT, and 

PRJ accuracy (see Chapter 2). The Lex. OE was identified in only one of the four measures used 

in this study: PRJ invRT (see Chapter 2). This study only calculated an OE score for the OE 

previously identified in each measure. 
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In order to compare neurological influences on decreases or increases of the Met. OE and Lex. 

OE, the participant scores in each measure (ARJ invRT, PRJ accuracy, PRJ invRT) were 

categorized as within normal range, above normal range (exaggerated), and below normal range 

(impaired) [Table 3.4]. A “normal range” was considered to be the range of the OEs in each 

rhyme judgment measure for unimpaired participants. The top and bottom unimpaired participant 

scores were removed to avoid the potential influence of outliers on the normal range. In all 

participants, to avoid inappropriately restricted accuracy OE scores, due to a ceiling effect, we 

removed all accuracy OE scores where the participant’s overall accuracy was >95%. Note that 

the OE in ARJ Accuracy was not included, because the normal range for our unimpaired 

participants could not be reliably established, as almost all of the unimpaired participants were at 

ceiling in this measure. 

 

Table 3.4 – Number of Participants with Aphasia in Each OE Score Category 

 WITHIN NORMAL 

RANGE (N) 

BELOW NORMAL 

RANGE (N) 

ABOVE NORMAL 

RANGE (N) 

MET. OE 

(ARJ ACCURACY) 
N.A. N.A. N.A. 

MET. OE 

(ARJ RT) 
35 32 7 

MET. OE 

(PRJ ACCURACY) 
19 8 19 

LEX. OE 

(PRJ RT) 
33 11 5 

 

Neuroimaging 

In S1 and the connectome controls, MRI brain scans were acquired on a 3T Siemens Trio 

Scanner via a 12-channel head coil. In S2, MRI brain scans were acquired on a 3T Siemens 

MAGNETOM Prisma scanner via a 20-channel head coil. A T1-weighted MPRAGE image was 
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collected in all participants (Voxels = 1.0mm3; Slices = 176; TR = 1900ms; TE = 2.52ms; field 

of view (FOV) = 250 x 250mm; flip angle (FA) = 9°).  

 

T2-weighted scans were collected in all participants. A T2-weighted image was collected in S1 

and the connectome controls (Voxels = 0.625 x 0.625 x 1.25mm3 ; Slices = 176; TR = 3200ms; 

variable TE; FOV = 240 x 240mm; variable FA). A T2-weighted FLAIR image was collected in 

S2 (Voxels = 0.9x 0.9 x 1.2mm3; Slices = 105; TR = 9680ms; TE = 90ms; FOV = 220 x 220mm; 

FA = 150°).  

 

Diffusion weighted images (DWIs) were collected in all participants. In S1 and the connectome 

controls, a DWI was acquired (Voxels = 2.5mm3; Slices = 70; TR = 7500ms; TE = 87ms; FOV = 

240 x 240mm; FA = 90°; 80 volumes [60, b = 1100s/mm2; 10, b = 300s/mm2; 10, b= 0s/mm2]). 

In S2, a multi-shell high angular resolution diffusion image scan was acquired (Voxels = 

2.0mm3; Slices = 74; TR = 4700ms; TE = 82ms; FOV = 232 x 232mm; FA = 90°; 129 volumes 

[81, b = 3000s/mm2; 40, b = 1200s/mm2; 7, b= 0s/mm2]). 

 

Support-Vector Regression-vLSM Procedure 

The support-vector regression-vLSM analysis was used to determine if a lesioned area was 

associated with abnormally high or low OE scores. To perform this analysis a multivariate 

regression was used, which compared the lesion tracings from structural imaging to the 

categorization of the above OE scores. 
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MRI Preprocessing 

Lesions were manually traced on the co-registered T1-weighted MPRAGE and T2-

weighted/FLAIR images in native space using the ITK-SNAP 3.8 software (Yushkevich et al., 

2019) [Figure 3.3A and 3.3B]. All tracings were inspected for accuracy by a board-certified 

neurologist (P.E.T.). 

 

Native space MPRAGEs and lesion tracings were warped to MNI space using the Clinical 

Toolbox Older Adult Template as the target template (Rorden et al., 2012) via a custom pipeline 

(see Dickens et al. (2019)). First, brain parenchyma was extracted from each native space image 

by applying a mask intended to minimize the clipping of gray matter edges. The initial mask was 

generated by combining the lesion tracing image (binarized) with white and gray matter tissue 

probability maps generated by the unified segmentation procedure in SPM12 

(https://www.fil.ion.ucl.ac.uk/spm/software/spm12/) applied to the original native space image, 

cost-function masked with the lesion tracing. The resulting mask was blurred and inverted to 

remove non-brain tissue from the image. The resulting brain-extracted image was then 

normalized using Advanced Normalization Tools software (ANTs; 

http://picsl.upenn.edu/software/ants/; (Avants et al., 2011)). Lesion masking was used at each 

step of the ANTs process. After bias field correction was applied, normalization proceeded using 

a typical ANTs procedure, including a rigid transform step, an affine transform step, and a 

nonlinear symmetric image normalization (SyN) step. Next, the output of this initial ANTs warp 

was recursively submitted to three additional applications of the SyN step. Finally, the resulting 

linear (rigid and affine) and four nonlinear warp fields were concatenated and the original native 

space MPRAGE and lesion tracings were transformed to the template space using BSpline 
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interpolation. This iterative application of nonlinear warping was intended to improve 

normalization of expanded ventricles and displaced deep structures in individuals with large 

lesions. The normalized lesion tracings were finally down-sampled to 2.5 mm3 [Figure 3.3C]. 

 

 

Support-Vector Regression vLSM (SVR-vLSM) 

To analyze the relationship between the OE variability in participants with aphasia and the traced 

lesion location, we utilized an SVR-vLSM analysis (Zhang et al., 2014) via an in-house toolbox 

(DeMarco & Turkeltaub, 2018; https://github.com/atdemarco/svrlsmgui/) using MATLAB 

R2020a software (The MathWorks Inc.). SVR-vLSM applies a machine-learning based, 

multivariate regression method to find lesion-symptom relationships (Zhang et al., 2014). To 

ensure reasonable statistical power, only voxels damaged in at least 10% of the participants in 

Figure 3.3: Preprocessing Steps for the SVR-vLSM Analysis 
A) Sagittal slices of a structural T1- weighted MPRAGE and T2-weighted scans used to qualitatively trace a lesion, B) The manually traced 
lesion in native space (overlayed on the T1-weighted image), C) The final warped, normalized, and re-sampled lesion tracing (overlayed on 

a T1-weighted, warped, template image). 

 

https://github.com/atdemarco/svrlsmgui/
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the study were considered for each analysis. To eliminate lesion volume biases, while 

maintaining lesion-behavior relationships, lesion volume was regressed out of both behavioral 

scores and voxelwise lesion data in all analyses (DeMarco & Turkeltaub, 2018). Study 

confounds, due to procedural and stimulus variability between S1 and S2, were also controlled 

for by regressing out study categorization (S1 vs. S2) out of both behavioral scores and lesion 

masks. To minimize the effects of lesion autocorrelation, voxel-wise beta-values were 

thresholded at p < 0.005 based on a null-distribution beta-map generated from 10,000 

permutations of randomly assigned OE scores (Kimberg et al., 2007). Then a cluster threshold 

was applied based on the same permutations to achieve a family wise error rate of p ≤ 0.05. 

 

Model quality was assessed by: prediction accuracy, which is a density of correlation coefficients 

between predicted scores and training scores, the mean of which (average correlation coefficient) 

is used to summarize how well the predicted scores trend with the real scores; and the pattern 

reproducibility index, calculated as a density of voxelwise correlation coefficients. SVR 

hyperparameters included Cost (set to 30.00), kernel scale (set to 0.45), and epsilon (set to 0.10). 

The model quality assessments and hyperparameters for the significant models are described in 

Appendix Figures A.1 and A.2. 

 

To determine if any lesions were dissociable from one another, a post-hoc analysis was 

performed via an in-house addition to the SVR-LSM toolbox 

(https://github.com/atdemarco/svrlsmgui/tree/svrlsmgui2). This addition allowed us to compare 

clusters that are significantly more likely to be lesioned in one condition over another. After the 

primary SVR-vLSM beta-maps were calculated, a voxelwise difference map was calculated for 

https://github.com/atdemarco/svrlsmgui/tree/svrlsmgui2
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the pair of real beta-map results and for each pair of null permutation beta-map results. A 

voxelwise p-map was then computed by comparing the difference map from the real data with 

the null distribution obtained from the permuted difference maps. Then a cluster threshold based 

on the same permutations was applied to achieve a family wise error rate of p ≤ 0.05. 

 

Structural CLSM Procedure 

The SVR-CLSM analysis was used to determine if lesioned white matter connections were 

associated with abnormally high or low OE scores. To perform this analysis, the same 

multivariate regression used in the vLSM analysis was used. However, the comparison was 

between lesioned connections, derived from a combination of diffusion and structural imaging, 

and the OE score categorization. 

 

MRI Preprocessing 

To establish each participant’s structural connectome, the MPRAGE was used to create 

participant specific structural parcellations of brain areas (sometimes referred to as nodes) 

[Figure 3.4C], and the DWI scan was the primary data for establishing structural/white-matter 

connections (sometimes referred to as edges) between the parcels in each participant [Figure 

3.4A].  

 

MPRAGE scans underwent an imputation process to fill in lesioned brain tissue and allow for 

normal tissue segmentation and parcellation. Each brain was submitted to the ANTS brain 

extraction script (Avants et al., 2011). This process included bias field correction, skull stripping, 

and automatic generation of the lesion in native space (Pustina et al., 2016) [Figure 3.4D]. 
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Lesioned voxels were filled in using values from contralesional tissue reflected over the x-axis 

and registered to the un-reflected brain image. As an initial approximation of the expected tissue 

values, voxels falling within the automatic lesion mask were then filled with values from the 

reflected image. In addition, the ANTs joint image fusion algorithm was used with the 88 control 

participants to warp their extracted scans to the lesioned brains, further imputing the lesion. Both 

control and imputed-stroke MPRAGE scans were then parcellated via FreeSurfer’s recon-all 

cortical reconstruction (https://surfer.nmr.mgh.harvard.edu/). Lausanne atlas parcellations at 

scale 125 (Daducci et al., 2012) were generated from the output of recon-all [Figure 3.4E], and 

were registered to the preprocessed diffusion-weighted images via a rigid-body transformation. 

 

DWI scans underwent preprocessing to identify WM connections between the parcels in each 

participant via MRtrix 3.0 software (Tournier et al., 2019). Preprocessing steps for the DWIs 

included Gaussian noise removal (dwidenoise -extent 9,9,9), motion and eddy current correction 

(dwipreproc), and bias field correction (dwibiascorrect -ants). Voxel wise fiber orientation 

distributions were computed using multi-shell multi-tissue constrained spherical deconvolution 

(dwi2fod msmt_csd) based on a response function computed from the subject’s DWI data 

(dwi2response dhollander; Jeurissen et al., 2014). For each individual, 15 million streamlines 

were generated by probabilistic anatomically-constrained tractography (R. E. Smith et al., 2012) 

on WM fiber orientation distributions (tckgen -act, algorithm = iFOD2, step = 1, min/max length 

= 10/300, angle = 45, backtracking allowed, dynamic seeding, streamline endpoints cropped at 

grey matter-white matter interface). The five-tissue-type segmented image of the skull-stripped 

MPRAGE (imputed in stroke subjects) was warped into DWI space via ANTs and served as the 

anatomical image for anatomically-constrained probabilistic tractography [Figure 3.4B]. 

https://surfer.nmr.mgh.harvard.edu/
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Spherical deconvolution informed filtering of tractograms 2 (SIFT-2) (R. E. Smith et al., 2015) 

was conducted in order to adjust streamline densities to be proportional to the underlying WM 

fiber densities. Individual connections in the structural connectome were generated by assigning 

streamlines to parcels of the Lausanne atlas at scale 125 [Figure 3.4F].  

 

Each streamline was multiplied by its respective cross-sectional multiplier derived via SIFT2, 

resulting in a value of apparent fiber density (AFD), which quantifies the relative cross-sectional 

area of the WM fibers connecting two brain regions. The AFD may thus be thought of as the 

strength of structural connectivity (i.e. fiber density) available between two brain regions. To 

enable group analyses, inter-subject AFD and connection density normalization was conducted 

(R. Smith et al., 2020). Specifically, individual differences in WM b0 intensity were accounted 

for by multiplying each connectome by the ratio of the mean median b0 value within the 

subject’s WM mask to the grand mean median b0 value for the whole group. Inter-subject 

connection density normalization was then achieved through scalar multiplication of each 

connectome by the subject’s “proportionality coefficient” derived by SIFT2, denoted by μ, which 

represents the estimated fiber volume per unit length contributed by each streamline. Overall, 

each connection in the connectome quantifies the AFD of WM tracts connecting two brain 

regions [Figure 3.4F]. 
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Support-Vector Regression CLSM 

To analyze the relationship between the OE variability in participants with aphasia and the 

structural disconnections, we utilized a CLSM analysis (Gleichgerrcht et al., 2017). The analysis 

method is similar to the SVR-vLSM analysis, in that a brain-based feature is used to predict a 

behavioral score via a multivariate regression analysis. The major difference for Experiment 2 

vs. Experiment 1 is that the brain-based features are disconnections between gray matter parcels, 

instead of lesioned voxel-based clusters. The behavioral scores remain the same for CLSM 

analyses as for the vLSM analyses in Experiment 1. 

 

Figure 3.4 – Preprocessing Steps for the CLSM Analysis  

A) A transverse slice of a DWI scan used to identify WM tractography, B) The streamlines calculated using a probabilistic tractography 
algorithm , C) A 3D rendering of a structural T1-MPRAGE scan skull-stripped, warped, and used to structural parcels in an individual 

connectome, D) The same T1-weighted image after imputation of the lesioned area, E) The Structural image after parcellation using the a 

125-scale Lausanne atlas, F) The individual’s resulting connectivity matrix, with each pixel representing the AFD-weighted streamline 
connection that connects each two parcel nodes, G) A binarized connectivity matrix, masked by connections present in 100% of unimpaired 

participants, and disconnections in ≥10% of participants with aphasia. (adapted from McCall et al., 2021) 

 



93 

 

To ensure that all connections included in the analyses were clearly defined as disconnected or 

not, several parameters were set for inclusion of a connection in each analysis. To ensure that we 

only examine connections that are reliably connected in control participants, and reduce type 1 

error, we first identified connections that were present in 100% of control participants (N = 88). 

Next, connections in each person with aphasia were considered disconnected if either there was 

no connection between two parcels where there is one in controls, or if their AFD between two 

parcels was less than the range of AFDs of the same connection in control participants. Finally, 

to ensure reasonable statistical power, connections were only examined in the analysis if at least 

10% of participants with aphasia had a lesion in that connection [Figure 3.4G].  

 

Lesion volume and study confounds were controlled in all analyses by regressing the lesion 

volume out of both behavioral scores and connectome values, as in Experiment 1. SVR 

hyperparameters included Cost (set to MATLAB’s default), kernel (radial basis function), and 

kernel scale (set to 1). To correct for multiple comparisons, 20,000 permutations of behavioral 

scores were used to generate a threshold to control the continuous family wise error rate 

(CFWER) at p ≤ .05 and v = 10 (Mirman et al., 2018). CFWER is used in this case, as opposed 

to a full family-wise error correction, because a full family-wise error rate control will be too 

strict to reveal any results, especially when single connections are not likely to relate to a 

behavior. In CFWER, the Vth highest test statistic from each permutation is recorded to form a 

null distribution, which is then used to provide an adjusted p-value threshold that limits the 

number of expected false-positive results to v. For example, at v=10, CFWER produces a p-

value threshold at which there is a 5% chance of obtaining 10 false-positive connections in the 
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entire connectome. Therefore, while any one significant connection may be a false positive, 

analyses that result in 10 or more significant connections can be interpreted as non-random. 

 

Behavioral Data Coding, Analyses, and Expected Interpretations 

Within each rhyme judgment task measure (ARJ invRT, PRJ Acc, and PRJ invRT), the 

appropriate OE score was binarized in two different variables. The first variable, low OE, tested 

for lesions/disconnections associated with reductions in the OEs. The OE scores were dummy 

coded as ‘0’ if they were within normal range, and ‘1’ if they were below normal range, while 

scores above normal range were excluded. The second variable, high OE, tested for 

lesions/disconnections associated with exaggerations in the OEs. The OE scores were dummy 

coded as ‘0’ if they were within normal range, and ‘1’ if they were above normal range, while 

scores below normal range were excluded. The analyses then coded high values as impaired, so 

that the output clusters or connections would represent those voxels or connections that are 

lesioned or disconnected when OE scores are outside of the normal range.  

 

Six separate analyses were run in each experiment to determine the lesioned areas or 

disconnection associated with the OE scores. Each analysis also had a different number of 

participants depending on how many participants successfully competed each task crossed with 

those whose score met the criteria of the analysis (i.e., those who had scores within the normal 

range, plus those who were either above or below the normal range) [Table 3.4], and those who 

completed the proper scans. A significant cluster or connections associated with low OE scores 

in the ARJ invRT analysis (Exp.1: N = 65; Exp.2: N = 63) or the PRJ Accuracy analysis (Exp.1: 

N = 27; Exp.2: N = 26) is considered to be positively associated with the Met. OE. This result 
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can be interpreted as that brain area or connection causing an impairment of the Met. OE when 

lesioned. Conversely, a significant cluster or connections associated with high OE scores in the 

ARJ invRT analysis (Exp.1: N = 42; Exp.2: N = 39) or PRJ accuracy analysis (Exp.1: N = 37; 

Exp.2: N = 37) is considered to be negatively associated with the Met. OE. This result can be 

interpreted as that brain area or connection exaggerating the Met. OE when lesioned. A 

significant cluster or connection associated with OE scores in the low (Exp.1: N = 44; Exp.2: N 

= 43) or high (Exp.1: N = 38; Exp.2: N = 37) OE analyses of PRJ invRT will have the same 

interpretations as the previous results, as applied to the Lex. OE. 

 

3.  Results 

Experiment 1 – Voxel-Based Lesion Symptom Mapping 

Lesion Overlap Maps [Figure 3.5] 

The lesion overlap maps represent all of the voxels considered in each SVR-vLSM analyses. 

While each map is slightly different, and has different minimum lesion overlap thresholds 

depending on the N of the analysis, the majority of the lesions are located in the middle cerebral 

artery territory, with a particular clustering around the inferior frontal and perisylvian areas. 

Notably, in all analyses, no voxels pass the minimum overlap threshold in the mid-fusiform 

gyrus.  

SVR-LSM Results  

In four of the six SVR-vLSM analyses, no clusters reached the statistical threshold (ARJ invRT – 

low and high OE, PRJ Acc. – high OE; PRJ invRT – high OE). However, two analyses revealed  
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Figure 3.5 – Lesion Overlap Maps 
These maps represent the included voxels in each lesion-symptom-mapping analysis. Every voxel is 

lesioned in ≥10% of the participants included in each analysis. A) and B) The lesion overlap maps for 

the analyses of the Met. OE on auditory rhyme judgement reaction time, analyses of a low (N=65) and 
high (N=42) metaphonological orthography effect, respectively. C) and D) The lesion overlap maps for 

the analyses of the Met. OE on picture rhyme judgement accuracy, analyses of a low (N=27) and high 

(N=37) metaphonological orthography effect, respectively. E) and F) The lesion overlap maps for the 
analyses of the Lex. OE on picture rhyme judgement reaction time, analyses of a low (N=44) and high 

(N=38) lexical orthography effect, respectively. 
 

5 22 4 18 

F. High Lex. OE (N=38) E. Low Lex. OE (N=44) 

Picture Rhyme Judgement: Reaction Time 

3 16 4 18 

C. Low Met. OE (N=27) D. High Met. OE (N=37) 

Picture Rhyme Judgement: Accuracy 

7 32 

B. High Met. OE (N=42) 

Auditory Rhyme Judgement: Reaction Time 

A. Low Met. OE (N=65) 

5 24 
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SVR-vLSM Results: Met. OE and Lex. OE  A) 

Dissociation-Masked SVR-vLSM Results: Met. OE and Lex. OE B) 

Angular Gyrus 

Dorsal Medial  

Pre-Frontal Cortex 

Anterior 

Cingulate Cortex 

Figure 3.6 – SVR-vLSM Analysis Results 
The analyses of the metaphonological and lexical orthography effects yielded results only in the picture rhyme judgment task. A) 

Participants with a low Met. OE in accuracy are likely to have a lesion centered around the anterior cingulate cortex, but including the 

dorsal medial prefrontal cortex (green) [The turquoise dot in the slices approximates the cluster center of mass (-9.3, 21.2, 43.3)]. 

Participants with a low Lex. OE in RT are likely to have a lesion centered around the angular gyrus (orange) [The yellow dot in the slices 
approximates the cluster center of mass (-44.2, -57.0, 35.5)]. B) The clusters in A are masked by voxels that are significantly more 

associated with the Met. OE > Lex. OE (blue), and voxels that are significantly more associated with the Lex. OE > the Met. OE (red). 
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significant results. The analysis of the Low Met. OE variable in PRJ Accuracy revealed a 

significant cluster centered in the anterior cingulate cortex (center of mass: -9.3, 21.2, 43.3), but 

it also includes much of the dorsal medial pre-frontal cortex. This result indicates that 

participants with a low Met. OE in the PRJ task were more likely to have a lesion in the anterior 

cingulate cortex (ACC) or dorsal medial pre-frontal cortex (DMPFC) than participants with a 

Met. OE within the normal range. The analysis of the Low Lex. OE variable in PRJ invRT 

revealed a significant cluster primarily located in the angular gyrus (center of mass: -44.2, -57.0, 

35.5), although it does extend to the supramarginal gyrus. This result indicates that participants 

with a low Lex. OE in the PRJ task were more likely to have a lesion in the angular gyrus (AG) 

than participants with a Lex. OE within the normal range.  [Figure 3.6A, Table 3.5] 

To determine if the lesions associated with a low Lex. OE and a low Met. OE were significantly 

dissociable from one another, two tails were tested to identify voxels associated with a low Met. 

OE > low Lex. OE, and with a low Lex. OE > low Met. OE. Both tails revealed significant 

clusters that overlap with the lesion clusters from the primary SVR-vLSM analyses [Figure 

3.6B]. These masked SVR-vLSM clusters indicate that each of the above lesions are uniquely 

associated with each OE. 

 

Table 3.5 – SVR-LSM Analysis Cluster Details 

 

 Orthography 

Effect 

Anatomical 

Location 

Center of Mass 

(MNI) 
Cluster Volume p-value 

PRJ 

Accuracy 
Metaphonological 

-Anterior 

Cingulate Cortex 

-Dorsal Medial 

Pre-Frontal Cortex 

-9.3, 21.2, 43.3 5.8cm3 0.047 

PRJ RT Lexical -Angular Gyrus 
-44.2, -57.0, 

35.5 
5.4cm3 0.033 
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Experiment 2 – Connectome Lesion Symptom Mapping 

Lesion Overlap Maps [Figure 3.7-3.9] 

The lesion overlap maps represent all of the connections considered in each CLSM analyses. 

While each map is slightly different, and has different minimum lesion overlap thresholds 

depending on the N of the analysis, the majority of the lesions are to connections in the middle 

cerebral artery territory, with a particular clustering around the perisylvian nodes. The nodes in 

the lateral frontal cortex are also more likely to have disconnections, which follows our previous 

findings, as the majority of lesions are located in this area [Figure 3.5]. Also, while the majority 

of connections are within the left hemisphere, there are several interhemispheric connections. 

Notably, in all analyses, connections to the nodes in the left mid-fusiform gyrus are included. 
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Auditory Rhyme Judgement Reaction Time: High Met. Orthography Effect (N=39) 

Auditory Rhyme Judgement Reaction Time: Low Met. Orthography Effect (N=63) 

1 50+ 

Edges per node 

Figure 3.7 – Connectome Lesion Overlap Maps: Auditory Rhyme Judgment Reaction Time 

Analyses 
The connectome maps represent the included connections/edges in the two analyses of the metaphonological orthography effect on auditory 

rhyme judgment reaction time. The connections are a sub-set of connections between scale-125 Lausanne nodes. All connections were 

filtered by those present in 100% of unimpaired participants, and by those lesioned in ≥10% of analyzed participants with a lesion. The 

surviving edges are colored according to the number of analyzed participants with that connection lesioned. The nodes are colored and sized 
according to the number of surviving edges that include that node. 
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Picture Rhyme Judgement Accuracy: High Met. Orthography Effect (N=37) 

Picture Rhyme Judgement Accuracy: Low Met. Orthography Effect (N=26) 
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Figure 3.8 – Connectome Lesion Overlap Maps: Picture Rhyme Judgment Accuracy Analyses 
The connectome maps represent the included connections/edges in the two analyses of the metaphonological orthography effect on picture 

rhyme judgment accuracy. The connections are a sub-set of connections between scale-125 Lausanne nodes. All connections were filtered 

by those present in 100% of unimpaired participants, and by those lesioned in ≥10% of analyzed participants with a lesion. The surviving 
edges are colored according to the number of analyzed participants with that connection lesioned. The nodes are colored and sized 

according to the number of surviving edges that include that node. 
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CLSM Results  

Only one CLSM analysis revealed a significant map that passed the v = 10 cFWER threshold 

[Figure 3.10]. The analysis of low Lex. OE vs. normal in PRJ invRT revealed a map of 12 

significant left-hemispheric connections [Table 3.6]. The significant connections are largely 

between temporal-parietal junction (TPJ) nodes, including the Supramarginal Gyrus (SMG 1: -

Figure 3.9 – Connectome Lesion Overlap Maps: Picture Rhyme Judgment Reaction Time 

Analyses 
The connectome maps represent the included connections/edges in the two analyses of the lexical orthography effect on picture rhyme 

judgment reaction time. The connections are a sub-set of connections between scale-125 Lausanne nodes. All connections were filtered by 

those present in 100% of unimpaired participants, and by those lesioned in ≥10% of analyzed participants with a lesion. The surviving edges 

are colored according to the number of analyzed participants with that connection lesioned. The nodes are colored and sized according to the 

number of surviving edges that include that node. 
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43, -30, 21; SMG 5: -40, -38, 38) and the posterior superior temporal gyrus (STG1: -50, -42, 15; 

STG 2: -52, -30, 8; STG 3: -57, -20, 1), with nodes largely located more ventrally in the temporal 

lobe. This result indicates that participants with a low Lex. OE in the PRJ task are more likely to 

have a lesion in the connections between the TPJ and the ventral temporal lobe than participants 

with a Lex. OE within the normal range. Importantly, while connections from the lesion overlap 

maps included nodes in the fusiform gyrus that may represent the VWFA, only one connection to 

a node possibly representing the VWFA was significant. This connection was between the 

inferior temporal node 3 (-50, -44, -18) and the superior temporal gyrus node 2 (-52, -30, 8).  

 

 

 

Figure 3.10 – CLSM Analysis Results 
Only the analysis of the lexical orthography effect in the picture rhyme judgment task yielded results. Participants with a low Lex. OE are 

more likely to have lesions in the connections between several TPJ nodes. These nodes include the supramarginal gyrus, and the posterior 
superior temporal gyrus. The nodes are colored and sized according to the number of significant connections that include that node. 
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Table 3.6 – Significant Connections in the CLSM Analysis of the Picture Rhyme Judgment Lexical Orthography Effect 

 

The 12 connections that survived cFWE correction at v=10 are described in the matrix above. Each significant connection is marked 

by its SVR-β value, the regression coefficient indicating the strength of relationship between the lesion of that connection and a low 

Lex. OE. The matrix also includes the p-value of each significant connection.  

 

L. SMG 1 

 

L. SMG 5 

 

L. STG 1 

 

L. STG 2 

 

L. STG 3 

 

L. STS 2 

 

L. IP 2 

 

L. MTG 

1 

 

L. MTG 

2 

 

L. MTG 

3 

 

L. TTG 1 

 

L. ITG 3 

 

L. FFG L. Caud. L. Amyg. 

L. 

Supramarginal 1 

(-43, -30, 21) 

     
10.00 

p=0.0007 

8.83 

p=0.0013 

8.34 

p=0.0016 
       

L. 

Supramarginal 5 

(-40, -38, 38) 

  
8.48 

p=0.0010 
  

8.47 

p=0.0004 
   

9.24 

p=0.0003 
     

L. Superior 

Temporal 1 

(-50, -42, 15) 

           
8.64 

p=0.0011 
   

L. Superior 

Temporal 2 

(-52, -30, 8) 

            
9.22 

p=0.0013 

9.47 

p=0.0011 

9.72 

p=0.0016 

L. Superior 

Temporal 3 

(-57, -20, 1) 

        
9.84 

p=0.0013 
      

L. Superior 

Temporal 

Sulcus 2 

(-51, -46, 1) 

               

L. Inferior 

Parietal 2 

(-41, -68, 17) 

          
8.46 

p=0.0012 
    

L. Middle 

Temporal 1 

(-61, -58, 1) 

               

L. Middle 

Temporal 2 

(-61, -39, -9) 

               

L. Middle 

Temporal 3 

(-60, -22, -16) 

               

L. Transverse 

Temporal 1 

(-41, -23, 9) 

               

L. Inferior 

Temporal 3 

(-50, -44, -18) 

               

L. Fusiform 4 

(-34, -16, -32) 
               

L. Caudate 

(-13, 0, 9) 
               

L. Amygdala 

(-24, -4, -21) 
               



 

105 

 

4.  Discussion 

Overview 

In this study we set out to determine whether the neural mechanisms of the Met. OE and Lex. OE 

are separable, and if the mechanism of orthographic integration driving each OE can be specified 

using a multimodal LSM approach. We hypothesized that the Met. OE and Lex. OE would be 

governed by two different mechanisms of orthographic integration with NWLPs. Based on 

previous literature on the OEs, we also hypothesized that the Met. OE would be driven by the 

top-down recruitment of orthography, and that the Lex. OE would be driven by either 

phonological connectivity or phonological restructuring.  

 

Metaphonological OE Mechanism 

The results of our study are consistent with the theory that the Met. OE is driven by orthographic 

recruitment through top-down processes. This conclusion is supported using SVR-vLSM 

analyses, which found that lesions in the ACC and the DMPFC were associated with a lowered 

Met. OE, as measured by PRJ accuracy. It should be noted that the ACC and DMPFC are areas 

where there are minimal overlapping lesions (Figure 3.5C), and may therefore be driven by a few 

outliers. This finding should therefore be interpreted cautiously (see Limitations). Nevertheless, 

both the ACC and DMPFC have several associations. The ACC is often associated with 

cognitive control (Bush et al., 2000; Kondo et al., 2004), and error/conflict monitoring 

(Botvinick et al., 2004; Carter et al., 1998; Devinsky et al., 1995; van Veen et al., 2001). Also 

known as the pre-supplementary motor area, the DMPFC is associated with strategic decision 

making (Taren et al., 2011), cognitive control (Husain et al., 2006; Liebig et al., 2017), and error 

monitoring (Iannaccone et al., 2015; Modirrousta & Fellows, 2008). While these areas were not 
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specifically predicted, the results are in line with our hypothesis that the top-down mechanism of 

orthographic integration governs the Met. OE [Figure 3.1A & D], and are consistent with 

previous literature (Pattamadilok et al., 2011). However, since the Met. OE is an effect of 

orthography on the rhyme judgment decision, which is driven by analytical comparisons 

(Wagensveld et al., 2012) and likely involves monitoring of conflicts between orthography and 

phonology, we cannot rule out the possibility that the lesion from our analysis causes the 

impairment of orthographic influences on that process, as opposed to the impairment of top-

down access of orthography. While both interpretations are in support of the current model of the 

Met. OE, future studies will need to perform additional analyses to parse out these two 

hypotheses.  

 

It is notable that the other measure of the Met. OE, i.e., ARJ invRT, was not associated with any 

significant lesion. This lack of result is counterintuitive, as both ARJ invRT and PRJ accuracy 

supposedly measure the same OE. However, there are several potential explanations for the 

differing results between the two tasks. First, these two measures are from tasks with auditory 

and pictorial input, respectively. This could lead to differences in task demands, where the PRJ 

task is more cognitively demanding, and therefore the Met. OE in that task is more sensitive to 

lesions to cognitive control areas. Second, there may simply be different cognitive mechanisms 

for the Met. OE in the ARJ and PRJ tasks. There is some evidence to support this hypothesis. 

The distribution of participants with an abnormal Met. OE is different in each task, with majority 

of participants with an abnormal Met. OE below normal in the ARJ task, but above normal in the 

PRJ task [Table 3.4].  Additionally, in Chapter 2, the specific language tasks that were associated 

with the Met. OE differed for the ARJ and PRJ tasks, suggesting that the Met. OE in these two 
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tasks may have different mechanisms. Future studies should directly compare the Met. OE in 

these two measures to gain a better understanding of if and how the mechanisms differ. 

 

Lexical OE Mechanism 

The results of our study are consistent with the automatic theories of orthographic integration, 

however we are unable to conclude if the Lex. OE is driven by phonological access of 

orthography (the Phonological Connection Theory) or orthographically restructured phonological 

processes (the Phonological Restructuring Theory). This conclusion is supported by our multi-

modal LSM analyses, which found that lesions in the AG and lesions to ventral temporal lobe 

connections with the SMG and post. STG are associated with a lowered Lex. OE. The vLSM 

analysis provides an ambiguous interpretation of the Lex. OE mechanisms. The finding of an AG 

cluster has multiple possible explanations, as previous studies have proposed multiple possible 

linguistic functions for the AG. While it was originally associated with reading (Dejerine, 1892), 

the AG has since been associated with semantic processing (Binder et al., 2009; Bonner et al., 

2013; Noonan et al., 2013; Seghier & Price, 2018), phonological processing (Ghaleh et al., 2018; 

Turkeltaub & Coslett, 2010), and lexical access (Binder et al., 2003; Geschwind, 1965; Pugh et 

al., 2001). Important to our hypotheses, this area is often associated with combined orthographic-

phonologic processing  (Booth et al., 2004; Horwitz et al., 1998; Pugh et al., 2001; Purcell et al., 

2021; Rapp et al., 2016). These many proposed functions show that the angular gyrus is likely a 

site of integration for different linguistic processes. However, the multiple possible functions 

also suggest that an AG lesion could equally be associated with either an impairment of 

orthographically altered phonology, an impairment of orthographic influence on lexical access, 

or an impairment on the recruitment of orthography via lexical access. Indeed, as the VWFA was 
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not included in the vLSM analyses, we could also not rule out the theory that the AG lesion is 

merely a reflection of impaired connections with that orthographic processing area.  

 

The CLSM analysis provides additional evidence in an attempt to identify the Lex. OE 

mechanism. The Lex. OE is affected by lesions in connections of both the SMG and post. STG 

with the ventral temporal lobe. While no specific individual WM connections can be interpreted 

confidently in this analysis, as up to 10 connections may be false positives, the general trend of 6 

connections with the SMG nodes and 5 connections with the post. STG nodes, out of the 12 total, 

suggests that these nodes are worthy of note. The post. STG is often associated with phonologic 

processing (Hickok & Poeppel, 2004, 2007; Mesgarani et al., 2014; Price, 2012), and the SMG is 

associated with both phonological processing and orthographic-phonological conversion 

(Hartwigsen et al., 2010; Jobard et al., 2003; Price, 2012; Price et al., 1997; Turkeltaub & 

Coslett, 2010). The disconnections to the SMG are particularly important for our interpretation 

of the results for two reasons. One, the SMG is already associated with orthographic-phonologic 

associations, which may indicate that phonologic representations in this area are altered by 

orthographic representations when learning how to read. Second, our result is consistent with 

previous studies of the neural correlates of the Lex. OE, which demonstrated the SMG as a 

region associated with the Lex. OE, and are in support of the Phonological Restructuring Theory. 

In Pattamadilok et al. (2010), inhibitory transcranial magnetic stimulation to the SMG (but not 

the VWFA) inhibited the Lex. OE. And in Perre, Pattamadilok, et al. (2009), EEG analysis 

localized a signal associated with the Lex. OE to the SMG. We therefore speculate that our 

findings may be consistent with the Phonological Restructuring hypothesis. Importantly, to 

definitively adjudicate between the Phonological Restructuring and the Phonological Connection 
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hypotheses, connections with the VWFA must be ruled out. These connections were included in 

these analyses [Figures 3.9], and significant connections with the VWFA would have supported 

the Phonological Connection Theory. Only one connection to the VWFA was identified in 

association with the Lex. OE (an edge between the ITG 3 and STG 2 nodes). In our analysis, this 

one connection cannot be interpreted with confidence. However, this does not rule out the 

Phonological Connection Theory of the Lex. OE. The connections included in this analysis still 

suffered from the same limitation as the vLSM analysis, in that far fewer connections were 

identified with the VWFA than with the perisylvian regions [Figure 3.9]. A lack of significant 

connections to the VWFA does not preclude the existence of those connections, so we cannot 

conclude that the Lex. OE is driven by phonological representations alone. Additional studies 

will need to be performed to specifically determine if WM connections between the TPJ and 

VWFA are related to the Lex. OE. This being said, the lesions in the AG associated with a 

lowered Lex. OE, in combination with ventral temporal disconnections to the SMG and post. 

STG associated with a lowered Lex. OE, is in support of our hypothesis that the Lex. OE is 

driven by an automatic process of orthographic integration, as both involve phonological 

representations as a method of orthographic recruitment [Figure 3.1].  

 

It is notable that our analyses identified two distinct regions (the AG and the SMG/post.STG), 

both associated with the same OE. While the AG is often associated with a variety of language 

processes (Binder et al., 2009; Geschwind, 1965; Purcell et al., 2021; Turkeltaub & Coslett, 

2010), the SMG and post. STG are more consistently associated with phonology and 

orthography-phonology associations (Hartwigsen et al., 2010; Hickok & Poeppel, 2004; Jobard 

et al., 2003; Mesgarani et al., 2014; Price, 2012; Price et al., 1997). However, one possible 



 

110 

 

explanation for the apparent discrepancy between our lesion and connectivity analyses may be 

that the identified connections in the CLSM analysis are part of the arcuate fasciculus (AF), and 

that the identified AG lesion, in part, is a lesion of those WM tracts. The posterior indirect 

segment of the AF contains tracts that connect the SMG to the temporal lobe (Catani et al., 2005; 

Catani & Mesulam, 2008; Thiebaut de Schotten et al., 2014), in line with the findings of our 

CLSM analysis. Further, these fibers pass through the sub-angular WM (Catani et al., 2005), 

which is included in the lesion identified in our SVR-LSM analysis [Figure 3.6]. Therefore, it is 

plausible that the lesion in the AG severed some connections in the posterior segment of the AF, 

and impaired communication with the orthographically altered phonological representations in 

the SMG. However, this hypothesis will have to be verified by a future analysis tracking the 

actual streamlines that connect the nodes identified in our CLSM analysis.  

 

Multiple Mechanisms of Orthographic Integration 

Our findings support our hypothesis that the mechanisms of the Met. OE and Lex. OE are 

distinct. This conclusion, in turn, supports the theory that orthography integrates with NWLPs in 

multiple ways. This conclusion is supported by the results of Experiment 1, which found that the 

lesion in the ACC/DMFC was more associated with the Met. OE than the Lex. OE, and the 

lesion in the AG was more associated with the Lex. OE than the Met. OE. Two dissociable lesion 

clusters that affect each OE independently suggests that the mechanisms of the Met. OE and Lex. 

OE are distinct from one another. When combined with Experiment 2, this conclusion is 

strengthened by finding anatomical correlates consistent with our hypothesis regarding an 

automatic Lex. OE mechanism of orthographic recruitment, while Experiment 1 found results 
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consistent with the Met. OE involving strategic orthographic recruitment via top-down 

processes.   

 

Limitations 

A limitation of this study, similar to many neuroimaging studies, is the reverse inference 

problem. Reverse inference is where we interpret the function of an observed brain area or 

connection based on previous studies implicating a cognitive process with that area or 

connection, instead of interpreting its function based on direct testing (Coltheart, 2013; R. 

Poldrack, 2006). Because of this problem, it is unclear if the post. SFG associated with the Met. 

OE is representative of the top-down recruitment of orthography, or the downstream 

orthographic influence on the task decision making processes. It is also unclear which of the 

several proposed functions of the AG influences the Lex. OE. One possible remedy for this issue 

is by functionally, instead of structurally, identifying regions of interest (Fedorenko et al., 2011). 

Specifically, by identifying networks of regions that respond to a specific cognitive function 

before running an LSM analysis, the function of the network is pre-defined, and lesions to that 

network can be interpreted with greater confidence (R. Poldrack, 2006). 

A second limitation is that, while our results are most consistent with the Phonological 

Restructuring Theory as the mechanism of the Lex. OE, we cannot rule out the Phonological 

Connection Theory, partially because the lesion overlap maps show there are fewer overlapping 

connections to the fusiform gyrus (VWFA) than there are to perisylvian areas (SMG and pSTG) 

[Figure 3.7]. All LSM analyses suffer the limitation that only voxels or connections with 

sufficient lesion coverage are included in the analysis, but even included voxels or connections 

may still suffer from low power. Further, our sample sizes were relatively small for LSM 
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analyses. Our results should therefore be considered preliminary. Future analyses will need to 

utilize consistently larger cohorts for each analysis (≥50 participants), which are more likely to 

give more widespread lesion overlap maps, and may allow for more thorough analysis of the 

VWFA involvement in the OEs. 

 

Conclusions 

This study utilized multimodal LSM analysis techniques to evaluate the neural mechanisms of 

the Met. OE and the Lex. OE on rhyme judgment tasks. Primarily, our results lead us to conclude 

that that there are multiple mechanisms of orthographic integration that drive these OEs, as there 

are dissociable lesions associated with each OE. We also found evidence to strengthen the theory 

that the Met. OE is driven by top-down recruitment of orthographic processes to influence 

decision making, as indicated by a lower Met. OE when cognitive control areas in the ACC and 

DMFC are lesioned. We also found evidence to strengthen the theory that the Lex. OE is driven 

an automatic recruitment of orthography. In addition, we speculate that the Lex. OE is driven by 

the influence of orthographically altered phonologic processes on lexical access, as indicated by 

a lower Lex. OE when there TPJ areas associated with phonology and ortho-phono conversion 

are either lesioned or connections to these areas are lesioned. While our results should be 

considered preliminary, understanding how OEs function on a neurological level, in combination 

with cognitive theories of the OEs, will influence how we elucidate the mechanisms of 

orthographic integration with language, and may be used to advance aphasia treatments and 

assessments. 
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Chapter 4: Discussion 

1.  Overview 

The goal of this dissertation was to find converging evidence from behavioral and neuroimaging 

analyses of the mechanisms of orthographic integration with NWLPs. We accomplished this by 

examining how aphasic impairments and stroke lesions may affect two types of OEs in persons 

with aphasia. In this chapter, I will summarize the main findings of the studies, discuss the main 

conclusions, and reflect on the implications of this dissertation on the cognitive and neural 

models of reading, as well as language assessment and aphasia treatment.  

 

2.  Summary of Findings 

Cognitive Analyses (Chapter 2) 

In Chapter 2, we investigated whether the Met. and Lex. OEs were affected by aphasia, and 

whether they were affected by individual language impairments. We found that the Met. OE was 

not significantly affected by aphasia, but the Lex. OE was. Unimpaired participants 

demonstrated the Met. OE in the ARJ RT measure, and the Lex. OE in the PRJ RT measure. In 

contrast, the participants with aphasia demonstrated the Met. OE in the ARJ RT, ARJ accuracy, 

and PRJ accuracy measures, but did not demonstrate the Lex. OE in the PRJ RT measure. 

Furthermore, a direct comparison of the Lex. OE in PRJ RT between unimpaired participants and 

participants with aphasia found that the presence of the Lex. OE differed between the groups. 

We also found the Met. OE in the ARJ and PRJ tasks were associated with different linguistic 

task scores. No significant associations were found with the Lex. OE. Overall our findings 

suggest that the Met. and Lex. OEs have different mechanisms, and that the Met. OE may have 

different mechanisms depending on the modality of input. 
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Neurological Analyses (Chapter 3) 

In Chapter 3, we examined the lesions and lesioned connections associated with the Met. and 

Lex. OEs. We found that the Met. OE, as measured by PRJ accuracy, is associated with lesions 

in the ACC and DMPFC. We also found that the Lex. OE, as measured by PRJ RT, was 

associated with the angular gyrus. Additionally, these areas were significantly different from 

each other. A direct comparison of the lesions revealed that the lesion in the ACC/DMPFC was 

significantly more associated with the Met. OE than the Lex. OE, and that the lesion in the AG 

was significantly more associated with the Lex. OE than the Met. OE. We also found that the 

Lex. OE, as measured by PRJ RT, was significantly associated with lesioned connections from 

the TPJ (SMG and post. STG) to the middle and inferior temporal lobe. No other measure 

showed significant connections associated with the OEs. 

 

3.  Conclusions of Orthographic Integration with Non-Written Language Processes 

Multiple Mechanisms of Orthographic Integration (Aim 1) 

By finding that the Met OE and Lex. OE are driven by separable mechanisms, we determined 

that orthography is integrated into NWLPs in multiple ways. In our cognitive analyses, the Met. 

OE was not affected by aphasia on a group level, while the Lex. OE was affected by aphasia. 

This result indicates that the mechanisms of the Lex. OE involve processes that are more likely 

to also be involved in aphasic impairments, while the mechanisms of the Met. OE are based on 

processes that are less likely to be affected by aphasia. Our neuroimaging analyses strengthened 

this assessment by showing that the Met. OE was associated with lesions in the ACC and 

DMPFC, while the Lex. OE was associated with lesions in the AG and connections between TPJ 

areas and the middle/inferior temporal cortex. However, the strongest evidence for the 
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separability of the Met. and Lex. OEs is that, via a direct comparison of the above lesions, we 

found that they were dissociable from each other. In other words, the lesions in the ACC and 

DMPFC were significantly more associated with the Met. OE than the Lex. OE, and vice versa 

with the lesion of the AG. This direct comparison of the OEs demonstrates that the mechanisms 

of orthographic recruitment driving the OEs are dissociable from one another. We have not 

found other studies to date that have done this type of analysis of OEs. Furthermore, by 

concluding that the OEs have different mechanisms of orthographic influence, we can infer that 

orthography becomes integrated with NWLPs via multiple mechanisms once it is learned. 

 

Mechanism of Orthographic Recruitment in the Met. OE (Aim 2) 

As to the mechanism of orthographic recruitment in the Met. OE, we determined that this OE is 

possibly driven by top-down processes. The lack of overall effect of aphasia on the Met. OE 

most aligns with the Top-Down Theory of orthographic recruitment. This theory involves 

strategic recruitment of orthography via top-down processes (e.g., cognitive control and decision 

making). While these processes may be affected by aphasia, they are less likely than the 

mechanisms that involve automatic recruitment (i.e. Phonological Connection and Phonological 

Restructuring) to be affected by common aphasia impairments, such as lexical access in anomia 

(Benson, 1988; Goodglass & Geschwind, 1976).  Furthermore, the lesions associated with the 

Met. OE are located in the ACC and DMPFC, two areas that are associated with cognitive 

control, error monitoring, and decision making. In our data, these areas likely reflect the top-

down control of orthographic recruitment.  
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One finding that was not expected was that there were potentially different mechanisms of the 

Met. OE depending on whether stimuli were presented in an auditory or pictorial modality. Our 

models of language task scores associated with the Met. OE in the ARJ and PRJ tasks 

demonstrated that different language tasks are associated with the ARJ Met OE and the PRJ Met. 

OE. While we do speculate on what these associations may mean, we cannot reliably interpret 

the associations with each task, because expected task associations (Picture Naming with the PRJ 

task) were not found. However, the fact that these two OEs were associated with different 

language impairments suggests that they may have different mechanisms. There are two 

potential factors that could account for such differences between the ARJ and PRJ tasks. First, 

the PRJ may simply be more difficult than the ARJ. The PRJ task would therefore be more 

sensitive than the ARJ task to cognitive impairments that would affect the Met. OE. The second 

possible cause of these differences may reflect the modality of input. The ARJ task involves 

direct access of phonology, while the PRJ task requires lexical access from semantics before 

access of phonology for judgement. A semantic input may therefore cause orthography to be 

recruited via a different mechanism due to the requirement of lexical access. In the neuroimaging 

analyses, the differences in the Met. OEs between tasks may also be the reason we were able to 

identify Met. OE neurological correlates in the PRJ task, but not in the ARJ task. This is a 

potentially rich area for further research, as it may indicate that the behavioral effects of 

orthography on rhyme judgement are, in fact, the result of multiple mechanisms that are 

dissociable based on the modality of the tasks they are observed in.  
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Mechanism of Orthographic Recruitment in the Lex. OE (Aim 3) 

The Lex. OE is likely driven by an automatic mechanism of orthographic recruitment. However, 

we are unable to definitively conclude whether the Lex. OE mechanisms most align with the 

Phonological Connection or Phonological Restructuring Theories. Like the conclusion of the 

Met. OE mechanism, this mechanism is still unclear and needs further research. Only one other 

study has examined the Lex. OE in a PRJ task (Coch, 2018), and Picture Naming tasks have only 

shown written word priming effects on naming (Lupker, 1982; Starreveld & La Heij, 1996). 

These studies suggested that the mechanism of the Lex. OE from pictorial tasks is the same as in 

auditory tasks; however, further experiments using pictures as the input modality allow for a 

potentially different interpretation of orthographic recruitment. 

 

The overall loss of the Lex. OE in our participants with aphasia supports the notion that, in 

contrast to the Met. OE, the method of orthographic recruitment is driven by linguistic processes 

that are affected by aphasia. This result makes the Phonological Connection and Phonological 

Restructuring theories more likely than the Top-Down theory. Through our behavioral analyses, 

we were able to speculate that, the mechanism of orthographic recruitment may align with the 

Phonological Connection Theory. Since the ability to perform the PRJ task was not affected by 

the presence of a diminished OE, and access of phonological representations is required to 

perform the PRJ task, it is more likely that phonological connections with orthography were 

involved in the Lex. OE. However, our neuroimaging results revealed conflicting findings. The 

Lex. OE was affected by lesions to the AG, and lesions to connections of the post. STG and 

SMG with the middle and inferior temporal lobe. We speculated that the Lex. OE is affected 

when communication with areas governing phonological representations in the SMG and post. 
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STG  are impaired by lesions to sub-angular white matter fibers of the arcuate fasciculus. As 

such, it suggests that these phonological areas, independent of any dedicated orthographic 

representations, recruit orthographic influence on the PRJ task, which aligns with the 

Phonological Restructuring theory. This theory is also supported by previous literature on the 

neural correlates of the Lex. OE localized to the SMG (Pattamadilok et al., 2010; Perre, 

Pattamadilok, et al., 2009). However, these findings may still be consistent with the Phonological 

Connection theory. This is because the only evidence separating the Phonological Restructuring 

and Connection Theories is associations of the VWFA with the Lex. OE, along with 

phonological areas. It is plausible that the reason VWFA involvement in this effect, or in the 

Met. OE, was not observed was because of a lack of power in the region. The majority of our 

participants experienced strokes in the middle cerebral artery territory, which covers the majority 

of lateral areas of the brain, and especially perisylvian areas. However, the middle fusiform 

gyrus is much more inferior, and is more likely to become lesioned from a stroke involving the 

posterior cerebral artery. This lack of inclusion of posterior cerebral artery territory lesions 

resulted in no inclusion of these areas in the vLSM analysis, and a relatively low number of 

lesioned connections to these areas in the CLSM analysis (see lesion overlap maps in Chapter 2 

& 3). This limitation, combined with the conflicting speculations in the two studies, does not 

allow us to specify which of the two automatic mechanisms of orthographic recruitment drives 

the Lex. OE. 

 

However, there are other possible explanations for the neuroimaging results, which focus on the 

lesion of the AG itself. The angular gyrus is highly connected in the language network (Segal & 

Petrides, 2013), and has been associated with phonology (Ghaleh et al., 2018; Turkeltaub & 
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Coslett, 2010), orthography-phonology interactions (Booth et al., 2002, 2003, 2004, 2007; 

Horwitz et al., 1998; Pugh et al., 2000, 2001; Purcell et al., 2021; Rapp et al., 2016), semantics 

(Binder et al., 2009; Bonner et al., 2013; Boukrina & Graves, 2013; Noonan et al., 2013; Seghier 

& Price, 2009), and lexical access (Binder et al., 2003; Geschwind, 1965; Price, 2012; Pugh et 

al., 2000, 2001). The AG involvement with phonological representations and orthographical-

phonological communication leads to the that the loss of the Lex. OE is a result of impairment of 

phonological representations, and supports the Phonological Restructuring theory, the same 

interpretation as the SMG. The AG involvement with semantic processing may mean that there 

is some involvement of semantic access on the Lex. OE. This makes sense since the PRJ task 

requires semantic access from the stimuli. However, it would assume an alternative method of 

orthographic integration with direct associations between orthography and semantics, either 

through connections or semantic restructuring.  

 

The AG involvement in lexical access (or as a hub for the above linguistic processes, as lexical 

representations tend to be in cognitive models of language) would invite another alternative 

mechanism of orthographic integration that is compatible with our cognitive model [Figure 4.1]. 

In this mechanism, abstract lexical representations are accessed via the semantic input of 

pictorial stimuli (Dell & O’Seaghdha, 1992). The lexical representation then has simultaneous 

access to orthographic and phonological representations. When two pictures are orthographically 

related (e.g., BOWL, OWL), the orthographic representations of one picture will be co-activated 

by that of the other picture, because they are orthographic neighbors. Then, through the 

interactive communication of lexical and orthographic representations, once the orthography of 

one word is accessed, there is feedback to the lexical representations of all of the word’s 
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orthographic neighbors, priming them. In this way, a pictorial representation of an owl can then 

prime the lexical representation of a picture of a bowl, or vice versa, and this mechanism may be 

impaired by a lesion in a hub of lexical access, the AG. These hypotheses should be examined 

further in future studies to specify the role of the AG in the Lex. OE. 

 

4.   Implications for Models of Language and Reading 

The findings of this dissertation suggest that some enhancements should be made to the current 

models of reading and language. The use of a combined reading and language model is important 

in order to fully understand language processes. From the strong evidence of orthographic 

involvement in phonological tasks that do not explicitly require orthographic access, it is clear 

that, in literate individuals, language should not be considered without reading, and vice versa. 

This assessment is further supported by the fact that reading is inherently linked to language, as 

most of the processes involved in reading are part of the general language system (Patterson & 

Lambon Ralph, 1999; Woollams et al., 2018).  Once orthography integrates with general 

Figure 4.1 – Alternate Model of Orthographic Recruitment in Picture Rhyme Judgment 

Tasks 
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language, there can be multiple covert effects of orthography that should at least be accounted 

for, if not examined. Therefore, refining cognitive and neural models to consistently include 

orthographic connections and influences may enhance linguistic analyses. 

 

Furthermore, we may argue for the inclusion of top-down processes as part of linguistic models. 

While these functions may not be specific to language processing, per se, they may determine the 

involvement of orthography in language processes. The involvement of top-down influences on 

orthography is widely studied (Dehaene & Cohen, 2011; Ludersdorfer et al., 2015, 2016; Planton 

et al., 2019; Yoncheva et al., 2010), and shows how orthography may be recruited in tasks with 

greater cognitive demand. Therefore, language models may be able to account for the 

involvement of orthography during greater task demands by the inclusion of top-down, executive 

functions. 

 

5.  Implications for Aphasia Tests and Treatments 

It is important to fully understand OEs in persons with aphasia so that interactions between 

orthography and NWLPs may be taken into account in the context of diagnostic speech and 

language assessments, as well as in aphasia treatment planning. Language assessments should 

take into account as many relevant variables as possible, so that the intended linguistic process is 

isolated. Here, we have demonstrated that there are two types of covert influences of orthography 

on both accuracy and reaction times in rhyme judgement tasks that are designed to isolate 

phonology. The orthography of items (i.e., orthographic consistency, or orthographic similarity 

between words) must be taken into account in these tasks to ensure construct validity when 

assessing phonological processing and lexical access. The presence of OEs on a language 
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assessment does not discount the use of the task, but any analyses should consider orthographic 

influences on the data. The orthographic influence on other non-written tasks used in language 

assessment (e.g., picture naming, rhyme and phonology monitoring, phonological awareness, 

lexical decision) should also be investigated to determine if the presence of orthographic 

influence impacts outcomes.  

 

Aside from being a potentially confounding factor in language tasks, OEs also have clinical 

significance in that they can play a beneficial role enhancing treatment for people with aphasia. 

With multiple mechanisms of orthographic integration with NWLPs, if one route of orthographic 

influence is impaired, another can be used instead. For instance, when persons with anomia 

attempt naming tasks, a spoken orthographic cue is often used to prime the lexical representation 

of a word (Herbert et al., 2001; Lorenz & Nickels, 2007). Hearing the first letter said out loud 

increases the likelihood of accessing a picture’s name, in a method similar to the Lex. OE on 

picture naming (Lupker, 1982). When treating an individual who does not show a strong Lex. 

OE, emphasizing orthographic cueing as part of anomia treatment might not benefit that 

particular person. In contrast, our results show that the Met. OE does not utilize the same 

mechanism, and may be less likely to be significantly impaired in persons with aphasia. 

Therefore, a treatment that utilizes strategic access of orthography (such as orthographic self-

cueing, or accessing a grapheme from a phonological cue) may be more universally beneficial in 

anomia treatment (Henry et al., 2013; C. Leonard et al., 2008). Additionally, in those individuals 

where orthographic cueing therapy does not seem to be beneficial on its own, stimulation of the 

AG may allow for easier access of orthographic information, and help with lexical retrieval. 

Future studies should directly investigate the relationship between OEs and the efficacy of 
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treatment methods for aphasia, as well as testing the effect of transcranial magnetic stimulation 

(TMS) or transcranial direct current stimulation (tDCS) on the effectiveness of orthographic 

cueing therapy. 

 

6.  Limitations  

One possible limitation of this dissertation was the use of a retrospective data sets for all of our 

analyses. Consequently, tasks were not primarily designed to test for OEs. As a result, fewer 

trials per participant were included than would have been if testing OEs was the priority. 

Furthermore, to mitigate the fewer than ideal number of trails, the data were combined from two 

different data sets, which presented a number of challenges. First, there were some differences 

with regard to how the data were collected. Specifically, between S1 and S2 there were small 

differences in rhyme judgement task procedure, the task presentation program, as well as some 

variation of the specific stimuli presented. While every effort was made to make these tasks as 

comparable as possible, there were inevitable differences as a result. Notably, there were no time 

limits on the tasks in S1, while time limits were used in S2. As a result, RTs were significantly 

longer in S1 than S2. Additionally, there were some stimuli in S1 that were not prospectively 

normed, and were therefore excluded and replaced in S2, yielding slightly different item sets. 

However, in our mixed effects models, the random effects of study were included to account for 

the interstudy differences in procedure, as well as any random sources of error from the 

differences in presentation program. Additionally, the random effects of item accounted for any 

item level differences regardless of the study from which they came. In the neuroimaging 

analyses, we also accounted for the interstudy differences by including study categorization as a 

covariate of no interest.  
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Another potential limitation was that not all potential participants who performed the rhyme 

judgment tasks underwent the correct imaging scans, which limited the sample size of 

participants in the neuroimaging study. This mostly affected participants from S1, where not 

every participant underwent the DTI scan necessary for the CLSM analysis. The limitation of the 

number of participants we included in our study resulted in lowered power to examine areas 

important for our analyses, such as the VWFA (see Section 2). However, S2 is undergoing 

continuous participant recruitment, which will provide a large sample size with consistent tasks 

and imaging among all participants. In addition, while a larger sample size would improve our 

analyses, the use of a retrospective dataset allowed us to include more participants than would 

normally have been possible in the timeframe of a thesis project. 

 

Finally, a limitation on the rhyme judgment tasks themselves is that incongruent trials (rhyme – 

orthographic mismatch; no-rhyme – orthographic match) often requires that one of the words in 

the pair has an irregular spelling. For example, in the no-rhyme – match word pair “glove-stove”, 

glove is an irregular word; and in the rhyme – mismatch word pair “bread-bed”, bread is an 

irregular word. While this is not always the case (e.g., “wheel-seal” are two regular words) there 

are more irregular words in incongruent conditions than congruent conditions. This may be a 

confounding factor in the measure of the Met. OE, as participants tend to have poorer 

performance when processing irregular words (Andrews, 1982; Stanovich & Bauer, 1978). 

However, this still means that orthography has a significant effect on rhyme judgement. 

However, this potential confound would change our interpretation of the orthographic task 

influence in the Met. OE. The interpretation would be that recruiting irregular orthography 

interferes with rhyme judgment, instead of a conflict of phonological and orthographic-match 
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affecting the decision-making process. The confound would not affect our measure of the Lex. 

OE, as the orthographic match and mismatch conditions are both a mix of congruent and 

incongruent trials, so irregular words are split between the conditions and there would be no 

association with irregular words. 

 

7.  Future Directions 

In addition to the future studies mentioned in the sections above, there are several directions this 

research can take to further address our goal of understanding how orthography integrates with 

NWLPs by studying OEs. From a cognitive perspective, we may be able to learn more about the 

how reading impairments relate to orthographic integration by studying associations between the 

OE and different types of alexia (an acquired impairment of reading). Alexias can be described 

in terms of cognitive route impairments, and therefore an association of an OE with an alexia 

type may give some insight into the mechanism of orthographic recruitment involved in that 

effect. As an example, an impairment of orthographical connections to orthography that results 

in impaired PW is often described as phonological alexia (Coltheart, 1996, p. 199; Glosser & 

Friedman, 1990). If an OE is extinguished when this type of alexia is present, it may support the 

involvement of the Phonological Connection Theory of the OE mechanism. Similar types of 

analyses could also be made with other types of alexias. 

 

From a neural perspective, while we have examined OE associations with lesions and lesioned 

white matter connections, another method to examine altered brain connections associated with 

the OEs is through a functional CLSM analysis. Examining the changes in functional connection 

after a stroke would provide further evidence for neurological correlates of the OEs and may 
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provide a network-level view of the mechanisms involved with the OEs. After a lesion, several 

changes may occur that are beyond the scope of the lesion itself or structural disconnections. 

These dynamic, network-level changes may reflect the processes of diaschisis (i.e., long distance 

impairment or enhancement due to the lesion) or plasticity (i.e., network reorganization as a 

result of lesion compensation). Examining the associations of OEs with functional connectivity 

changes may also reveal functional connections that are representative of impaired pathways 

(lower in patients than controls), and/or alternative pathways (greater in patients than controls), 

that affect the OEs. In addition, functional connectivity provides the opportunity to examine 

task-specific functional connections that are associated with the OEs, since single connections 

may have several functions.  

 

In any kind of connectivity analyses, regions of interest must be identified to act as nodes for the 

examined networks. However, these nodes are susceptible to the problem of reverse inference. 

This assumption is compounded with the fact that individuals may have varying regions that 

perform a particular function. For example, the VWFA, although reliably localized to the mid-

fusiform gyrus, still demonstrates variability in its precise location between participants (Glezer 

& Riesenhuber, 2013). To mitigate the effects of reverse inference, in addition to the methods 

suggested in Chapter 1-Section 9, individualized functional regions of interest that perform 

orthographic, phonological, semantic, and lexical processing can be identified. Individually 

defined functional areas can be identified via functional localizer tasks, where a reliable task is 

used to identify areas of activity that are associated with that task (Fedorenko et al., 2010; 

Wilson et al., 2018; Yen et al., 2019). Functional areas can also be defined by TMS localizers. 

Specifically in which inhibitory TMS is applied to an area while a participant performs a task, 
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and areas linked to impaired task performance during inhibition are identified (Epstein et al., 

1999; Jennum et al., 1994). We would then determine if activation of these individually defined 

functional areas, or connections between functional areas, are associated with the OEs. While 

this is does not completely eliminate the influences of reverse inference, functional regions of 

interest serve to identify brain areas that are more likely to perform a specific cognitive function 

than if they are simply identified by an approximate association with similar areas in the 

literature. 

 

Finally, one limitation we observed in our study was the lack of power in the VWFA territory 

due to our participants not having lesions in that area. This is an issue for any LSM analysis, 

where the areas available for examination are limited to areas with sufficient lesion overlap. In 

turn, this limitation leads to a bias towards finding relationships with areas that are simply more 

likely to be lesioned due to the vascular architecture of the brain. One solution to this issue in 

future studies may be to use non-invasive neuromodulation to create temporary, artificial lesions. 

Using inhibitory TMS, future studies will be able to more precisely inhibit an area of the brain 

and assess if that area affects the OEs, regardless of whether that area is more commonly 

damaged via stroke. While this technique is limited to structures near the scalp, it could be used 

to assess OE associations with posterior and inferior brain areas that are normally excluded due 

to insufficient lesion overlap. We could also potentially confirm our findings by assessing if 

inhibition of the AG or SMG affects the Lex. OE, and/or if inhibition of the DMPFC (or 

surrounding area) affects the Met. OE.  
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8.  Conclusions 

The goal of this dissertation was to identify converging evidence from cognitive and 

neuroimaging analyses of OEs to better understand the mechanisms of orthographic integration 

with NWLPs. We determined that the mechanisms of orthographic recruitment underlying the 

Met. OE and the Lex. OE were separable. In addition, we found that the Met. OE mechanism 

may be different depending on the modality of stimulus input. We conclude that there are 

multiple separable mechanisms by which orthography influences general language processes. 

We also speculate on the exact mechanisms of orthographic integration by examining current 

and past evidence, and we postulate a new mechanism based on lexical access of orthography in 

tasks with pictorial stimuli. We also argue that language processes should not be considered 

without accounting for the effect of orthographic representations. Additionally, language 

assessments and aphasia treatments may also benefit from considering orthographic influence. 

We suggest that an integrated model of reading and language should also include top down 

processes and consider the AG as a point of integration of linguistic information. Future studies 

should use OEs to further specify how orthography integrates into general language when a 

person learns how to read, ideally utilizing a model derived from the combined results of 

cognitive and neurological analyses. 
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Appendix: Supplementary Sections, Tables, and Figures 

Section A.1 – Maximal Mixed Effect Structures to be Specified 

The 8 models to test for an interaction of rhyme and orthographic-match: 

- Accuracy ~ 1 + Rhyme*OrthographicMatch + (1 + Rhyme*OrthographicMatch | 

Participant) + (1 | Item) 

 

- invRT ~ 1 + Rhyme*OrthographicMatch + (1 + Rhyme*OrthographicMatch | 

Participant) + (1 | Item) + (1 + Rhyme*OrthographicMatch | Study) 

 

The 4 Models to test for participant group effects on OEs: 

- Accuracy ~ 1 + Rhyme*Orthographic_Match*Participant_Group + (1 + 

Rhyme*Orthographic_Match | Participant) + (1 + Participant_Group | Item) 

 

- invRT ~ 1 + Rhyme*Orthographic_Match*Participant_Group + (1 + 

Rhyme*Orthographic_Match | Participant) + (1 + Participant_Group | Item) + (1 + 

Rhyme*Orthographic_Match | Study) 

 

The 4 Models to test for language process task score interactions with OEs: 

- Accuracy ~ 1 + Rhyme*Orthographic_Match*Naming + 

Rhyme*Orthographic_Match*PW_Reading + 

Rhyme*Orthographic_Match*PW_Repetition + (1 + Rhyme*Orthographic_Match | 

Participant) + (1 + Naming + PW_Reading + PW_Repetition | Item) 

 

- invRT ~ 1 + Rhyme*Orthographic_Match*Naming + 

Rhyme*Orthographic_Match*PW_Reading + 

Rhyme*Orthographic_Match*PW_Repetition + (1 + Rhyme*Orthographic_Match | 

Participant) + (1 + Naming + PW_Reading + PW_Repetition | Item) + (1 + 

Rhyme*Orthographic_Match | Study) 
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Table A.1 –Final Mixed Effects Models: Orthography Effects on Auditory Rhyme Judgement Accuracy 

 

All results are based on generalized linear mixed models, coefficients are odds ratios of accuracy. Significant fixed effects that are relevant to each analysis are bolded. In 

Unimpaired Participants and Participants with Aphasia, relevant fixed effects are Ortho_Match (indicative of the Lexical OE), and Rhyme:Ortho_Match (indicative of the 

metaphonological OE). In Combined Participant Groups, relevant fixed effects are Ortho_Match:Participant_Group (indicative that the Lexical OE varies by participant group) and 

Rhyme:Ortho_Match:Participant_Group (indicative that the metaphonological OE varies by participant group). ARJ: Auditory Rhyme Judgement task. -- : not included in final 

model 

  

 Unimpaired Participants Participants with Aphasia Combined Participant Groups 

Final Model ARJ Accuracy ~ 1 + (1 + Rhyme||Participant) + (1|Item) ARJ Accuracy ~ 1+ Rhyme*Ortho_Match + (1 + 

Rhyme||Participant) + (1|Item) 

ARJ Accuracy ~ 1 + Rhyme*Ortho_Match + Participant_Group + (1 

+ R||Participant) + (1 + Participant_Group||Item) 

Fixed Effects Coefficient 

(Odds Ratio) 

95% CI Z - value P-value Coefficient 

(Odds Ratio) 

95% CI Z - value P-value Coefficient 

(Odds Ratio) 

95% CI Z - value P-value 

Rhyme -- -- -- -- 3.113 1.666, 5.814 3.562 <0.001 2.814 1.529, 5.179 3.324 0.001 

Ortho_Match -- -- -- -- 0.665 0.386, 1.144 -1.473 0.141 0.693 0.406, 1.181 -1.348 0.178 

Participant_Group -- -- -- -- -- -- -- -- 0.086 0.031, 0.239 -4.710 <0.001 

Rhyme:Ortho_Match -- -- -- -- 3.125 1.057, 9.242 2.059 0.039 2.797 0.961, 8.143 1.887 0.059 

Rhyme:Participant_Group -- -- -- -- -- -- -- -- -- -- -- -- 

Ortho_Match:Participant_G

roup 

-- -- -- -- -- -- -- -- -- -- -- -- 

Rhyme:Ortho_Match:Partic

ipant_Group 

-- -- -- -- -- -- -- -- -- -- -- -- 

[Intercept] 806.50 30.98, 

2.0991e4 

4.025 <0.001 18.182 12.052, 27.430 13.824 <0.001 62.828 35.371, 111.59 14.125 <0.001 

Random Effects Variance Std. Dev. Variance Std. Dev. Variance Std. Dev. 

Participant (Intercept) 2.55 1.60 1.139 1.067 1.192 1.092 

Rhyme|Participant 7.79 2.79 1.228 1.108 1.284 1.133 

Ortho_Match|Participant -- -- -- -- -- -- 

Rhyme:Ortho_Match|Partici

pant 

-- -- -- -- -- -- 

Item (Intercept) 1.98 1.41 0.527 0.726 0.382 0.617 

Participant_Group|Item -- -- -- -- 0.686 0.828 

 Observations Marginal R2 Conditional R2 Observations Marginal R2 Conditional R2 Observations Marginal R2 Conditional R2 

688 0 0.375 2640 0.072 0.384 3328 0.211 0.466 
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Table A.2 – Final Mixed Effects Models: Orthography Effects on Auditory Rhyme Judgement invRT 

 
All results are based on linear mixed models, coefficients are estimates of inverse RTs (-1000/ms).  Significant fixed effects that are relevant to each analysis are bolded. In 

Unimpaired Participants and Participants with Aphasia, relevant fixed effects are Ortho_Match (indicative of the Lexical OE), and Rhyme:Ortho_Match (indicative of the 

metaphonological OE). In Combined Participant Groups, relevant fixed effects are Ortho_Match:Participant_Group (indicative that the Lexical OE varies by participant group) and 

Rhyme:Ortho_Match:Participant_Group (indicative that the metaphonological OE varies by participant group). ARJ: Auditory Rhyme Judgement task. -- : not included in final 

model 

 

 

 

 

 

 Unimpaired Participants Participants with Aphasia Combined Participant Groups 

Final Model ARJ invRT ~ 1 + Rhyme*Ortho_Match + (1 + Rhyme||Participant) + 

(1|Item) 

ARJ invRT ~ 1 + Rhyme*Ortho_Match + (1 + 

Rhyme*Ortho_Match||Participant) + (1|Item) + (1|Study) 

ARJ invRT ~ 1 + Rhyme*Ortho_Match + Participant_Group + (1 + 

Rhyme*Ortho_Match||Participant) + (1 + Particpant_Group|Item) + 

(1|Study) 

Fixed Effects Coefficient 

(Estimate) 

95% CI t - value P-value Coefficient 

(Estimate) 

95% CI t - value P-value Coefficient 

(Estimate) 

95% CI t - value P-value 

Rhyme -0.022 -0.063, 0.020 -1.060 0.289 -0.029 -0.057, -0.001 -1.983 0.047 -0.028 -0.056, -0.001 -2.032 0.042 

Ortho_Match -0.019 -0.057, 0.020 -0.941 0.347 -0.016 -0.039, 0.007 -1.350 0.141 -0.016 -0.038, 0.006 -1.407 0.159 

Participant_Group -- -- -- -- -- -- -- -- 0.091 0.017, 0.165 2.421 0.015 

Rhyme:Ortho_Match -0.114 -0.191, -0.036 -2.883 0.004 -0.079 -0.126, -0.033 -3.334 0.002 -0.073 -0.117, -0.029 -3.251 0.001 

Rhyme:Participant_Group -- -- -- -- -- -- -- -- -- -- -- -- 

Ortho_Match:Participant_G

roup 

-- -- -- -- -- -- -- -- -- -- -- -- 

Rhyme:Ortho_Match:Partic

ipant_Group 

-- -- -- -- -- -- -- -- -- -- -- -- 

[Intercept] -0.512 -0.547, -0.476 -28.208 <0.001 -0.563 -0.838, -0.287 -4.000 <0.001 -0.608 -0.885, -0.331 -4.307 <0.001 

Random Effects Variance Std. Dev. Variance Std. Dev. Variance Std. Dev. 

Participant (Intercept) 0.004 0.064 0.021 0.143 0.017 0.131 

Rhyme|Participant 0.001 0.031 0.006 0.074 0.004 0.067 

Ortho_Match|Participant -- -- 0.001 0.019 0.002 0.018 

Rhyme:Ortho_Match|Partici

pant 

-- -- 0.002 0.047 0.002 0.041 

Item (Intercept) 0.004 0.060 0.001 0.034 0.002 0.045 

Participant_Group|Item -- -- -- -- 0.001 0.027 

Study (Intercept) -- -- 0.039 0.197 0.039 0.197 

Rhyme|Study -- -- -- -- -- -- 

Ortho_Match|Study -- -- -- -- -- -- 

Rhyme:Ortho_Match|Study -- -- -- -- -- -- 

 Observations Marginal R2 Conditional R2 Observations Marginal R2 Conditional R2 Observations Marginal R2 Conditional R2 

679 0.126 0.627 2362 0.009 0.837 3041 0.028 0.857 
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Table A.3 – Final Mixed Effects Models: Orthography Effects on Picture Rhyme Judgement Accuracy 

 

All results are based on generalized linear mixed models, coefficients are odds ratios of accuracy. Significant fixed effects that are relevant to each analysis are bolded. In 

Unimpaired Participants and Participants with Aphasia, relevant fixed effects are Ortho_Match (indicative of the Lexical OE), and Rhyme:Ortho_Match (indicative of the 

metaphonological OE). In Combined Participant Groups, relevant fixed effects are Ortho_Match:Participant_Group (indicative that the Lexical OE varies by participant group) and 

Rhyme:Ortho_Match:Participant_Group (indicative that the metaphonological OE varies by participant group). PRJ: Picture Rhyme Judgement task. -- : not included in final 

model 

 

 

 

 

  

 Unimpaired Participants Participants with Aphasia Combined Participant Groups 

Final Model PRJ Accuacy ~ 1 + Rhyme*Ortho_Match + (1|Participant) + 

(1|Item) 

PRJ Accuracy ~ 1 + Rhyme*OrthoMatch + (1 + Rhyme||Participant) 

+ (1|Item) 

PRJ Accuracy ~ 1 + Rhyme*Ortho_Match + Participant_Group + (1 

+ Rhyme||Participant) + (1|Item) 

Fixed Effects Coefficient 

(Odds Ratio) 

95% CI Z - value P-value Coefficient 

(Odds Ratio) 

95% CI Z - value P-value Coefficient 

(Odds Ratio) 

95% CI Z - value P-value 

Rhyme 0.275 0.031, 2.467 -1.154 0.249 0.520 0.275, 0.980 -2.021 0.043 0.514 0.265, 0.998 -1.967 0.049 

Ortho_Match 0.889 0.096, 8.264 -0.104 0.917 0.857 0.514, 1.432 -0.588 0.557 0.833 0.469, 1.479 -0.624 0.533 

Participant_Group -- -- -- -- -- -- -- -- 0.129 0.076, 0.220 -7.552 <0.001 

Rhyme:Ortho_Match 64.544 0.811, 

5133.218 

1.866 0.062 6.909 2.470, 19.324 3.683 <0.001 8.115 2.568, 25.638 3.567 <0.001 

Rhyme:Participant_Group -- -- -- -- -- -- -- -- -- -- -- -- 

Ortho_Match:Participant_G

roup 

-- -- -- -- -- -- -- -- -- -- -- -- 

Rhyme:Ortho_Match:Partic

ipant_Group 

-- -- -- -- -- -- -- -- -- -- -- -- 

[Intercept] 261.11 41.807, 

1630.76 

5.954 <0.001 5.975 4.405, 8.104 11.494 <0.001 17.098 11.598, 25.206 14.337 <0.001 

Random Effects Variance Std. Dev. Variance Std. Dev. Variance Std. Dev. 

Participant (Intercept) 0.658 0.811 0.255 0.505 0.279 0.529 

Rhyme|Participant -- -- 1.645 1.283 1.551 1.245 

Ortho_Match|Participant -- -- -- -- -- -- 

Rhyme:Ortho_Match|Partici

pant 

-- -- -- -- -- -- 

Item (Intercept) 5.281 2.298 0.522 0.723 0.696 0.834 

Participant_Group|Item -- -- -- -- -- -- 

 Observations Marginal R2 Conditional R2 Observations Marginal R2 Conditional R2 Observations Marginal R2 Conditional R2 

719 0.148 0.696 1853 0.085 0.260 2572 0.228 0.404 
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Table A.4 – Final Mixed Effects Models: Orthography Effects on Picture Rhyme Judgement invRT 

 

All results are based on linear mixed models, coefficients are estimates of inverse RTs (-1000/ms).  Significant fixed effects that are relevant to each analysis are bolded. In 

Unimpaired Participants and Participants with Aphasia, relevant fixed effects are Ortho_Match (indicative of the Lexical OE), and Rhyme:Ortho_Match (indicative of the 

metaphonological OE). In Combined Participant Groups, relevant fixed effects are Ortho_Match:Participant_Group (indicative that the Lexical OE varies by participant group) and 

Rhyme:Ortho_Match:Participant_Group (indicative that the metaphonological OE varies by participant group). PRJ: Picture Rhyme Judgement task. -- : not included in final 

model 
 

 

 

 

  

 Unimpaired Participants Participants with Aphasia Combined Participant Groups 

Final Model PRJ invRT ~ 1 + Rhyme + Ortho_Match + (1 + Rhyme||Participant) 

+ (1|Item) 

PRJ invRT ~ 1 + Rhyme + (1 + Rhyme|Participant) + (1|Item) + (1 + 

Rhyme||Study) 

PRJ invRT ~ 1 + Rhyme*Ortho_Match + 

Participant_Group*Ortho_Match + (1 + 

Rhyme*Ortho_Match||Participant) + (1 + Participat_Group|Item) + 

(1|Study) 

Fixed Effects Coefficient 

(Estimate) 

95% CI t - value P-value Coefficient 

(Estimate) 

95% CI t - value P-value Coefficient 

(Estimate) 

95% CI t - value P-value 

Rhyme -0.833 -0.118, -0.049 -4.748 <0.001 -0.071 -0.104, -0.037 -4.079 <0.001 -0.072 -0.924, -0.051 -6.751 <0.001 

Ortho_Match -0.059 -0.086, -0.031 -4.133 <0.001 -0.014 -0.030, 0.003 -1.634 0.111 -0.034 -0.055, -0.013 -3.126 0.002 

Participant_Group -- -- -- -- -- -- -- -- 0.256 0.212, 0.300 11.398 <0.001 

Rhyme:Ortho_Match -- -- -- -- -0.028 -0.060, 0.005 -1.668 0.104 -0.032 -0.066, 0.001 -1.895 0.058 

Rhyme:Participant_Group -- -- -- -- -- -- -- -- -- -- -- -- 

Ortho_Match:Participant_G

roup 

-- -- -- -- -- -- -- -- 0.042 0.020, 0.064 3.776 <0.001 

Rhyme:Ortho_Match:Partic

ipant_Group 

-- -- -- -- -- -- -- -- -- -- -- -- 

[Intercept] -0.402 -0.432, -0.373 -26.527 <0.001 -0.184 -0.258, -0.110 -4.872 <0.001 -0.312 -0.392, -0.232 -7.667 <0.001 

Random Effects Variance Std. Dev. Variance Std. Dev. Variance Std. Dev. 

Participant (Intercept) 0.003 0.059 0.006 0.079 0.005 0.074 

Rhyme|Participant 0.002 0.045 0.002 0.048 0.002 0.048 

Ortho_Match|Participant -- -- -- -- 0.001 0.011 

Rhyme:Ortho_Match|Partici

pant 

-- -- -- -- 0.001 0.033 

Item (Intercept) 0.001 0.037 0.001 0.025 0.001 0.032 

Participant_Group|Item -- -- -- -- 0.001 0.023 

Study (Intercept) -- -- 0.003 0.051 0.003 0.055 

Rhyme|Study -- -- 0.001 0.019 -- -- 

Ortho_Match|Study -- -- -- -- -- -- 

Rhyme:Ortho_Match|Study -- -- -- -- -- -- 

 Observations Marginal R2 Conditional R2 Observations Marginal R2 Conditional R2 Observations Marginal R2 Conditional R2 

691 0.201 0.334 1505 0.072 0.657 2196 0.494 0.785 
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Table A.5 – Auditory Rhyme Judgment Accuracy Orthography Effect Association with Language Task Accuracy  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
All results are based on generalized linear mixed models, coefficients are odds ratios of accuracy. Significant fixed effects that are relevant to each analysis are bolded. Relevant 

fixed effects are Ortho_Match:Naming/PW_Reading/PW_Repetition (indicative of task associations with the Lexical OE), and 

Rhyme:Ortho_Match:Naming/PW_Reading/PW_Repetition (indicative of task associations with the Metaphonological OE). ARJ: Auditory Rhyme Judgement task. -- : not 

included in final model 

 

 

 

 

 

Final Model Rhyme*OrthoMatch*PW_Repetition + (1 + Rhyme||Participant) + (1|Item) 

Fixed Effects Coefficient (Odds 

Ratio) 

95% CI Z - score P-value 

Rhyme 3.098 1.606, 5.979 3.372 0.001 

Ortho_Match 0.630 0.354, 1.119 1.577 0.115 

PW_Reading -- -- -- -- 

PW_Repetition 8.062 3.313, 19.620 4.600 <0.001 

Naming -- -- -- -- 

Rhyme:Ortho_Match 4.041 1.278, 12.774 2.378 0.017 

Rhyme:PW_Reading -- -- -- -- 
Rhyme:PW_Repetition 1.621 0.389, 6.757 0.663 0.507 

Rhyme:Naming -- -- -- -- 

Ortho_Match:PW_Reading -- -- -- -- 
Ortho_Match:PW_Repetition 0.620 0.230, 1.668 .947 0.344 

Ortho_Match:Naming -- -- -- -- 
Rhyme:Ortho_Match:PW_Reading -- -- -- -- 

Rhyme:Ortho_Match:PW_Repetition 10.436 1.437, 75.790 2.318 0.020 

Rhyme:Ortho_Match:Naming -- -- -- -- 
[Intercept] 18.863 12.706, 28.004 14.570 <0.001 

Random Effects Variance Std. Dev. 

Participant (Intercept) 0.720 0.848 

Rhyme|Participant 1.302 1.141 
Ortho_Match|Participant -- -- 

Rhyme:Ortho_Match|Participant -- -- 

Item (Intercept) 0.553 0.744 
PW_Reading|Item -- -- 

PW_Repetition|Item -- -- 

Naming|Item -- -- 

Observations Marginal R2 Conditional R2 

2528 0.163 0.397 



 

 

 

1
3
5
 

Table A.6 – Auditory Rhyme Judgment invRT Orthography Effect Association with Language Task Accuracy 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

All results are based on linear mixed models, coefficients are estimates of inverse RTs (-1000/ms).  Significant fixed effects that are relevant to each analysis are bolded. Relevant 

fixed effects are Ortho_Match:Naming/PW_Reading/PW_Repetition (indicative of task associations with the Lexical OE), and 

Rhyme:Ortho_Match:Naming/PW_Reading/PW_Repetition (indicative of task associations with the Metaphonological OE). ARJ: Auditory Rhyme Judgement task. -- : not 

included in final model 

 

 

 

Final Model 
Rhyme*Ortho_Match + Naming + (1 + Rhyme*Ortho_Match||Participant) + 

(1|Item) + (1|Study) 

Fixed Effects Coefficient 

(Estimate) 

95% CI t - value P-value 

Rhyme -0.026 -0.054, -0.003 -1.788 0.074 
Ortho_Match -0.014 -0.037, 0.009 -1.218 0.223 

PW_Reading -- -- -- -- 

PW_Repetition -- -- -- -- 

Naming -0.163 -0.278, -0.049 -2.791 0.005 

Rhyme:Ortho_Match -0.079 -0.125, -0.033 -3.338 0.002 

Rhyme:PW_Reading -- -- -- -- 
Rhyme:PW_Repetition -- -- -- -- 

Rhyme:Naming -- -- -- -- 

Ortho_Match:PW_Reading -- -- -- -- 
Ortho_Match:PW_Repetition -- -- -- -- 

Ortho_Match:Naming -- -- -- -- 

Rhyme:Ortho_Match:PW_Reading -- -- -- -- 
Rhyme:Ortho_Match:PW_Repetition -- -- -- -- 

Rhyme:Ortho_Match:Naming -- -- -- -- 

[Intercept] -0.561 -0.125, -0.033 -4.347 <0.001 

Random Effects Variance Std. Dev. 

Participant (Intercept) 0.019 0.139 

Rhyme|Participant 0.005 0.072 

Ortho_Match|Participant 0.001 0.020 
Rhyme:Ortho_Match|Participant 0.003 0.051 

Item (Intercept) 0.001 0.033 

PW_Reading|Item -- -- 
PW_Repetition|Item -- -- 

Naming|Item -- -- 
Study (Intercept) 0.033 0.182 

Rhyme|Study -- -- 

Ortho_Match|Study -- -- 
Rhyme:Ortho_Match|Study -- -- 

Observations Marginal R2 Conditional R2 

2266 0.045 0.831 
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Table A.7 – Picture Rhyme Judgment Accuracy Orthography Effect Association with Language Task Accuracy 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

All results are based on generalized linear mixed models, coefficients are odds ratios of accuracy. Significant fixed effects that are relevant to each analysis are bolded. Relevant 

fixed effects are Ortho_Match:Naming/PW_Reading/PW_Repetition (indicative of task associations with the Lexical OE), and 

Rhyme:Ortho_Match:Naming/PW_Reading/PW_Repetition (indicative of task associations with the Metaphonological OE). ARJ: Auditory Rhyme Judgement task. -- : not 

included in final model 

 

 

 

 

 

 

Final Model 
Rhyme*Ortho_Match*PW_Reading + Rhyme*Ortho_Match*PW_Repetition + 

Naming + (1 + Rhyme||Participant) + (1 + Name||Item) 

Fixed Effects Coefficient (Odds 

Ratio) 

95% CI Z - score P-value 

Rhyme 0.503 0.262, 0.965 2.067 0.039 

Ortho_Match 0.835 0.498, 1.401 0.682 0.495 

PW_Reading 1.512 0.811, 2.820 1.301 0.193 

PW_Repetition 0.911 0.315, 2.631 0.173 0.863 

Naming 5.156 1.459, 18.223 2.546 0.011 

Rhyme:Ortho_Match 7.414 2.622, 20.958 3.778 <0.001 

Rhyme:PW_Reading 0.265 0.052, 1.359 1.592 0.111 
Rhyme:PW_Repetition 5.849 0.580, 59.036 1.497 0.134 

Rhyme:Naming -- -- -- -- 

Ortho_Match:PW_Reading 0.920 0.363, 2.327 0.177 0.859 
Ortho_Match:PW_Repetition 1.982 0.515, 7.631 0.994 0.320 

Ortho_Match:Naming -- -- -- -- 
Rhyme:Ortho_Match:PW_Reading 6.722 1.045, 43.236 2.006 0.045 

Rhyme:Ortho_Match:PW_Repetition 0.068 0.005, 0.976 1.978 0.048 

Rhyme:Ortho_Match:Naming -- -- -- -- 
[Intercept] 6.048 4.499, 8.129 11.927 <0.001 

Random Effects Variance Std. Dev. 

Participant (Intercept) 0.149 0.386 

Rhyme|Participant 1.727 1.314 
Ortho_Match|Participant -- -- 

Rhyme:Ortho_Match|Participant -- -- 

Item (Intercept) 0.511 0.715 
PW_Reading|Item -- -- 

PW_Repetition|Item -- -- 

Naming|Item 0.871 0.933 

Observations Marginal R2 Conditional R2 

1736 0.138 0.282 
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Table A.8 – Picture Rhyme Judgment invRT Orthography Effect Association with Language Task Accuracy 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

All results are based on linear mixed models, coefficients are estimates of inverse RTs (-1000/ms).  Significant fixed effects that are relevant to each analysis are bolded. Relevant 

fixed effects are Ortho_Match:Naming/PW_Reading/PW_Repetition (indicative of task associations with the Lexical OE), and 

Rhyme:Ortho_Match:Naming/PW_Reading/PW_Repetition (indicative of task associations with the Metaphonological OE). ARJ: Auditory Rhyme Judgement task. -- : not 

included in final model 

Final Model Rhyme*Ortho_Match + Rhyme*Naming + (1 + Rhyme||Participant) + (1 + 

Naming||Item) + (1|Project) 

Fixed Effects Coefficient 

(Estimate) 

95% CI t - value P-value 

Rhyme -0.073 -0.094, -0.053 -6.996 <0.001 

Ortho_Match -0.015 -0.032, 0.002 -1.717 0.094 
PW_Reading -- -- -- -- 

PW_Repetition -- -- -- -- 

Naming -0.223 -0.333, -0.114 -3.997 <0.001 

Rhyme:Ortho_Match -0.031 -0.065, 0.004 -1.749 0.088 

Rhyme:PW_Reading -- -- -- -- 

Rhyme:PW_Repetition -- -- -- -- 
Rhyme:Naming -0.181 -0.255, -0.107 -4.785 <0.001 

Ortho_Match:PW_Reading -- -- -- -- 

Ortho_Match:PW_Repetition -- -- -- -- 
Ortho_Match:Naming -- -- -- -- 

Rhyme:Ortho_Match:PW_Reading -- -- -- -- 

Rhyme:Ortho_Match:PW_Repetition -- -- -- -- 
Rhyme:Ortho_Match:Naming -- -- -- -- 

[Intercept] -0.188 -0.247, -0.128 -6.189 <0.001 

Random Effects Variance Std. Dev. 

Participant (Intercept) 0.004 0.066 

Rhyme|Participant 0.001 0.038 

Ortho_Match|Participant -- -- 
Rhyme:Ortho_Match|Participant -- -- 

Item (Intercept) 0.001 0.025 

PW_Reading|Item -- -- 
PW_Repetition|Item -- -- 

Naming|Item -- -- 

Study (Intercept) 0.002 0.040 
Rhyme|Study -- -- 

Ortho_Match|Study -- -- 

Rhyme:Ortho_Match|Study -- -- 

Observations Marginal R2 Conditional R2 

1406 0.209 0.620 
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Figure A.1 -  Hyperparameter Quality Report: Picture Rhyme Judgment Reaction Time 
The model had parameters Cost/BoxConstraint = 30.00, Sigma/KernelScale = 0.45, Epsilon = 0.10, and Standardize = true. The final model 

utilized data points from 42 of the 44 observations (individual subjects) as support vectors. The final model had a bias of -15.25. Average 
prediction accuracy is -0.28 (SD = 0.10) and average reproducibility index is r = 0.83 (SD = 0.08). Average mean absolute difference 

between real and predicted behaviors is 33.40 (SD = 0.43). 
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 Figure A.2 -  Hyperparameter Quality Report: Picture Rhyme Judgment Accuracy 
The model had parameters Cost/BoxConstraint = 30.00, Sigma/KernelScale = 0.45, Epsilon = 0.10, and Standardize = true. The final model 

utilized data points from 21 of the 21 observations (individual subjects) as support vectors. The final model had a bias of -53.58. Average 

prediction accuracy is -0.34 (SD = 0.12) and average reproducibility index is r = 0.80 (SD = 0.07). Average mean absolute difference 
between real and predicted behaviors is 35.41 (SD = 1.44). 
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