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ABSTRACT OF THE DISSERTATION 
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Professor Henrike K. Blumenfeld, Co-Chair 
 

Aphasia is a condition resulting from stroke that impairs individual’s communicative 

abilities. There are currently one million individuals living with aphasia in the US and within this 

population many have sentence comprehension impairments. This dissertation aims to 

investigate (1) approaches with which sentence comprehension impairment can be mitigated in 

individuals with aphasia, and (2) whether the integrity of connectivity between frontal and 

temporo-parietal regions is predictive of individuals’ sensitivity to the proposed mitigation 

approaches. Overall, the data in the current dissertation revealed that reducing the interference 

level via semantic cues can benefit the real-time sentence processing in individuals with aphasia. 

Moreover, there is an emerging pattern for the functional role of the anterior segment of the 

arcuate fasciculus and frontal aslant tract in the left hemisphere regarding real-time sensitivity to 

semantic cues during sentence comprehension.
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CHAPTER 1  

General Introduction 
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The rapid auditory comprehension of sentences is a remarkable but poorly understood 

human skill. Listeners must convert incoming acoustic information into a meaningful message. 

Central to this process is accessing the meaning of each word as it is heard and integrating them 

into a syntactic structure to form an interpretation of the sentence. Listeners are not typically 

aware of the processes that lead to final comprehension, but the intricate complexity of sentence 

processing becomes obvious after an individual suffers neural trauma (e.g., stroke) that results in 

a language disorder known as aphasia. Aphasia affects nearly one million people in the U.S. (1 in 

250) and there are approximately 180,000 new cases per year (Disorders, 2015). Within this 

population, many suffer from sentence comprehension impairments due to neural lesions in 

portions of the frontal, temporal, and parietal lobes. This dissertation has two purposes: (1) 

understanding the nature of sentence impairment in aphasia and proposing approaches for its 

mitigation; (2) understanding the neural substrates that results in variability among individuals 

with aphasia (IWA) in benefiting from mitigation approaches. 

Sentence-level integration processes 

One property of natural language is the ability to integrate sentential constituents and 

establish linguistic relations between the auditorily incoming sentence components; in other 

words, creating dependencies as the sentence unfolds in real-time. According to the cue-based 

retrieval approach, for this process information needs to be encoded, stored in memory, and 

retrieved at subsequent points for efficient processing (Gibson et al., 2000; Just & Carpenter, 

1992; Lewis & Vasishth, 2005). For instance, in object-extracted constructions [1a, 1b], 

successful parsing requires the retrieval of the direct object of the verb /the general/ to be 

integrated with the verb when the verb is encountered (known in some linguistic approaches as 

the ‘gap’(Kluender & Kutas, 1993). 
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[1a] It was the generali that the lawyer chasedi <the general> from the office yesterday. 

[1b] It was the generali that Christopher chasedi <the general> from the office yesterday. 

The cue-based parsing approach  describes the integration mechanism by indicating that words 

and phrases in a sentence are stored in memory as a bundle of feature-value pairs (Lewis & 

Vasishth, 2005; Van Dyke & Lewis, 2003). These features are used as retrieval cues to carry out 

the search and retrieve a co-dependent item from memory in the integration process. Therefore, 

successful sentence parsing is accomplished through a series of efficient cue-based memory 

retrievals. Although using features makes the retrieval mechanism efficient, it makes the process 

sensitive to interference from elements in memory whose featural specification also matches 

with the retrieval cues (e.g., interference induced by /the lawyer/ in [1a]) once the verb is 

encountered (Jäger et al., 2017). The feature competition amongst similar elements of sentence 

elements in memory decreases the distinctiveness and the quality of those memory 

representations, ultimately reducing the retrieval probability of the syntactically licensed 

dependent element at the verb (Hofmeister & Vasishth, 2014; Oberauer & Lange, 2008), thus 

hindering integration and comprehension accuracy (Gordon et al., 2006). Previous reading 

studies with unimpaired individuals have demonstrated that a mismatch in the features of 

encoded referents of the sentence, such as /the general/ and /Christopher/ in [1b] can minimize 

what is termed  similarity-based interference effects and therefore increase the probability of on-

time target retrieval of /the general/ after the verb /chased/ and result in successful integration 

(Gordon et al., 2004; Gordon et al., 2006; Gordon et al., 2002). In addition, other studies have 

shown that adding a modifier increases the syntactic and semantic representational complexity of 

the to-be-retrieved item (e.g., “It was the victorious four-star generali that the lawyer…”) and 

facilitate its representational activation and increase its chances of retrieval when the verb is 
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encountered (Hofmeister, 2011; Hofmeister & Vasishth, 2014). The effect of these manipulations 

on integration processes have been primarily documented via reading paradigms. This 

dissertation investigated the integration mechanism moment-by-moment during auditory 

processing using visual-world eye-tracking paradigm. 

Sentence comprehension in aphasia 

Individuals with aphasia (IWA) often experience difficulty comprehending sentences, 

especially when they involve long-distance dependencies, as described above (Caramazza & 

Zurif, 1976). It is argued that the architecture of the syntactic system is intact, but processing 

deficiencies lead to pathological computations, which lead to failed comprehension. There are 

multiple accounts of the nature of sentence processing deficits in IWA. Several researchers have 

found that sentence processing speed is slowed in aphasia. Some researchers attribute the slowed 

sentence processing to slowed syntactic computations (Burkhardt et al., 2008) while others 

suggest that delayed lexical activation in aphasia, compared to neurotypical individuals, crucially 

affects sentence processing abilities (Ferrill et al., 2012; Love et al., 2008). An alternative 

account indicates that aberrant lexical integration, rather than slowed processing, may underlie 

IWA comprehension failure (Dickey et al., 2007). In Event Related Potential studies of N400 

effects (a component that reflects semantic processing), IWA showed intact access to multiple 

meanings of polysemous words, but significant impairments in the selection of appropriate 

meanings when these words were encountered in sentence contexts (Swaab et al., 1997; Swaab et 

al., 1998). Similarly, in an eye-tracking-while-listening study, it was argued that IWA 

demonstrated interference effects in trials where the overall comprehension of sentences was 

incorrect (Choy & Thompson, 2010; Dickey et al., 2007; Thompson & Choy, 2009). This 

interference effect was manifested by looks to a competitor rather than target items at the end of 
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the sentence end. These results failed to explain the source of the interference effect during 

ongoing integration but rather revealed the presence of interference effect during the wrap-up 

stage for final comprehension. Yet, these findings indicate the susceptibility of IWA to 

interference in the integration of appropriate lexical information into the syntactic structure to 

correctly comprehend sentences. Another eye-tracking study also attested to the susceptibility of 

IWA to interference elicited from similarly structured noun phrases during the integration of 

non-adjacent sentential elements (Sheppard et al., 2015). From these accounts, it can be inferred 

that IWA evince sentence integration and comprehension deficits resulting from the disruption in 

the timely activation of compatible representations and/or experiencing interference when 

competing representations are available. This dissertation investigates whether interference is the 

source of auditory sentence comprehension difficulty in aphasia by conducting highly controlled 

experiments in which the level of interference was modulated using different lexical-semantic 

cues. 

Neural basis of integration in sentence comprehension 

Neuroimaging research has suggested that a sentence-level integration mechanism 

involves cortical activation in widespread regions of the left hemisphere including L-IFG (left-

inferior-frontal-gyrus), and L-temporo-parietal regions. However, there is ongoing debate as to 

the functional role of L-IFG in this process. Existing findings suggest that syntactic and semantic 

integration can occur with the contribution of left posterior-superior temporal gyrus (pSTG) and 

left posterior-middle temporal gyrus (pMTG) (Friederici et al., 2003; Yi G. Glaser et al., 2013; 

Hagoort, 2005), without the involvement of L-IFG when sources of interference are not present 

(Y. G. Glaser et al., 2013; Matchin & Hickok, 2020; Matchin & Rogalsky, 2017). Moreover, 

individuals with L-IFG damage can show good comprehension of sentences with low conflict 
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(Novick et al., 2009). Yet, alternative accounts indicate that L-IFG lesions modulate integration 

regardless of conflict resolution demands when sentence processing is measured using online 

approaches (Fedorenko & Blank, 2020; Friederici & Gierhan, 2013; Hagoort, 2005; Love et al., 

2008; Nozari et al., 2016; Vuong & Martin, 2015). More specifically, it is reported that specific 

subregions within L-IFG are involved with distinct processes; Brodmann area1 (BA) 47  and 

BA45 of L-IFG are involved in semantic integration, while BA45 and BA44 are purportedly 

involved in syntactic processing (Hagoort, 2005, 2013). For instance, in an eye-tracking study, 

individuals with L-IFG (BA44, 45, 47) damage but intact temporo-parietal regions showed less 

sensitivity to contextual information (e.g., sentences with the restrictive verb /eat/ compared to 

the non-restrictive verb /see/ in “She will eat/see the apple.”) to locate the target (/apple/) when 

conflict resolution demands were minimal (Nozari et al., 2016). The results of this study, which 

was interpreted under the framework of the Drift Diffusion Model (Ratcliff et al., 2004; Ratcliff 

& Rouder, 2000), indicated that when the L-IFG is intact, it can affect the drift rate or activation 

gain parameter by boosting the associations between the bottom-up cues of (/eat/) and the target 

(/apple/). Drift rate is defined as the rate of accumulation of information, and it is determined by 

the quality of the information extracted from the stimulus. Therefore, the L-IFG can play a role 

in the integration of sentential elements by facilitating the processing of associations when no 

overt conflict resolution demands are posed. This is in line with other studies that have 

investigated the role of L-IFG in sentence comprehension using cross-modal priming. 

Researchers have shown that individuals with damage to the L-IFG evince delayed lexical 

                                                 
 
 
 
1 The Brodmann areas are a way of mapping the cortex and its distinguished functions, pioneered by 

Korbinian Brodmann. 
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activation patterns which can disrupt fast-acting integration processes in both syntactically 

complex (Love et al., 2008) and simple structures (Ferrill et al., 2012). This processing role of L-

IFG is difficult to capture with overt measures of performance such as comprehension accuracy 

and reaction times, but it can be captured with more sensitive processing measures such as 

tracking subtle differences in gaze movements and priming effects. According to these accounts, 

L-IFG damage can lead to disruptions in the timely access of relevant lexical representations as 

well as the inhibition of irrelevant ones during sentence-level integration (Love et al., 2008; 

Nozari & Thompson-Schill, 2016).  

In addition to the controversies on L-IFG’s contribution to sentence processing, less is 

known about the involvement of white-matter pathways that connect the prefrontal cortex to 

temoporo-parietal regions, namely the subsections of arcuate fasciculus (AF), frontal aslant tract 

(FAT), uncinate fasciculus (UF), and inferior fronto-occipital fasciculus (IFOF) (Jung et al., 

2017). Currently, there is only evidence of the relationship between the integrity of AF and IFOF 

and sentence comprehension using offline paradigms which measure final reflective 

understanding (Wright et al., 2012; Xing et al., 2017) and do not capture the incremental 

processes involved in sentence comprehension. The functional role of AF-subsections, FAT, UF 

and IFOF for specific capacities in sentence processing can be captured by combining eye-

tracking gaze data with structural lesion analysis and Diffusion Tensor Imaging (DTI) 

tractography. This dissertation, using a multimodal approach, investigates the neural substrates 

of the online integration mechanism in sentence comprehension by linking lesion features and 

real-time sentence processing in a group of individuals with aphasia. Moreover, this dissertation 

evaluated the integrity of the abovementioned white matter tracts in the right hemisphere 

(contralateral to the lesioned hemisphere) to examine their functional role in sentence processing. 
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Dissertation goals and overview 

The overarching goal of this dissertation is to investigate (1) the behavioral approaches 

with which sentence comprehension impairment can be mitigated in individuals with aphasia, 

and (2) whether the connective integrity between the prefrontal cortex and temporo-parietal 

regions is predictive of individuals’ sensitivity to the proposed mitigation approaches. In this 

dissertation, we examined the effect of mitigation approaches to the online processing of 

individuals with aphasia (and unimpaired controls to establish normal patterns of processing) via 

an eye-tracking-while-listening paradigm and combined it with information about the structural 

integrity of specific neural regions Diffusion Tensor Imaging (DTI) techniques. 

The behavioral component of this dissertation includes manipulating the semantic 

properties of specific lexical items embedded in a sentence to reduce the interference effect 

during sentence comprehension. These lexical-semantic cues were designed to facilitate 

processing by a) boosting access of lexical representations (Chapter2), and b) reducing 

similarity-based interference effects (Chapter 3). Moreover, the neuroimaging component of 

this dissertation included measuring the performance variability within IWA and relating their 

individual level outcome measures with the DTI data.  

The central hypothesis was that manipulating the level of interference level using lexical-

semantic cues improve real-time sentence processing of individuals with aphasia. Moreover, if 

tracts that connect prefrontal cortex to temporo-parietal regions in the left hemispheres are 

related to online integration, then lack of structural integrity in these connections should manifest 

as lower sensitivity to the lexical-semantic cues, thus revealing less change in the listener’s real-

time processing pattern. The structure of this dissertation from this point on is as follows: 

Chapter 2 presents an experiment with non-canonical sentences that required long-

distance dependency linking. In these sentences, the target noun was manipulated by adding a 



m 

9 
 

semantically biasing adjective to boost its representational access (Hofmeister, 2011). To 

examine the effect of this manipulation, two experimental conditions were designed in which the 

target noun was either presented with a semantically biased adjective (e.g., /the venomous 

snake/) or an unbiased adjective (e.g., /the voracious snake/). It was hypothesized that the 

semantically biasing adjective would facilitate initial encoding of the target noun-phrase and 

subsequently its retrieval during the dependency linking process. To measure the behavioral 

differences between the conditions, this experiment utilized a visual-world-eye-tracking-while-

listening paradigm to measure the real-time processing patterns and comprehension questions to 

measure individuals overall understanding of the sentences. 

Chapter 3 presents an experiment with canonical sentences that required long-distance 

dependency linking (via unaccusative verbs). In these sentences that included two noun-phrases, 

the animacy feature of the noun-phrases were manipulated to create a mismatch condition in 

order to reduce similarity-based interference effects (Gordon et al., 2006). To examine the effect 

of this manipulation, two experimental conditions were designed in which the target noun-phrase 

(/the pirate/- which has a semantically animate feature) was included together with either an 

inanimate noun-phrase (e.g., /the pirate that observed the pumpkin/, mismatch condition) or an 

animate noun-phrase (e.g., /the pirate that observed the wizard/, match condition). It was 

hypothesized that the mismatch condition would result in a reduced level of the interference 

effect which would subsequently facilitate retrieval of the target noun-phrase during the 

dependency-linking process. To capture the change in behavior as a result of this manipulation, 

this experimental setup included a visual-world-eye-tracking-while-listening paradigm to 

measure the real-time processing patterns and comprehension questions to measure individuals 

overall understanding of the sentences.  
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Chapter 4 presents a study that examined whether damage to AF, FAT, UF and IFOF in 

the left hemisphere affects sensitivity to lexical-semantic cues. The relationship between the 

behavioral performances of each IWA and their lesion features were analyzed. To establish 

lesion profiles, structural lesion mapping and DTI were used to specify lesion size and the 

integrity of white matter pathways in both the left and right hemispheres. This study investigated 

the relationship between eye-tracking performance in chapters 2 and 3, and the integrity (i.e., 

fractional anisotropy) of abovementioned tracts at the individual level in IWA in both the 

ipsilateral and contralateral lesion hemispheres.  

Chapter 5 presents a general conclusion of these studies. This dissertation presented 

experimental approaches to study sentence processing in aphasia as well as data analysis 

approaches to examine the relationship between structural integrity and functional outcomes of 

real-time sentence processing. The findings from this dissertation have the potential to expand on 

the current models of cognitive engagement, and neural networks underlying language 

processing in aphasia. 
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CHAPTER 2  

Effect of Lexical-Semantic Cues during Real-Time Sentence Processing in Aphasia 
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 Chapter 2, in full, is a reprint of material as it appears in Akhavan, N., Sen, C., Baker, C., 

Abbott, N., Gravier, M., & Love, T. (2022). Effect of Lexical-Semantic Cues during Real-Time 

Sentence Processing in Aphasia. Brain Sciences, 12(3), 312. The dissertation author was the 

primary investigator and author of this paper 
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CHAPTER 3  

Using Lexical Semantics Cue to Mitigate Interference Effects during Real-Time Sentence 

Processing in Aphasia 
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Abstract 

Using a visual-world eye-tracking paradigm, we investigated the real-time auditory 

sentence processing of neurologically unimpaired listeners and individuals with aphasia on 

canonical sentence constructions that contained multiple noun phrases and an unaccusative verb, 

the latter of which formed a long-distance dependency link between the verb and its direct 

object. To explore the likelihood of similarity-based interference during the real time linking of 

the verb and its direct object noun, we manipulated the animacy feature of the noun phrases 

(matched or mismatched). The goals of the study were to examine whether (a) reducing the 

similarity-based interference by mismatching animacy features would modulate the encoding and 

retrieval dynamics of noun phrases in real-time; and (b) whether individuals with aphasia would 

demonstrate on time sensitivity to this lexical-semantic cue. Results revealed a significant effect 

of this manipulation in individuals both with and without aphasia. In other words, the mismatch 

in the representational features of the noun phrases increased the distinctiveness of the direct-

object target at the time of retrieval (verb offset) for individuals in both groups. Moreover, 

individuals with aphasia were shown to be sensitive to the lexical-semantic cue, even though 

they appeared to process it slower than unimpaired listeners. Our results extend the cue-based 

retrieval model by offering new and insights into the processes underlying sentence 

comprehension of individuals with aphasia. 

Keywords: Aphasia; Sentence Processing; lexical property manipulation; Eye-Tracking 
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Introduction  

In this paper we describe an experiment that investigates whether semantic cuing (in the 

form of animacy) can mitigate sentence processing impairments in individuals with aphasia. 

Before discussing the study, we describe the relevant sentence processing literature based on 

neurologically unimpaired adults to set the stage for a subsequent description of the relevant 

literature on aphasia. 

Sentence processing in unimpaired adults  

One property of natural language is the ability to integrate sentential constituents and 

establish linguistic relations between the auditorily incoming sentence components. In other 

words, as the sentence unfolds in real-time, the listener creates links between the sentence 

constituents (e.g., nouns and verb). As part of this ‘dependency linking’, information needs to be 

encoded when it is first perceived and then retrieved at subsequent points for efficient processing 

(Gibson et al., 2000; Lewis & Vasishth, 2005). For instance, in object-extracted constructions  

(e.g., [a] and [b] below], successful comprehension requires the retrieval of the direct object of 

the verb (/the general/) to be integrated and linked with the verb when it is encountered 

(Kluender & Kutas, 1993). Note that, this is just an example sentence to demonstrate the 

processes involved in dependency linking. 

[a] It was the generali that the lawyer chasedi <the general> from the office yesterday. 

[b] It was the generali that Christopher chasedi <the general> from the office yesterday. 

A model that describes this dependency linking process is the cue-based parsing approach 

(Lewis & Vasishth, 2005; Van Dyke & Lewis, 2003). According to this model, the linguistic 

representations of words and phrases in a sentence are encoded as bundles of feature-value pairs. 

These features are then used as retrieval cues to carry out the cue-based search and retrieve a co-
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dependent item (i.e., N1 = /the general/) during the integration process once the verb is reached. 

This series of efficient cue-based retrievals can shape the integration mechanism of sentence 

processing. 

It is important to note that although retrieval using the features of sentence constituents 

makes the integration mechanism efficient, it makes the process sensitive to interference from 

elements whose featural specification also matches with the retrieval cues. For instance, take 

sentence [a] versus [b] above. In sentence [a], the direct-object noun2 /the general/ has a similar 

syntactic and semantic (feature) representation to the subject of the embedded clause, /the 

lawyer/; both have the same structural configuration /det N/ and share semantic features (i.e., are 

animate). However, in sentence [b], the features of the direct object differ from the subject of the 

embedded clause (the personal pronoun /Christopher/) both structurally and semantically. The 

feature similarity amongst elements of the sentence can decrease the distinctiveness of encoded 

representations which ultimately may reduce the probability of efficient retrieval at the 

syntactically dependent gap site (Hofmeister & Vasishth, 2014; Oberauer & Lange, 2008). This 

similarity-based interference between sentence components with featural overlap can hinder 

semantic integration in real-time and can impact sentence comprehension accuracy in the context 

of an inefficient monitoring system (Gordon et al., 2006). Previous studies that investigated 

reading skills in unimpaired individuals (Gordon et al., 2004; Gordon et al., 2006; Gordon et al., 

2002) have demonstrated that a dissimilarity in the features of encoded referents of the sentence 

(such as /the general/ and /Christopher/ in [b]) can minimize the similarity-based interference 

                                                 
 
 
 
2 In this manuscript we also use [N] as an abbreviation for noun. In this study, the first encountered noun 

in the sentence is referred to as N1 and the second noun as N2. 
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effects and therefore increase the probability of on-time target retrieval (i.e., /the general/ after 

the verb /chased/). Therefore, comprehension has been found to be more successful for sentences 

such as [b] compared to sentences such as [a]. In addition, other studies (Akhavan et al., 2022; 

Hofmeister, 2011; Hofmeister & Vasishth, 2014) have shown that adding a modifier increases 

the syntactic and semantic representational complexity of the to-be-retrieved item (e.g., “It was 

/the victorious four-star general/i that the lawyer chased i…”) and facilitates its representational 

activation and increase its chances of retrieval when the verb is encountered.  

According to studies investigating the cue-based model and similarity-based interference 

effect, unimpaired individuals can use lexical representational information (e.g., semantic) in 

real-time to aid their sentence processing as these cues determine the bundles of features that are 

used for successful dependency linking (Lewis & Vasishth, 2005; Van Dyke & Lewis, 2003). 

Given the evidence that lexical cues (such as animacy) play an important role in unimpaired 

sentence processing, one useful avenue in understanding sentence comprehension deficits in 

individuals with aphasia is to investigate whether and when individuals with aphasia use these 

types of cues during their integration process in real-time to resolve interference effects. Below, 

we review the literature examining sentence processing in aphasia and how lexical-semantic cues 

are processed during sentence comprehension. 

Sentence processing in aphasia  

Several studies have provided evidence indicating that Individuals with Aphasia (IWA) 

experience sentence comprehension problems. The nature of these problem that can be classified 

as processing accounts state that there is no loss of knowledge in IWA, but that the ability to 

apply the knowledge is impaired (Choy & Thompson, 2010; Ferrill et al., 2012; Hagoort et al., 

1996; Love et al., 2008; Swaab et al., 1997; Swaab et al., 1998). According to this class of 
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theory, IWA are aware of the cue, but they are not able to process it accurately and/or efficiently. 

The specific nature of the processing deficit remains controversial. 

Within the processing accounts, some argue that sentence comprehension impairments 

are caused by deficits in real-time lexical processes which is assumed to serve as the interface 

between sound input and the construction of a grammatical and interpretative representation of 

an utterance. Specifically, some suggest that IWA have delayed lexical access (Love et al., 2008) 

and/or lexical integration (Thompson & Choy, 2009), which results in disruption of the on-time 

availability of lexical representations for syntactic processing and can ultimately bring about 

comprehension failure. A number of factors may be at the root of these lexical processing 

impairments. First, limitations of working memory capacity have been identified post-stroke, 

such that IWA may have difficulty maintaining the activation of lexical representations which 

can impede sentence processing (Martin & Gupta, 2004; Martin et al., 1999). Others suggest that 

IWA may have trouble selecting among competing activated representations during the lexical 

access and integration stages of sentence processing due to executive function deficits because of 

damage to a specific language network (e.g., the left inferior frontal gyrus which is an area 

commonly implicated in IWA impairments)  (Gotts & Plaut, 2002; Jefferies & Lambon Ralph, 

2006; Jefferies et al., 2008; Novick et al., 2005; Sheppard et al., 2015). Therefore, given 

challenges in lexical processing and sentence comprehension, once similarity of features between 

noun phrases is high, IWA are likely to be susceptible to experiencing an interference effect. 

While unimpaired listeners also show an interference effect, it does not hamper real time 

processing or final interpretation. Further, in unimpaired individuals, providing semantic cues 

has been shown to reduce similarity-based interference and aid comprehension  (Akhavan et al., 

2022; Hofmeister, 2011; Hofmeister & Vasishth, 2014). Yet, while semantic cueing is well-
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established as a productive offline strategy in clinical intervention with IWA (Python et al., 

2021), it is still unknown whether IWA can use a salient lexical-semantic cue in real-time to 

mitigate any interference effects during sentence comprehension.  

Processing lexical cues during sentence comprehension in aphasia 

Previous research suggests that, in the context of sentence comprehension impairment, 

IWA may rely on semantic information in their processing of sentences that require dependency 

linking. A seminal study examining the sensitivity of individuals with aphasia to semantic 

information during sentence comprehension was conducted by Caramazza and Zurif (Caramazza 

& Zurif, 1976). In this study, individuals with Broca’s aphasia were presented with sentences 

like the following in a sentence-picture matching task: 

[c] The book that the girl is reading is yellow. 

[d] The cat that the dog is biting is black. 

To understand non-canonical sentences like [c] and [d], the listener must integrate the lexical 

items as they are heard based on structural rules to determine who is doing what to whom. 

However, research has shown that listeners can enlist other strategies to help make the 

processing of these non-canonical sentence constructions easier (Bhandari et al., 2021). The 

Caramazza and Zurif [28] study revealed that IWA had little difficulty understanding non-

canonical sentences when the information provided from the nouns allowed for an easy 

determination of who was performing the action and who was receiving the action. For example, 

in [c], the listener can take advantage of the fact that in this non-reversible sentence, only the 

animate noun (/the girl/) can perform the action of reading. However, in semantically reversible 

(non-canonical) sentences like [d], where both noun phrases (/the cat/ and /the dog/) can perform 

the action of biting, individuals with Broca’s aphasia demonstrated comprehension difficulty. As 
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discussed earlier, both noun phrases (/the dog/ and /the cat/) have similar lexical features that 

prevent reliance on featural cues such as animacy, as shown in [c]. This work demonstrated that 

IWA, in some linguistic contexts, could rely on semantic cues to compensate for difficulty in 

syntactic dependency linking.  

In another sentence comprehension study, Gibson and colleagues (Gibson et al., 2016) 

examined the sensitivity of individuals with aphasia to semantic plausibility by using an act-out 

task (where comprehension is measured by asking participants to act out sentences with dolls) 

using active/passive3 sentences as well as Double-Object (DO)/Prepositional-phrase Object 

(PO)4 sentence structures (see the footnote for examples of each sentence structures). They found 

that compared to the control group, individuals with aphasia relied more heavily on plausibility 

information across all different sentence types. Specifically, IWA were more likely to use 

plausibility information in non-canonical passive relative to canonical active constructions.   

Altogether, these studies showed that IWA ultimately relied on semantic information in 

their processing of sentences that require dependency linking. However, these studies did not 

capture the processing patterns moment by moment and we still do not know the immediate 

effect of these cues for IWA. Here, we examine whether and when IWA can use lexical-semantic 

cues to resolve any potential interference effects stemming from syntactic properties of the 

sentence. 

                                                 
 
 
 
3 Active: The tiger chased the lion. 

  Passive: The lion was chased by the tiger. 

 
4 Double-Object: The sister mailed the brother the letter. 

   Prepositional-phrase Object: The sister mailed the letter to the brother. 
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Current study 

In the current study, we employed an eye-tracking while listening visual world paradigm 

(ETL) to study how lexical-semantic cues (in the form of animacy) impact sentence processing 

in individuals with aphasia. Eye-tracking while listening is a method that allows us to investigate 

online sentence processing with millisecond-level temporal resolution. Additionally, this 

experiment used a natural speech paradigm without any behavioral response required during 

sentence processing. Being able to index participant responses without requiring overt participant 

decisions is a significant advantage of employing eye-tracking methods in IWA. 

We seek to understand how IWA process lexical-semantic cues (animacy features) during 

the processing of canonical sentences that require dependency linking by comparing their 

performance in conditions with [see sentence e, below] and without [see sentence f, below] 

lexical-semantic cues. We use sentences containing unaccusative verbs as they can provide a 

case of long syntactic dependency in a canonical order structure (Bever & Sanz, 1997; Burkhardt 

et al., 2003; Friedmann et al., 2008; Koring et al., 2012; Poirier et al., 2012; Sullivan et al., 

2017a, 2017b). The subject and the direct-object of the first verb (/noticed/), also known in 

linguistic terminology as arguments are /the model/ as the agent and /the designer/ as the theme 

respectively. Critically, the argument structure of the second verb (the unaccusative verb /fell/) is 

different, as it can be considered as something that happened to the subject (/the model/), rather 

than being initiated by it. In other words, the canonically assigned subject position also has the 

properties of the argument that are syntactically associated with the object (Burzio, 1981, 1986; 

Perlmutter, 1978).  
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Condition  Example sentences 

[e] Inanimate This evening at the fashion show, the modeli
 animate, subject that noticed the 

dress inanimate, object surprisingly felli [animate, subject] during the evening gown 
showcase. 
 

[f] Animate  This evening at the fashion show, the modeli
 animate, subject that noticed the 

designer animate, object surprisingly felli [animate, subject] during the evening gown 
showcase. 

 

A group of age-matched unimpaired individuals (AMC) were also included in the study 

to establish a baseline processing performance, in comparison to IWA, on these sentences using 

eye-tracking while listening. In this mixed-subject design study, we examine not only the 

potential differences between the two participant groups but also assess individual differences 

across the members of each group in each condition.  

Questions and predictions of the current study 

We asked the following three questions:  

Question 1: Are listeners of each group sensitive to lexical-semantic cues (animacy) that 

resolve semantic interference during sentence comprehension? For this question, we compared 

the performance of each group across the two experimental conditions (animate, inanimate). We 

predicted that listeners in both groups would be sensitive to lexical semantic stimulus properties 

during sentence comprehension. In the inanimate condition, upon encountering the inanimate 

noun (N2), both groups (IWA and AMC) were predicted to show a reduced similarity-based 

interference effect. In this eye-tracking while listening paradigm, the susceptibility to the 

interference effect was operationalized as an equivalent proportion of gazes toward target noun 

(N1) and non-target or intervening noun (N2) (Akhavan et al., 2020). 

Question 2: Do IWA demonstrate their sensitivity to lexical-semantic cues in real-time or 

is there a delay? For this question we compared the performance of IWA versus AMC in the 
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inanimate condition to examine whether IWA process the lexical-semantic cue at the same time 

as AMC. Based on previous studies that revealed the temporal delay of IWA in processing 

lexical-semantic representations (Engel et al., 2018; Ferrill et al., 2012; Love et al., 2008; Prather 

et al., 1997), we expected IWA to show a delay compared to AMC individuals in using the 

lexical-semantic cue (animacy) in real-time. 

Question 3: Does the lexical-semantic cue have a downstream effect on syntactic 

dependency linking at the gap-site? Recall that the sentences in this experiment include a gap-

site when the unaccusative verb is encountered. For this question, we examined the effect of 

condition for each group. We predict that the lexical-semantic cue will have a downstream effect 

for both groups as the inanimate N2 (‘the dress’ versus ‘the designer’) will induce a smaller 

interference effect during the syntactic dependency linking process. In other words, the 

inanimate noun will improve the real-time processing as well as final comprehension for 

listeners. 

Method  

Participants  

Age-Matched Control Participants (AMC): Eleven AMC participants were included in 

this study (mean age at the time of testing: 62 years old [range: 57-66 years], with an average 

15.2 years of education [range: 12-20]). All the AMC participants were monolingual native 

English speakers with normal or corrected-to-normal visual and auditory acuity. None of the 

participants reported a history of active or significant alcohol and/or drug abuse, active 

psychiatric illness or intellectual disability, and/or other significant brain disorder or dysfunction 

(e.g., Alzheimer’s/dementia, Parkinson’s, Huntington’s, Korsakoff’s).  
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Individuals with Aphasia (IWA): Eleven individuals diagnosed with Aphasia participated 

in this study (mean age at the time of testing: 64 years old [range: 56-77 years], with an average 

15.7 years of education [range: 14-18 years]). IWA did not significantly differ from AMC 

participants in terms of age (p > 0.05). The demographic information for these participants is 

presented in Table 3-1. All IWA experienced a single, unilateral left-hemisphere stroke, were 

native English speakers with normal or corrected-to-normal visual and auditory acuity and were 

right-handed before their stroke. The clinical diagnosis of aphasia was made based on the 

administration of standardized language testing to determine the extent and severity of each 

participant’s language impairment, specifically, in the areas of fluency and auditory 

comprehension ability. Testing included the Boston Diagnostic Aphasia Examination—Third 

Edition [BDAE– 3] (Goodglass et al., 2001), the Western Aphasia Battery-Revised [WAB-R] 

(Kertesz, 2007), and a test of auditory sentence comprehension [SOAP: Subject-relative Object-

relative Active and Passive] (Love & Oster, 2002). All participants were neurologically and 

physically stable (i.e., at least 6 months post-stroke), with no reported history of active or 

significant alcohol and/or drug abuse, active psychiatric illness or intellectual disability, and/or 

other significant brain disorder or dysfunction (e.g., Alzheimer’s/dementia, Parkinson’s, 

Huntington’s, Korsakoff’s).  

All participants underwent protocols approved by IRB from both San Diego State 

University and University of California San Diego. The protocols were conducted at the 

Language and Neuroscience Group Laboratory at San Diego State University (SDSU). Each 

participant received $15 per session.  
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Table 3-1. Characteristics of IWA (n =11) and neurotypical control participants (n = 11). 

IWA Sex 

Years 

Post-

Stroke 

Age at 

Testing  

Years of 

Education 

Aphasia 

Subtype 

Lesion 

Location 

BDAE-

v3  

WAB-

R  
AQ 

SOAP-

SR 

(%) 

SOAP- 

OR (%)

009 M 15 55 17 
Mixed 
non-
fluent 

L lesion, 
IFG (BA 
44/BA45) 

w/ posterior 
ext. 

4 67.7 60% 40 

017 M 18 66 15 Anomic 

L anterior 
cerebral and 

middle 
cerebral 
infarct 

4 95.4 100 90 

101 M 9 67 20 Broca 

L lesion 
posterior 
IFG (BA 

44) w/ 
posterior 

ext. 

2 82.6 100 30 

130 M 8 63 16 
Broca 

/Anomic 

L IPL w/ 
posterior 

ext. sparing 
STG 

4 90.5 75 55 

140 F 16 42 NA NA 
L MCA 
infarct 

2 75.7 80 30 

151 F 7 65 16 Anomic 

L MCA 
infarct w/ 

subcortical 
ext. 

4   95.8  100 100 

159 F 6 64 16 Broca 
L MCA 
infarct 

3 92.4 100 70 

165 F 4 64 12 Broca 
L MCA 
infarct 

3 NA 80 60 

169 M 4 59 12 Broca 
L MCA 
infarct 

2 28.2 80 40 

190 F 6 76 12 Broca 
L superior 
temporal 

lesion 
3 88.2 90 40 

191 M 1 57 16 Broca 
L MCA 
infarct 

4.5 98.4 100 60 

AMC 

Group 
Ages 57-66 years (mean = ~61.9); 7 females, 4 males; Education 14-18 years (mean = 15.7) 

L = left; LH=left hemisphere; BA = Brodmann area; IPL = inferior parietal lobule; STG = superior temporal gyrus; 
MCA = middle cerebral artery; BDAE = Boston Diagnostic Aphasia Examination (0 = no usable speech or auditory 
comprehension, 5 = minimal discernable speech handicap); SOAP SR = Average percent correct on subject relative 
items from the SOAP Test of Auditory Sentence Comprehension; SOAP OR = Average percent correct of object 
relative items from the SOAP Test of Auditory Sentence Comprehension; NA = Data is not available 

Materials and Design  

Fifteen intransitive (unaccusative) verbs were selected to be embedded in the canonical 

subject-relative sentences used in the inanimate (with inanimate theme) and animate (with 
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animate theme) conditions. The selected verbs were used twice, once in each of the two 

conditions as indicated below [e, f], resulting in 60 sets of sentences. 

[e] Inanimate condition: This evening at the fashion show, the model animate, subject that 

noticed the dress inanimate, object surprisingly fell [animate, subject] during the evening gown 

showcase 

[f] Animate condition: This evening at the fashion show, the model animate, subject that 

noticed the designer animate, object surprisingly fell [animate, subject] during the evening gown 

showcase 

An additional 120 filler sentences were included that were not further analyzed in the current 

study and that differed from the experimental and control condition sentences in terms of 

grammatical structure. Thus, participants completed a total of 180 sentences.  For each sentence 

trial, line drawings depicting each of the Ns of interest were constructed (Figures 3-1a and 3-1b). 

All images were sized at 450 x 450 pixels. 

 

Figure 3-1. Example of the animate (left column) and inanimate conditions (right column) in the visual 
world paradigm where participants view four images, hear a sentence, and identify the corresponding target 
noun from the visual display. Sample stimuli are presented along the trial timeline, with corresponding 
auditorily presented sentences listed below. 
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In the current experiment, we used a switch target design such that the nouns [Ns] of 

interest from one experimental set serves as distractor items for another experimental set and 

vice versa. For example, for the animate condition, the display contained the two animate Ns 

mentioned in the sentence (e.g., model and designer), and the two animate referents from another 

experimental sentence (e.g., surfer and scuba diver). This design ensures that gazes to Ns were 

indicative of lexical processing, and not due to a preference for a particular image. The sentence 

trials were counterbalanced across four presentation lists and the location of the images 

presented was counterbalanced across items. The order of presentation across participants was 

also counterbalanced, with participants returning for four visits to complete this within-subjects 

experiment. There was at least a week between visits. A native English-speaking female 

recorded all sentences at an average rate of 4.47 syllables per second. 

Stimulus pre-testing  

Two pre-tests were conducted to ensure the stimuli were appropriate for use. In the first 

pre-test, images of the noun phrases were presented to college-age unimpaired participants 

(N=20) during a naming task to ensure that they clearly depicted the N of interest (i.e., that the 

image of the model was easily and readily named as intended). In this picture naming task, all 

pictures included in the study had a minimum of 75% agreement (exact naming and semantically 

related naming matches).  In the second pre-test, in order to reduce plausibility effects, all of the 

Ns were pretested with another group of college-age students (N = 27) to confirm that they were 

all equally likely to be at the place mentioned in the initial PP of each sentence. For example, 

/the model/ and /the designer/ were matched to be equally likely to appear after /This evening at 

the fashion show/.). Participants were presented with two words (Person - Place) and asked to 

rate on a 1-5 Likert scale how likely (1-not very likely, 5-extremely likely) it was that the person 
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(e.g., designer) would be at the place (e.g., fashion show).  All items included in the study 

received ratings of 4s and 5s regarding the likelihood of being at the place tested (N1 M=4.8, SD 

= .6); (N2 M = 4.7, SD = .8).   

Procedure 

Participants listened to uninterrupted auditory sentences over headphones while viewing 

a four-picture display of black-and-white line drawings. Participants were seated in front of a 

computer screen and a Tobii X-120 eye-tracker with their eyes a distance of 60 cm from the eye-

tracker and stimulus presentation screen. Each experimental session began with the calibration of 

the eye-tracker. Stimuli were presented with E-prime 2.0 software (Psychology Software Tools, 

Pittsburgh, PA). 

Each trial began with a 500ms fixation cross, followed by a 250ms blank screen. As 

shown in Figure 3-2, each four-picture display was presented for 1500ms before participants 

began hearing the corresponding sentence and remained on the screen for 500ms after the 

sentence ended. For all trials, gaze location was sampled at a rate of 60 Hz, resulting in gaze 

location being recorded every 17ms across each trial. To keep participants on task, they were 

instructed that they would be asked Yes/No questions after each sentence (for example: Did the 

model fall during the evening gown showcase?). These questions were intended to reinforce the 

need for the participants to attend to the sentences. Participants responded to the questions via a 

button box (with Yes/No keys) using their left hand (non-dominant). To familiarize each 

participant with the task, 10 practice trials were conducted prior to each experimental session. 

This allowed the experimenter to provide feedback or redirection as necessary prior to beginning 

the task. See Figure 3-2 for schematic illustration of the eye-tracking paradigm. 



m 

63 
 

 

Figure 3-2. Schematic illustration of a trial including the online and offline sections in a visual world eye-
tracking paradigm. 

Data analysis approach 

In this section we  

describe the approach taken to post-process and analyze both the eye-tracking (gaze 

position captured every 17 ms) and end of sentence comprehension question (Yes/No) data.  

Comprehension question data preparation. After listening to each sentence, participants 

were asked a Yes/No comprehension question. Both button press (Yes or No) and time to 

respond (in ms) were captured. Responses that had less than 100ms response latencies were 

excluded from the analysis as this is not a feasible voluntary response. 

Eye-tracking gaze data preparation. Processing of the eye-tracking data was conducted 

to (1) check for trackloss and (2) aggregate the gaze data points across temporal bins.  

(1) Trackloss occurs when the gaze data are not accessible from both participant’s eyes (e.g., 

when they turn away or blink). The Tobii system provides a metric for validity of each 

datapoint which can be used to account for trackloss in the analysis.  Trials in which the 

proportion of trackloss was greater than 25% were excluded from further analyses. The total 

percent of trackloss was calculated for each participant across all trials. AMC participants 
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had an average trackloss of 10% while IWA had an average trackloss of 7% which was no 

statistically different (p > 0.05).  

(2) Gaze proportions toward each image on the screen for each trial were aggregated into time 

bins of 100ms. This method is employed as a tactic to take into account the underlying 

dependency between datapoints (i.e., autocorrelation) in time-series eye-tracking data which 

can inflate Type I error rates. For each bin, the proportion of gazes was estimated within each 

area of interest on the display (AOI) (Mirman, 2017). Gaze data were then subjected to 

statistical analysis (described below). 

Time windows of analysis  

Although sentences had similar lengths and syllable numbers, to account for slight timing 

differences, we coded the timing onset for each of the sentence constituents (initial prepositional 

phrase, noun phrase 1 [NP1], relativizer, noun phrase 2 [NP2], adverb, verb and final 

prepositional phrase; see Table 2) across all experimental items. This allowed us to normalize the 

onset as we identified the windows of interest across sentences. We identified two main windows 

of analysis. The first window captured the average onset of NP1 until the average offset of NP2. 

The second window captured the average onset of the adverb until the average offset of the final 

PP to ensure the inclusion of the gap-site. See Table 3-2 for the average timings at which these 

windows happen across sentences of each condition. 
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Table 3-2. The pre-identified windows of interest across the sentences 

 Time window 1 

Embedded clause 
Time window 2 

Dependency processing 

Mean onset time 1800-4800  4400-7200 

Growth Curve Analysis 

We used Growth Curve Analysis (GCA) to explore the dynamic patterns of gaze 

fixations over time in two pre-selected time windows of interest within the sentence (see Table 

3-2, gray and yellow boxes). The GCA is a widely used method in the analysis of gaze fixation 

time- course data in the visual world paradigm (Akhavan et al., 2020; Baker & Love, 2021; 

Brown et al., 2011; Hadar et al., 2016; Mirman et al., 2008; Mirman et al., 2011). GCA is a 

multi-level modeling technique which employs fitting time-course data on orthogonal 

polynomials to capture change over time (Mirman et al., 2008). By adding the effects of the 

variables of interest on the polynomial terms, we can quantify the magnitude of their effects on 

statistically independent (i.e., orthogonal) aspects of the gaze proportion trajectory. In the GCA 

approach, the Level-1 model captures the overall gaze time course. Each of time terms reflect a 

specific aspect of gaze behavior. For this case, the intercept term reflects the average overall 

gaze proportion; the linear term reflects a monotonic change in gaze proportion (similar to a 

linear regression of gaze proportion as a function of time); the quadratic term reflects the 

symmetric rise and fall rate around a central inflection point (Mirman et al., 2008). The Level-2 

submodels capture the fixed effects of experimental conditions or group effects on the Level-1 

time terms. In the current study, we included the random effects of participants and items on 

This evening at the fashion show, the model  that noticed the designer surprisingly fell  during the evening gown 

showcase 

This evening at the fashion show, the model  that noticed the dress surprisingly fell  during the evening gown 

showcase 

INITIAL PP NP1 REL NP2 ADV VERB FINAL PP 
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intercept, linear, and quadratic time terms. Moreover, we added the random slopes for condition 

per subject to achieve a maximal random effects structure (Barr et al., 2013). Using the GCA 

approach, we added the fixed effects of variables of interest individually and we evaluated their 

effects on the model using model comparisons to see whether a particular variable imporved the 

model fit significantly. Improvements in model fit were evaluated using -2 times the change in 

log-likelihood, which is distributed as �� with degrees of freedom equal to the number of 

parameters added (Mirman, 2017). We conducted all analyses on the statistical software R-3.2.1, 

using the package LmerTest (Bates et al., 2014). 

Results and Discussion 

Offline comprehension performance 

Recall that after each trial, participants were asked a Yes/No question. For the question 

accuracy, the mixed-effects logistic regression model revealed an effect of condition in the AMC 

group showing, as expected, that they had significantly better performance in the inanimate (98% 

accuracy) than the animate (94% accuracy) condition (Estimate = 1.02, SE = 0.45, p < 0.05). 

However, while IWA’s means across conditions followed the same pattern of better performance 

in the inanimate (75% accuracy) condition (as compared to 69% accuracy for the animate 

condition), the same statistical model remained insignificant when tested for the IWA group 

(Estimate = 0.26, SE = 0.26, p = .32, see Table 3-3). This is likely due to the increased variability 

in performance for IWA across both conditions. 

Table 3-3. The mean proportion accuracy of comprehension questions across groups and conditions  
 Animate Inanimate 

AMC (n =11) 0.94 (0.28) 0.98 (0.14) 

IWA (n =11) 0.69 (0.46) 0.75 (0.43) 
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Real-time gaze analysis   

The subsequent analyses were completed on all trials, including those with correct and 

incorrect responses for offline comprehension questions; for a similar approach, see (Akhavan et 

al., 2022; Baker & Love, 2021). Analyses were focused on the condition differences between 

each group at specified windows of interest that were illustrated in Table 3-2. We first present a 

birds-eye view of the full time-course of the sentence in Figure 3-3; that is, gazes to each of the 

four AOIs throughout the time-course of each sentence in the animate and inanimate conditions. 

This time-course includes the initial activation of N1 in real-time (blue line, e.g., “the model”), 

followed by the deactivation of N1 and activation of N2 (red line, “the dress”/”the designer”), 

and finally the deactivation of N2 and expected re-activation of N1 at the gap site once the 

unaccusative verb was encountered (“fell").  
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Figure 3-3. Time course of gaze patterns for all four AOIs across the whole sentence for AMC (n=11) and 
IWA (n=11) in the animate condition (top) and inanimate condition (bottom).  Both groups show gaze 
proportions to the distractor items at the chance level 0.25. 

To begin, we want to note that neither AMC nor IWA participants showed gaze 

proportions to the two distractor items more than at chance level, which is 0.25 in this case 

(Figure 3-3, green line [Dis1] and purple line [Dis2]). Thus, statistical analyses were focused on 
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investigating the group differences (IWA versus AMC) on the proportion of gazes toward N1 

and N2. To investigate the group difference on proportion of gazes to N1 and N2, we ran a linear 

mixed effects model that included the group factor as the fixed effect and subjects and items as 

the random effects. The model confirmed a significant difference between the IWA and AMC 

such that the overall proportion of gazes to both N1 and N2 in IWA was revealed to be lower 

than AMC (Estimate = -.03, p < .05). This finding reveals expected group differences in lexical 

activation for IWA relative to AMC. Given the identified differences between the IWA and 

AMC in online and offline processing, we built separate multilevel models for each group to 

examine the sensitivity of listeners to semantic cues upon initial encounter (question 1) and 

downstream in the sentence (question 3). Further, given the overall lexical activation differences 

in IWA compared to AMC group, to confirm that individuals with aphasia were experiencing a 

delay in processing the semantic cue (question 2), we compared their processing to the 

unimpaired group which served as the baseline. The findings for each question are presented 

below: 

Result of Question 1: Sensitivity to lexical-semantic cues 

We examined whether participants in each group demonstrated sensitivity to the lexical-

semantic cue of animacy. We proposed that sensitivity to the lexical-semantic cue would yield a 

smaller interference effect in the inanimate condition where the noun-phrases are mismatching in 

animacy. In the eye-tracking paradigm, the interference effect is defined as an equivalent 

proportion of gazes toward related (N1) as well as intervening items (N2). We specified the 

window of analysis to occur at 200ms before the mean onset of the first N until 3000ms 

afterward (corresponding to the average offset of N2 –see Table 3-2). Gaze data by group (AMC, 

IWA) and condition (animate, inanimate) for processing N1 (target noun) and N2 (intervening 
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noun) are plotted in Figure 3-4. Of interest for this analysis is the average proportion of looks to 

N2 relative to N1 between conditions. A significant interaction of images (N1, N2) and condition 

(animate, inanimate) at the intercept level with a negative estimate would correspond to a smaller 

proportion of gazes toward N2 (i.e., a smaller interference effect) in the inanimate condition. 

Moreover, a significant interaction of the same parameters at the linear level with a positive 

estimate would correspond to a slower rate of N2 activation in the inanimate condition. 

AMC group. We first modeled gaze patterns for the AMC group. The linear mixed effect 

analysis revealed a significant effect of condition on gaze differences between the N1 and N2 for 

this group. These results (see Table 3-4) revealed that, as expected, the inanimate (mismatch) 

condition yielded reduced interference between N1 and N2 (Intercept: Estimate = -.16, p < .001; 

Linear: Estimate = .25, p < .001). This effect is apparent in Figure 3-4 in the steeper slopes of N1 

deactivation and N2 activation as well as the greater separation between N1 and N2 curves for 

the inanimate condition than the animate condition. 

Table 3-4. Results of GCA analysis for time window 1 (interference in embedded clause) within the AMC 
group. 

Predictors Estimates CI p 

Intercept 0.38 0.34 – 0.42 <0.001 
Linear -0.20 -0.38 – -0.02 0.031 
Image[N2] -0.08 -0.13 – -0.02 0.004 
Condition[Inanimate] 0.10 0.06 – 0.13 <0.001 
Linear*Image[N2] 0.45 0.21 – 0.69 <0.001 
Linear*Condition[Inanimate] -0.11 -0.24 – 0.02 0.095 
Image[N2]*Condition[Inanimate] -0.16 -0.18 – -0.14 <0.001 
Linear*Image[N2]*Condition[Inanimate] 0.25 0.13 – 0.37 <0.001 

Note: The table provides the test of the full model including the interaction of images and condition on the intercept 
and linear time terms within the AMC group. Results in boldface are presented in the text. 
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Figure 3-4. Gaze proportion differences between the animate and inanimate conditions within the AMC 
group […the model that noticed the designer…].  

IWA group. The same analysis approach was used for the IWA group, revealing highly 

similar results (see Table 3-5). Individuals with aphasia experienced a smaller interference effect 

in the inanimate condition, which is apparent in the significant interaction between condition 

(animate, inanimate) and the sentence constituent (N1, N2; Intercept: Estimate = -.12, p < .001; 

Linear: Estimate = .22, p < .001). As apparent in Figure 3-5, IWA also showed greater separation 

between the N1 and N2 curves in the inanimate than the animate condition. The results from 

both groups demonstrate the sensitivity of participants to the lexical-semantic manipulation. 

Table 3-5. Results of GCA analysis for time window 1 (interference in embedded clause) within the IWA 
group. 

Predictors Estimates CI p 

Intercept 0.34 0.30 – 0.38 <0.001 
Linear -0.00 -0.14 – 0.14 0.998 
Image[N2] -0.04 -0.09 – 0.00 0.062 
Condition[Inanimate] 0.05 0.02 – 0.08 <0.001 
Linear*Image[N2] 0.18 0.01 – 0.35 0.040 
Linear*Condition[Inanimate] -0.13 -0.24 – -0.02 0.025 
Image[N2]*Condition[Inanimate] -0.12 -0.14 – -0.10 <0.001 
Linear*Image[N2]*Condition[Inanimate] 0.22 0.11 – 0.32 <0.001 

Note: The table provides the test of the full model including the interaction of images and condition on the intercept 
and linear time terms within the IWA group. Results in boldface are presented in the text. 
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Figure 3-5. Gaze proportion differences between the animate and inanimate conditions within the IWA 
[…the model that noticed the designer/dress…]. 

Result of Question 2 – Time-course of sensitivity to the lexical-semantic cue 

Having shown that both groups are sensitive to the lexical-semantic cue presented in the 

inanimate condition, we more closely examined the time-course of sensitivity to it. Specifically, 

we asked whether IWA evince a temporal delay in their lexical processing as compared to 

AMCs. Within the same window of analysis that was examined for Research Question 1 (time 

window 1, see Table 3-2), we analyzed the deactivation pattern of N1. Faster deactivation of N1 

indicates faster disengagement from N1 upon hearing the N2 in the sentence. This 

disengagement shows that listeners are switching focus to the next item (N2) without 

experiencing competition between the two Ns. We used growth curve analysis to see if there was 

a time-course difference between IWA and AMC in disengagement from N1 in the inanimate 

condition. Results (see Table 3-6) reveal a significant difference of group on the rate of N1 

disengagement (Intercept:  Estimate = -0.09, 9 p < .05; Quadratic: Estimate = 0.27, p < .05). As 

seen in Figure 3-6, the IWA group had a lower intercept of overall gaze proportion and a 

shallower curvature of N1 deactivation compared to AMC who had a steep rise and fall of gaze 

pattern to N1. 
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Table 3-6. Results of GCA analysis for time window 1. Group differences in the time-course of 
sensitivity to the cue. 

Predictors Estimates CI p 

Intercept 0.49 0.42 – 0.56 <0.001 

Linear -0.37 -0.64 – -0.11 0.006 

Quadratic -0.49 -0.69 – -0.28 <0.001 

Group[IWA] -0.09 -0.17 – -0.01 0.022 

Linear*Group[IWA] 0.24 -0.06 – 0.55 0.110 

Quadratic*Group[IWA] 0.27 0.03 – 0.50 0.026 

Note: The table provides the test of the full model including the effect of group on the intercept, linear and quadratic 
time terms. Results in boldface are presented in the text. 

 
Figure 3-6. Comparing IWA with AMC on the timecourse of disengagement from N1 upon hearing N2 
[…the model that noticed the dress…]. 

Result of Question 3 – Downstream effect of the lexical-semantic cue on the dependency linking 

process  

Recall that at the gap-site once the unaccusative verb is reached (e.g., “fell”), successful 

dependency linking is evidenced as a re-activation of the N1. The gap-site window is specified to 

begin at the onset of the adverb that immediately precedes the verb (e.g., “surprisingly”) until 

2800ms afterward (time window 2, see Table 3-2). This allowed time for re-activation at the verb 

site as well as during the spillover region. In this window, we inspected the presence of an 

interference effect during dependency linking by analyzing the gaze proportion of N1 (target or 

to-be-retrieved noun) relative to N2 (intervening noun). According to the cue-based parsing 

approach, upon encountering the verb, retrieval cues are triggered to search for a direct-object 
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noun (N1), however, there is an additional N whose features overlap with the target creating 

competition between the target (N1) and the non-target noun (N2). Of importance is how the 

animacy of N2 is modulating the reactivation pattern of N1 and the interference effect of the 

intervening noun item in each group. To understand the downstream effect of the animacy 

manipulation at the gap site, for each group we built separate models and included the interaction 

of fixed effects of images (N1, N2) and condition. Of interest for the analysis here was the 

deactivation pattern of N2 as N1 was reactivated. We expected a steeper fall of N2 relative to N1 

in the inanimate compared to the animate condition.  

AMC group. The individual parameter estimates for the AMC group (Figure 3-7, Table 3-

7) revealed a significant effect of condition on the difference between N1 and N2 at the linear 

level (Estimate = -.4, p <.05). This suggested a faster rate of deactivation for N2 relative to N1 in 

the inanimate condition compared to the animate condition. This faster deactivation is evident in 

Figure 3-7 in terms of steeper N2 deactivation and N1 activation slopes after the verb offset in 

the inanimate condition, as well as a greater difference in fixations to N1 versus N2 towards the 

end of the time window.  This finding shows a clear influence of the pre-verbal lexical-semantic 

animacy cue on post-verbal dependency linking.  

Table 3-7. Results of GCA analysis for time window 2 (dependency processing) within the AMC group. 
Predictors Estimates CI p 

Intercept 0.33 0.28 – 0.39 <0.001 
Linear 0.23 0.04 – 0.43 0.018 
Quadratic 0.13 0.01 – 0.26 0.038 
Image[N2] 0.10 0.02 – 0.17 0.017 
Condition[Inanimate] 0.02 -0.01 – 0.04 0.274 
Linear*Image[N2] -0.33 -0.61 – -0.06 0.016 
Quadratic*Image[N2] -0.32 -0.50 – -0.15 <0.001 
Linear*Condition[Inanimate] 0.20 0.10 – 0.31 <0.001 
Quadratic*Condition[Inanimate] 0.07 -0.03 – 0.17 0.187 
Image[N2]*Condition[Inanimate] -0.04 -0.07 – -0.02 0.001 

Linear*Image[N2]*Condition[Inanimate] -0.37 -0.51 – -0.24 <0.001 

Quadratic*Image[N2]*Condition[Inanimate] -0.06 -0.20 – 0.07 0.347 

Note: The table provides the test of the full model including the interaction of images and condition on the intercept, 
linear, and quadratic time terms within the AMC group. Results in boldface are presented in the text. 
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Figure 3-7. Gaze proportions of AMC individuals to the target (N1) and intervening (N2) items at the gap-
site […surprisingly fell during the evening gown…]. 

IWA group. The individual parameter estimates for IWA (Figure 3-8, Table 3-8) also 

revealed a significant effect of condition on the difference between N1 and N2 deactivation 

(Estimate = -.3, p <.05). In IWA, while Figure 3-8 reveals no clear differentiation between looks 

to N1 and N2 during post-verbal dependency linking, reflecting the expected similarity-based 

interference, the N1 is clearly reactivated while the N2 is deactivated in the inanimate condition. 

Thus overall, these results indicate a reduced interference effect of N2 in the inanimate condition 

for both groups. 

Table 3-8. Results of GCA analysis for time window 2 (dependency processing) for the IWA group. 
Predictors Estimates CI p 

Intercept 0.33 0.28 – 0.38 <0.001 
Linear 0.08 -0.07 – 0.23 0.279 
Quadratic 0.05 -0.04 – 0.14 0.241 
Image[N2] 0.01 -0.05 – 0.08 0.693 
Condition[Inanimate] 0.01 -0.02 – 0.04 0.570 
Linear*Image[N2] -0.12 -0.33 – 0.08 0.241 
Quadratic*Image[N2] -0.05 -0.17 – 0.08 0.475 
Linear*Condition[Inanimate] 0.10 -0.00 – 0.20 0.060 
Quadratic*Condition[Inanimate] 0.10 0.02 – 0.19 0.015 
Image[N2]*Condition[Inanimate] -0.04 -0.06 – -0.02 <0.001 

Linear*Image[N2]*Condition[Inanimate] -0.27 -0.39 – -0.16 <0.001 

Quadratic*Image[N2]*Condition[Inanimate] -0.28 -0.39 – -0.17 <0.001 

Note: The table provides the test of the full model including the interaction of images and condition on the intercept, 
linear, and quadratic time terms within the IWA group. Results in boldface are presented in the text. 
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Figure 3-8. Gaze proportions of IWA individuals to the target (N1) and intervening (N2) items at the gap-
site […surprisingly fell during the evening gown…]. 

Discussion  

In the current study, we examined whether unimpaired listeners and individuals with 

aphasia can use lexical-semantic cuing in real-time during comprehension of canonical 

unaccusative sentences that require long-distance dependency linking. First, we examined the 

sensitivity of listeners in both groups to a lexical-sematic animacy cue. Second, we examined the 

time course of processing the lexical-semantic cue and its effects on N1 activation and 

deactivation in individuals with aphasia compared to the age-matched unimpaired control 

individuals. Third, we assessed whether the lexical-semantic cue has a downstream effect on 

dependency linking at the gap-site for both groups. We used animacy as the semantic cue to 

reduce the similarity-based interference effect. We employed an eye-tracking visual world 

paradigm to capture the real-time processing stream during auditory comprehension. We 

confirmed our predicted hypothesis that listeners in both groups would be sensitive to the 

semantic-lexical cue in the inanimate condition. We also confirmed our predicted hypothesis for 

individuals with aphasia that they would show sensitivity to the lexical-semantic cue, but with a 

delay in processing. Finally, we confirmed in both groups that the lexical-semantic cue resulted 
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in significant reduction in a similarity-based interference effect throughout the sentence 

processing stream, with markedly changed gaze patterns during dependency linking at the gap-

site.  

Sensitivities to lexical-semantic cues across the sentence processing timeline (research questions 

1 and 3) 

Our results from both AMC and IWA confirmed the predictions of the similarity-based 

interference approach. We found that IWA were experiencing an interference effect during real-

time dependency linking and integration. Specifically, in windows where the argument verbs had 

to be specified (time window 1 and 2, see Table 3-2), IWA showed a lack of ability in 

distinguishing each noun phrase (See Figures 3-6 and 3-8). However, when the level of 

competition was reduced (via a semantic-animacy manipulation), IWA showed a facilitation 

effect, as they were able to distinguish between the two noun phrases and reactivate the 

antecedent (N1) at the gap-site. These results revealed that IWA were able to access the lexical-

semantic representation of the words and used it during their auditory processing in real-time. 

However, vulnerability in the processing system of IWA was apparent when there was a 

potential case of interference in the animate condition. This is in line with predictions of the 

Relativized Minimality approach (Friedmann et al., 2009) and the Intervener hypothesis (Engel 

et al., 2018; Sheppard et al., 2015), which emphasize that computing the dependency relationship 

for IWA between two elements becomes more difficult because the structurally similar 

intervener can pose competition for the to-be-retrieved target item during the dependency 

linking. 
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Timecourse of sensitivity to the lexical-semantic cues (research question 2) 

Individuals with aphasia were shown to be sensitive to the animacy information, even 

though they appeared to process it slower than neurologically unimpaired participants, as was 

apparent in delayed deactivation of N1 in IWA when N2 was encountered. The delay in 

processing of IWA has also been shown using other methodologies. For instance, using a self-

paced listening task, DeDe (2012) found that IWA (individuals with anomia) have delayed 

processing of lexical-semantic and prosodic information (DeDe, 2012). Moreover, in a study 

using Event-related potentials (ERP), Sheppard and colleagues found that IWA (individuals with 

agrammatism) showed a delayed N400 effect (Sheppard et al., 2017). In this ERP study, the 

individuals with agrammatism were unable to integrate semantic and prosodic cues to predict 

upcoming syntactic structure and prevent garden path effects in sentences with incongruent 

prosody. These findings converge with the current findings of overall lower offline 

comprehension accuracy in IWA, particularly in the animate condition; further, they confirm that 

a delay in lexical processing can negatively impact sentence processing success (Choy & 

Thompson, 2009; Dickey et al., 2007; Love et al., 2008; Thompson & Choy, 2009). The nature 

of this delay in processing lexical-semantic representations can have a multifactorial etiology. 

Jefferies and Lambon Ralph (Jefferies & Lambon Ralph, 2006) have proposed that deficits in 

processing can reflect impairments of “semantic control processes”. Such semantic control 

processes allow task- and context-relevant aspects of knowledge to be brought to the fore, while 

irrelevant information is suppressed (Jefferies, 2013; Jefferies & Lambon Ralph, 2006; Jefferies 

et al., 2008; Mirman & Britt, 2014). In case of left-hemisphere stroke, damage to networks 

comprising inferior prefrontal cortex, posterior middle temporal gyrus and the intraparietal 

sulcus (Noonan et al., 2013; Rodd et al., 2005; Thompson-Schill et al., 1997) results in an 

impaired ability to inhibit irrelevant semantic information, to retrieve weak or less automatic 
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semantic associations and to resolve competition between multiple competing representations 

(Paul Hoffman et al., 2011; Jefferies & Lambon Ralph, 2006; Noonan et al., 2010). For a full 

discussion of these control processes, see (Hoffman, 2018; Hoffman et al., 2009; Hoffman et al., 

2013; P. Hoffman et al., 2011). 

Limitations and implications 

 There are limitations to the current study that can be addressed in future research. First, 

there were a relatively small number of participants within the aphasia group. This is particularly 

important because inter-participant variability is inherent in individuals with aphasia, thus it is 

essential that the questions in the current study be addressed with a larger number of participants 

in future studies. Second, our study did not specifically investigate the nature of the underlying 

memory and cognitive control system supporting individual differences in sensitivity to the 

semantic cue and in the response timecourse during sentence comprehension. Finally, our study 

did not specifically examine which lesion characteristics impacted the extent of benefiting from 

the lexical-semantic cueing in real-time. We believe that the current study makes an important 

initial contribution in suggesting that a semantic cue at the sentence level, specifically an 

animacy-mismatch between a target and intervening noun, can considerably and reliably support 

sentence processing in an initial group of individuals with aphasia. This finding will provide a 

useful basis for new research and has clear implications for intervention in IWA. Specifically, in 

interventions targeting complex sentence processing in IWA, an initial step to increase 

comprehensibility of a sentence may be an animacy mismatch between nouns as was undertaken 

here. Instead, if the clinician desires that the client focus solely on syntactic processes, an 

animacy match between noun constituents may be a valuable strategy.  
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Conclusions 

The current study improves our understanding of how lexical-semantic representations 

are encoded and processed during language comprehension in neurologically unimpaired as well 

as impaired populations. Here we demonstrate that reduction in representational interference via 

a semantic manipulation can facilitate the syntactic processing of unimpaired populations and 

those with aphasia. However, disruption in the timely activation of lexical representations can 

slow down the IWA’s sensitivity to cues in real-time processing. 
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Chapter 3, in full, is a reprint of material that is currently under review for publication in 

the Journal of Neurolinguistics. The dissertation author was the primary investigator and author 

of this paper. 
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CHAPTER 4  

Functional Contributions of the Prefrontal Cortex Tracts to Real Time Sentence Processing 

  



m 

89 
 

Introduction 

The left inferior frontal region has been implicated in numerous processes, such as 

semantic processing, phonological segmentation, phoneme-to-grapheme conversional processes, 

and conflict-resolution processes among others; see (Nozari & Thompson-Schill, 2016) for 

citations therein. Yet, there is an ongoing debate as to the functional role of the left inferior 

frontal region in sentence processing. Existing findings suggest that syntactic and semantic 

processes can occur with the contribution of left posterior-superior temporal gyrus, posterior-

middle temporal gyrus (Friederici et al., 2003; Yi G. Glaser et al., 2013; Hagoort, 2005), and 

without the involvement of the left inferior frontal gyrus when sources of interference are not 

present (Y. G. Glaser et al., 2013; Matchin & Hickok, 2020; Matchin & Rogalsky, 2017). 

Moreover, individuals with frontal damage in the left hemisphere can show good comprehension 

of sentences with low conflict (Novick et al., 2009). Yet, alternative accounts indicate that lesion 

in the inferior frontal gyrus in the left hemisphere can modulate sentence processing regardless 

of conflict resolution demands when the process is measured using online approaches 

(Fedorenko & Blank, 2020; Friederici & Gierhan, 2013; Hagoort, 2005; Love et al., 2008; 

Nozari et al., 2016; Vuong & Martin, 2015). For instance, in an eye-tracking study, individuals 

with damage in the inferior frontal regions but intact temporo-parietal regions showed less 

sensitivity to contextual information (e.g., sentences with the restrictive verb /eat/ compared to 

the non-restrictive verb /see/ in “She will eat/see the apple.”) to locate the target (/apple/) when 

conflict resolution demands were minimal (Nozari et al., 2016). The results of this study, which 

was interpreted under the framework of the Drift Diffusion Model (Ratcliff et al., 2004; Ratcliff 

& Rouder, 2000), indicated that when the frontal region, in particular in left hemisphere, is 

intact, it can affect the drift rate or activation gain parameter by boosting the associations 

between the bottom-up cues (/eat/) and the target (/apple/). Drift rate is defined as the rate of 
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accumulation of information, and it is determined by the quality of the information extracted 

from the stimulus. Therefore, left frontal regions can play a role in sentence comprehension by 

facilitating the processing of association when no overt conflict resolution demands are posed. 

The present study addresses this debate by taking a multi-modal approach and focusing on the 

white matter tracts that pass through the frontal region. Here, we examined the online processing 

of individuals with aphasia via an eye-tracking-while-listening paradigm and combined it with 

information about the structural integrity of specific tracts via Diffusion Tensor Imaging (DTI) 

techniques. The overarching goal of the current study is to investigate whether the integrity of 

four tracts that pass through the prefrontal cortex, namely the arcuate fasciculus (AF), frontal 

aslant tract (FAT), uncinate fasciculus (UF), and inferior fronto-occipital fasciculus (IFOF) in 

left hemispheres is predictive of real-time sentence processing performance in individuals with 

aphasia. Moreover, the integrity of these homologous (right hemisphere) tracts are also evaluated 

to examine their role in sentence processing. 

Arcuate Fasciculus 

The arcuate fasciculus (AF) is a white matter fiber bundle that connects the IFG to 

temporo-parietal regions. The AF is currently known as the most crucial tract for language 

processing (Catani et al., 2005; Dronkers et al., 2007; Dronkers et al., 2000). Most studies still 

consider the AF as one indivisible entity following classical language models (Geschwind, 1970; 

Wernicke, 1874). Recent research has highlighted the multifactorial role of different segments of 

the AF in language processing (see Figure 4-1). According to previous studies, the anterior part 

of the AF which extends from Broca’s area to inferior parietal areas is crucial for expressive 

language abilities, such as fluency and naming (Bates et al., 2003; Fridriksson et al., 2013; 

Gajardo-Vidal et al., 2021; Wang et al., 2013) as cited in (Ivanova et al., 2021). The posterior 
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part which connects the inferior parietal areas with Wernicke’s area is associated with lexical-

semantic processing (Ivanova et al., 2016) as well as comprehension (Wilson et al., 2011). 

Moreover, Friederici and Gierhan (2013) indicated that the long segment of the AF that connects 

the superior temporal gyrus (STG) to Broca’s area (BA 44, pars opercularis) is involved in 

complex syntactic processing (Friederici & Gierhan, 2013). Recently, Ivanova et al. (2021) 

revisited the function of the segments of the AF for language processing using a more advanced 

tractography algorithm relying on High Angular Resolution Diffusion Imaging. The authors 

demonstrated that the microstructural integrity of the anterior segment related to fluency and 

naming; the posterior segment linked to comprehension; and the long segment of the AF 

contributed to naming abilities (Ivanova et al., 2021). In addition to characterizing the role of the 

AF in the left hemisphere, few studies have indicated that AF in the right hemisphere may play a 

compensatory role in language processing. Schlaug and colleagues (2009) found an increase in 

the volume of the right AF in individuals with chronic aphasia following Melodic Intonation 

Therapy, which indicates the importance of contralesional hemisphere for long-term recovery 

(Schlaug et al., 2009). In another study, using a general assessment of aphasia severity, 

researchers showed that the volume of the long part of the AF in the right hemisphere when 

evaluated at 2 weeks post-onset was aossociated with the language outcome at 6 months (Forkel 

et al., 2014). Other research, however, were unable to show a similar relationship between right 

hemisphere tracts and residual linguistic abilities (Geva et al., 2015; Ivanova et al., 2016). Future 

studies are needed to elucidate further the contribution of the AF segments in the contralesional 

hemisphere to sensitivity to language interventions and, ultimately language outcome in aphasia. 
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Figure 4-1. Tractography dissections of the three segments of the arcuate fasciculus. Image taken from 
(Catani et al., 2016). 

Frontal Aslant Tract 

One recently discovered tract within the network models of speech and language 

processing is the frontal aslant tract (FAT). This tract runs from the supplementary motor area to 

the pars opercularis of the IFG (Catani & De Schotten, 2012; Catani et al., 2016) (see Figure 4-

2). Within the domain of speech and language processing, the FAT has been commonly 

associated with verbal fluency, initiation and inhibition of speech, sentence production, and 

lexical decision, working memory and attention. Several studies showed that the FAT is related 

to performance on verbal fluency tasks (Kinoshita et al., 2015; Li et al., 2017). The lesion load of 

the FAT was negatively correlated with both semantic and phonological fluency task 

performance in stroke patients (Li et al., 2017). Moreover, tumor resection in proximity to the 

FAT has similarly been shown to be associated with transient deficits on semantic and 

phonological fluency tasks (Kinoshita et al., 2015). It has been hypothesized that the FAT is also 

critical for lexical selection and retrieval because of the roles of the two cortical areas it connects 

(Robinson et al., 1998; Satoer et al., 2014). In addition, it is suggested that FAT has functional 

implication for working memory. Varriano and colleagues evaluated the function of FAT in the 

right and left hemisphere by selecting four groups of participants from a total of 900 subjects 
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according to their performance in language and working memory tasks. The authors reported 

statistically significant differences in the volume of the left FAT between the groups of best 

performers versus worst performers in the language task and of the right FAT between top 

performers and bottom performers for 2-back5 working memory task, but not for the 0-back 

working memory task(Varriano et al., 2020). In terms of language comprehension abilities, 

researchers did not find an association between the FAT and measures of overall language 

impairment, grammar deficit, repetition or single word comprehension as measured respectively 

by Western Aphasia Battery Aphasia Quotient, Northwestern Anagram Test Western Aphasia 

Battery Repetition and Peabody Picture Vocabulary Test. This calls for further research as 

sentence processing relies on lexical retrieval and working memory capacities that FAT has 

previously been associated with. Given the methodology used here to capture sentence 

processing in real-time, it is important to examine whether integrity of the FAT is indicative of 

an individual’s sensitivity to lexical-semantic cues during sentence comprehension. 

 
 

Figure 4-2. Tractography dissections of the frontal aslant tract. Image taken from (Dick et al., 2014). 

                                                 
 
 
 
5 The n-back tasks entail presentation of a series of visual stimuli in which the subjects are asked to 

determine whether it corresponds a stimulus n trials ahead (20). 
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Uncinate Fasciculus 

The uncinate fasciculus (UF) is a long-range fiber tract that connects the frontal and 

temporal lobes. The UF is traditionally considered to be part of the limbic system (see Figure 4-

3). The shape of the UF is similar to a hook that arcs around the Sylvian fissure (Schmahmann et 

al., 2007). The left UF has been associated with language function by numerous researchers 

because it connects regions of the brain that are implicated in language processing, namely: the 

anterior temporal lobes and portions of the inferior frontal lobes. Both structures are known to be 

involved in encoding, storing, and retrieving semantic knowledge (Catani & Mesulam, 2008). 

Based on this anatomy, it was proposed that the UF, particularly on the left, was part of the 

ventral language pathway and that it relays sensory information about objects from ventral 

temporal cortex to language supporting regions in the lateral frontal lobe (Parker et al., 2005). In 

a similar vein, Harvey and colleagues (2013) reported that the UF mediates semantic control 

during word comprehension by connecting regions specialized for cognitive control with those 

storing word meanings (Harvey et al., 2013). However, other researchers disagree with this 

geographical indication of the functional role of the UF in language processing (Duffau et al., 

2009). It is argued that the UF does not connect the specific region of the frontal lobe known to 

be critical for language processing, namely the inferior frontal gyrus, to the anterior temporal 

lobe. Instead, the UF connects regions in the ventral and medial frontal lobe to the anterior 

temporal lobe and surrounding structures that are not commonly associated with linguistic 

function. Therefore, there is still a need for further research to clarify the specific role that the 

UF may play in language processing. Yet, there is some evidence that UF plays a minor 

supporting role, particularly in lexical retrieval of semantic knowledge. For instance, Yang et al. 

(2015) examined the relationship between different tracts and language outcomes (auditory word 
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and sentence comprehension) in 40 individuals with chronic post-stroke aphasia(Shihui Xing et 

al., 2017). The authors reported that the integrity loss in the UF was significantly related to 

word-level comprehension deficits. Therefore, damage to the connectivity between the prefrontal 

and temporal regions can lead to severe deficits of semantic control. Given that the real-time 

lexical-semantic processing is the targeted language outcome in the present study, it is important 

to examine whether the integrity of UF can indicate individual’s variability in benefiting from 

the lexical-semantic cues during sentence comprehension. 

 
Figure 4-3. Tractography dissections of the uncinate fasciculus. Image taken from (Kierońska et al., 2020) 

Inferior Fronto-Occipital Fasciculus 

The Inferior Fronto-Occipital Fasciculus (IFOF) is commonly described as the longest 

associative bundle that connects various parts of the occipital cortex, temporo-basal area and the 

superior parietal lobule to the frontal lobe through the external/extreme capsule complex (see 

Figure 4-4). The functional role of the IFOF in language is suggested to be serving as the 

principal pathway for a ventral semantic system. This finding is proposed by Duffau and 

colleagues (Duffau, 2008; Duffau et al., 2005) by showing that semantic paraphasias can be 

induced by electrical stimulation of the IFOF. The evidence for this finding came from patients 

performing a picture naming task while undergoing neurosurgery. Moreover, Turken and 

Dronkers (2011) extended this idea by proposing the possibility that semantic selection 
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processes, relying on top-down signals from the inferior frontal gyrus to temporal lobe, are in 

fact disrupted during IFOF stimulation, causing the semantic misnaming errors observed by 

Duffau and colleagues (Turken & N. F. Dronkers, 2011). Furthermore, Yang and colleagues 

(2017) who examined the functional role of the IFOF in stroke survivors found that reduced 

IFOF integrity was significantly associated with both word- and sentence-level comprehension 

deficits(S. Xing et al., 2017). These researchers also found that the IFOF related not only to 

word-level comprehension but also to sentence-level comprehension after regressing out word-

level deficits. As a result, they proposed that the IFOF, with its long course from the inferior 

frontal lobe through the temporal lobe, could be involved in linking control areas of the frontal 

lobe to multiple levels of semantic representations in the temporal lobe (Binder et al., 2009; A. 

Turken & N. Dronkers, 2011). Altogether, previous research suggests that the IFOF plays a role 

either in multi-level semantic processing or in domain general processes such as cognitive 

control that subserve language comprehension. Yet, it is important to examine whether the 

integrity of IFOF is indicative of individual’s responses to lexical-semantic interference 

processes during sentence comprehension. 

 

Figure 4-4. Tractography dissections of the inferior fronto-occipital fasciculus. Image taken from (Yeh et 
al., 2018). 
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Current study 

The overarching goal of the current study is to provide a functional evaluation of the AF, 

FAT, UF and IFOF in both left and right hemispheres for sentence processing in a series of cases 

with chronic post-stroke aphasia. Specifically, the aims of the study are to: 

(1) Explore whether damage to the either of left hemisphere tracks namely AF, FAT, UF, 

IFOF contributes to real-time sensitivity to lexical-semantic processing in individuals with 

chronic post-stroke aphasia. 

(2) Explore whether variations in the integrity of any of the right hemisphere tracts 

namely AF, FAT, UF, IFOF contribute to real-time sentence processing deficits in aphasia. 

To explore these questions, we ran a qualitative case series study with 5 individuals with 

aphasia who took part in the eye tracking paradigms (chapters 2 and 3) and Diffusion Tensor 

Imaging. This study utilized data from individuals’ performance on two eye-tracking 

experiments, lesion volume in IFG and the temporo-parietal regions, and the integrity (i.e., 

fractional anisotropy) of the FAT, UF, IFOF and anterior segments of the AF, in both 

hemispheres at the individual level. In the eye-tracking paradigms in each study, we were 

interested in capturing each individual’s sensitivity to the semantic cue. This sensitivity is 

operationalized as the magnitude of reduction of interference in the experimental condition (upon 

encountering the semantic cues) as compared to the control condition. Given that there is 

evidence for the role of posterior and long segments of the AF in lexical-semantic and sentence 

level processing, the first hypothesis here is regarding the anterior segment of the AF. It is 

hypothesized that greater damage or reduction in the integrity of the anterior segment of the AF 

in the left hemisphere will result in less sensitivity and ability to benefit from the lexical-

semantic cues during sentence comprehension, similar to individuals that have temporo-parietal 

deficits. Thus, there should not be differences between experimental and control conditions. The 
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FAT’s role has not yet been investigated in sentence processing alone but given the data 

demonstrating its role in working memory and lexical retrieval, it is hypothesized that its 

functionality in the left hemisphere will be related to the magnitude of the benefit from the 

semantic manipulations that were used in the experiments presented here. Moreover, given that 

there is evidence for the role of UF on semantic control, it is hypothesized that the extent to 

which participants benefit from the lexical-semantic cues will be associated with the degree of 

integrity of this tract in the left hemisphere. Given the evidence for the role of the IFOF in 

sentence comprehension, we hypothesize that the integrity of the left IFOF will be indicative of 

the extent of individual’s benefit from the lexical-semantic cues. Based on findings in the 

literature, right hemisphere tracts are not hypothesized to reveal an effect between their integrity 

and real-time sensitivity to the lexical-semantic cue during sentence comprehension. 

Methods 

Participants 

For years, the Language and Neuroscience Group and Laboratory for the Brain Dynamics 

of Language at San Diego State University have been working with stroke survivors who have 

post-stroke speech and language deficits. Those with left hemisphere lesions who participate in 

research at these laboratories undergo neuroimaging and comprehensive language testing with 

their IRB-approved consent in accordance with the San Diego State University ethical board. In 

the last three years, a diffusion-tensor imaging sequence was added to their scanning protocol, 

yielding a group of fifteen successively scanned participants with aphasia (PWA) following a left 

hemisphere stroke. Of these 15 patients, 5 have also participated in two eye-tracking tasks (see 

chapters 2 and 3). These participants were proficient monolingual English speakers prior to their 

stroke. All participants had a single stroke. Patients in this sample presented with a wide range of 
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speech and language deficits. The neurological evaluations included the standardized aphasia 

examinations: the Boston Diagnostic Aphasia Examination [BDAE-version 3] ((Goodglass et al., 

2001), the Western Aphasia Battery-Revised [WAB-R] (Kertesz, 2007), S.O.A.P. Test of 

Sentence Comprehension (Love & Oster, 2002). The BDAE-version 3 is scored on a scale of 0-

5, where the score of 0 indicates no usable speech or auditory comprehension and the score of 5 

indicates minimal discernable speech handicap. The WAB-R is measured based on aphasia 

quotient which is a weighted average of all subtest scores relating to spoken language, the score 

within the range of 0-25 indicate very severe aphasia, 26-50 indicate severe aphasia, 51-75 is 

moderate aphasia, and 76+ is indication of mild aphasia. The S.O.A.P test includes examination 

of individual’s performance on four different sentence types (Subject relative, Object relative, 

Active, and Passive). The score is measured by average percent correct on all items or per 

sentence group. Results of these assessments measures are described in detail with each case in 

the results and it can also be seen in Table 4-1. Moreover, the estimated lesion load to three 

cortical language areas: frontal, temporal, and parietal cortex are reported in Table 4-2 based on 

the Automated Anatomical Labeling Atlas. 
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Table 4-1. Characteristics of individuals with aphasia (n =5). 

Cases Sex 

Years 

Post-

Stroke 

Age at 

Testing  

Years of 

Education 

Aphasia 

Subtype 

Lesion 

Location 

BDAE-

v3  

WAB-

R  
AQ 

SOAP-

SR 

(%) 

SOAP- 

OR (%)

009 M 15 55 17 
Mixed 
non-
fluent 

Large L 
lesion, 

IFG (BA 
44/BA45) 

w/ 
posterior 

4 67.7 60% 40 

017 M 18 66 15 Anomic 

L anterior 
cerebral 

and 
middle 
cerebral 
infarct 

4 95.4 100 90 

101 M 9 67 20 Broca 

Large L 
lesion 

posterior 
IFG (BA 

44) w/ 
posterior 

2 82.6 100 30 

130 M 8 63 16 
Broca 

/Anomia 

L IPL with 
posterior 

ext. 
sparing 

STG 

4 90.5 75 55 

151 F 7 65 16 Anomic 

L MCA 
infarct 
with 

subcortical 
extension 

4   95.8  100 100 

Note: L = left; LH=left hemisphere; BA= Brodmann area; IPL= inferior parietal lobule; STG= superior temporal 
gyrus; MCA= middle cerebral artery; BDAE= Boston Diagnostic Aphasia Examination (0 = no usable speech or 
auditory comprehension, 5 = minimal discernable speech handicap); SOAP-SR= Average percent correct on subject 
relative items from the SOAP Test of Auditory Sentence Comprehension; SOAP-OR= Average percent correct of 
object relative items from the SOAP Test of Auditory Sentence Comprehension. 

Table 4-2. Percentage of lesion in the critical language regions.  

 009 017 101 130 151 

Frontal 15.55 10.20 11.08 0.00 2.74 

Temporal 58.88 49.01 49.83 9.18 4.09 

Parietal 39.82 28.77 35.29 4.58 2.65 

 

Note: The frontal language area was defined as the inferior frontal gyrus, including both pars opercularis and pars 
triangularis. The temporal language area was based on the superior temporal gyrus posterior division and the middle 
temporal gyrus posterior division. The parietal language area included the angular gyrus and the supramarginal 
gyrus (both the anterior and the posterior divisions). For each participant, lesion load for each area (i.e., the 
percentage of the area covered by the lesion) was calculated. 
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Real-time Sentence Processing task 

This multimodal study included behavioral (Visual-world eye tracking while listening 

paradigm) and structural neuroimaging (Diffusion Tensor Imaging). The behavioral portion of 

the study is extensively described in chapters 2 and 3 but is briefly reviewed below.  

In study 2, the experiment included non-canonical sentences in which the target noun-

phrase were manipulated by adding a semantically biasing adjective to boost representational 

access (see Figure 4-5). In this experimental setup, two different sets of adjectives were chosen 

that were matched for syllable length, lexical frequency and phonemic onset. In the Biased 

condition, the adjective was uniquely associated with the target (/snake/), not the distractor 

images. These sentences were compared to the control condition which contained a Neutral 

semantic adjective that did not uniquely link to the target. For this within-subject design 

experiment, 60 non-canonical sentences were used. 

 

Figure 4-5. Example of experimental sentence and visual stimuli of study 2. 

In study 3, this experiment included canonical sentences with long-distance dependencies 

that manipulated the animacy of the noun-phrases to mismatch and to reduce the similarity-based 

interference effects (see Figure 4-6). In this experimental setup, the sentences were manipulated 

to differ in the similarity between the semantic features of the two noun-phrases embedded in the 
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sentence, resulting in two experimental conditions. In the Animate condition, both noun-phrases 

(e.g., /the model/ and /the designer/) were animate entities while in the Inanimate condition there 

was a mismatch in animacy between the two noun phrases (e.g., /the model/ and /the dress/). 

Each sentence was followed by a yes/no comprehension question (e.g., Did the model fall?). For 

this within-subject design experiment, 60 subject-relative sentences were used. 

 

Figure 4-6. Example of experimental sentence and visual stimuli of study 3. 

Structural Neural Imaging 

Diffusion tensor imaging (DTI) is a magnetic resonance imaging (MRI) technique that 

captures the macrostructure of the white matter in vivo and provides unprecedented insight into 

the existence and nature of white matter abnormalities. By using existing MRI technology, DTI 

provides image contrast through measurement of the diffusion properties of water within tissues 

(Charles-Edwards & Nandita, 2006). Moreover, DTI is it can provide data on the orientation and 

quantitative anisotropy of water molecules that diffuse differently along the tissues determined 

by the type, integrity, architecture, and presence of barriers in that tissue (Chenevert et al., 1990; 

Moseley et al., 2002) as cited in (Soares et al., 2013). More specifically, diffusion in white matter 
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is anisotropic (directionally dependent) whereas in gray matter is usually less anisotropic and in 

the Cerebrospinal fluid is isotropic which means its flow is unrestricted in all 

directions(Hagmann et al., 2006; Song et al., 2002). The section that follows provide more 

information regarding the protocol used for DTI implementation. 

Data Acquisition 

T1 and T2-weighted scans, as well as diffusion imaging (DTI), were acquired with 

SDSU’s 3T Siemens Prisma scanner with a 32-channel head coil. For T1 scans, 3D T1 weighted-

images were acquired using an MP-RAGE (magnetization-prepared rapid gradient echo) 

protocol with 1 mm3 isotropic resolution (TR= 2300, TE = 2.98 ms, flip angle = 9°; FOV = 256 

mm; 176 sagittal slices imaging matrix = 256 x 256). The T2 weighted images were acquired 

with the same imaging resolution, with the TR = 3000, TE = 409 ms. Diffusion-tensor imaging 

sequences were collected with the following parameters: TR = 3100 ms, TE = 55 ms, flip angle = 

90°, b = 1000 s/mm2, 64 directions, 10 b0, FOV = 256 mm, voxel size 2 × 2 × 2 mm, 70 slices, 

bandwidth = 2053 Hz/voxel, and GRAPPA factor = 2.  

Lesion Reconstruction 

The participants’ lesions were traced directly onto the patient’s native T1-weighted 

images using ITK-snap software (Yushkevich et al., 2006). During this procedure, the T2-

weighted was co-registered to the T1 images to verify lesion boundaries. The lesion masks were 

used to ensure that reconstructed tracts did not cross the lesion boundaries. 

DTI Data Processing 

Before the DTI data can be analyzed, several denoising steps needs to be taken. In the 

current study, diffusion-tensor imaging data were first preprocessed using (1) a fieldmap 
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correction to resolve geometric distortion and loss of signal (FSL ver. 5.09, Jenkinson et al., 

2012); (2) movement and eddy current corrections (FSL ver. 5.09, Jenkinson et al., 2012); (3) 

DIPY: Self-Supervised Denoising via Statistical Independence to separate structure from noise; 

(4) DIPY: Suppress Gibbs oscillations to remove truncation artifact or ringing artifact that is a 

common type of MRI artifact. Next, using ExploreDTI (Leemans et al., 2009) deterministic 

streamline tractography was done using these parameters: ALFA – 1.8, iterations – 300, n – 

0.002, r – 15, ABS threshold – 0.003, step size (mm) – 0.5, angle threshold – 35, minimal length 

(mm) – 50. This enables reconstructing of fiber direction within a voxel. 

Manual Tract Segmentation 

To ensure each of the segmentations were done in a way that respected the individuality 

of each individual’s brain structure, in vivo manual tract dissections of the AF, FAT, UF and 

IFOF from whole brain tractograms in native space were completed using TrackVis ver. 0.6.1 

(Wang et al., 2007). In collaboration with Yusheng Wang, we performed the reconstructions for 

the abovementioned tracts in the left and right hemispheres according to the criteria outlined in 

(Ivanova et al., 2021; Zhong et al., 2022). The reconstructions were then reviewed and revised 

together with supervisors Dr. Stephanie Ries and Dr. Maria Ivanova. 

Segmentation of Arcuate Fasciculus (AF) 

The AF in both hemispheres were manually reconstructed in native space using 3-

segment Catani model (Catani et al., 2005) as described in (Ivanova et al., 2021). We used this 

model to be able to reconstruct a modified version of the AF complex. This process entailed 

using 3 ROIs that best highlight the connection between different lobes to segment the three 

branches of the AF (see Figure 4-7 for ROI placement and an example of AF segmentation in the 

right hemisphere). Here is the description of the three ROIs that we used: (1) Frontal ROI – we 
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placed a 2D disk on the coronal slice at the front of the frontal lobe (anterior to the central 

sulcus), (2) Temporal ROI – on the axial slice, we placed a 2D disk at the entrance to the 

temporal lobe below the Sylvian fissure, (3) Parietal ROI – we placed a 3D sphere tangent to the 

inferior parietal cortex. The dimentions of the disks and spheres was determined slightly 

different between participants depending on their brain size. See Figure 4-6 for ROI placement 

and an example of AF segmentation in the right hemisphere. Using this approach, the three 

segments of the AF in both hemispheres were extracted to construct the long segments of AF, the 

segments of AF, and the posterior segments of the AF. Below is the description of the criteria of 

each segment: 

AF long. This tract which is defined by the Frontal and Temporal ROIs captures the 

connection between the temporal and the frontal areas dorsally. During the reconstruction, the 

ROIs were modulated to ensure the inclusion of all the fibers. We used ‘NOT’ ROIs (in the 

shape of rectangles which exclude fibers) to remove the looping fibers and the fibers that were 

going between the temporal and the frontal lobe ventrally through the external capsule. 

AF anterior. This tract which is defined by the Frontal and Parietal ROIs captures the 

connection between frontal regions and inferior parietal areas. The localization of the ROIs 

ensured that the anterior segment passed directly adjacent and laterally to the long segment of the 

AF. Moreover, the fibers passing more superiorly to the AF long tract, as well as those separated 

from it by a gap were excluded. Moreover, the Temporal ROI was used as a NOT region. This 

ensured that only fibers extending dorsally from the frontal to the inferior parietal areas were 

captured and not any fibers continuing to the temporal lobe.  

AF posterior. This tract which is defined by the Parietal and Temporal ROIs captures the 

connection between the inferior parietal regions and the temporal lobes. Moreover, the Frontal 
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ROI was used as a NOT region. This ensured that only fibers extending laterally from the 

inferior parietal areas to the temporal cortex were captured and any fibers continuing to the 

frontal lobe were excluded. Additionally, we verified that this posterior short section connected 

laterally to the AF's long segment. 

 
Figure 4-7. Placement of ROIs and segmentation of the AF (the right hemisphere is shown) according to 
the modified Catani model: AF long – blue, AF anterior – red, and AF posterior – yellow. 

Segmentation of Frontal Aslant Tract (FAT) 

The FAT in both hemispheres was manually reconstructed in native space using a two-

ROI stem-based approach based on placements suggested by Catani and colleagues (Catani & 

De Schotten, 2012) as described in (Zhong et al., 2022). This process entailed using 2 ROI disks 

which enabled us to trace all the fibers going through the area of the disk in a specific direction. 

Here is the description of the two ROIs: (1) Inferior Frontal ROI – a 2D disk placed in the white 

matter underneath the pars opercularis of the inferior frontal gyrus. In cases where the FAT was 

particularly large, the boundary for the ROI was within the white matter underneath the border 
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between pars triangularis/pars opercularis anteriorly and the inferior frontal sulcus superiorly, (2) 

Superior Frontal ROI – a 2D disk placed in the white matter underneath the supplementary motor 

and pre-supplementary motor area anterior to the pre-central sulcus. In cases where the FAT was 

particularly large, the posterior boundary was placed at the pre-central sulcus. The Angle 

threshold of these ROI disks were kept at the default 90 degrees. In each individual case, ROI 

disk size was determined based on brain and tract size to capture all streamlines of interest while 

avoiding inclusion of other aberrant or looping fibers. In cases where aberrant and/or looping 

fibers that appeared, we placed sphere-shaped ‘NOT’ ROIs as needed to remove them from the 

tract segmentations. See Figure 4-8 for ROI placement and an example of FAT segmentation in 

the right hemisphere. 

 

Figure 4-8. Placement of ROIs and segmentation of the FAT (the right hemisphere is shown). 
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Segmentation of Uncinate Fasciculus (UF) 

The UF in both hemispheres was manually reconstructed in native space using a two-ROI 

stem-based approach based on placements suggested by (Catani et al., 2005). This process 

entailed using two disk ROIs which enabled us to trace all the fibers going through the area of 

the disk in a specific direction. Here is the description of the two ROIs: (1) Temporal ROI – a 2D 

disk placed in the anterior temporal lobe (according to the MNI anatomical reference -15 to -19), 

(2) external/extreme capsule ROI – a 2D disk which is places on the anterior floor of the 

external/extreme capsule, usually on five axial slices (according to the MNI anatomical reference 

1 to -7). See Figure 4-9 for ROI placement and an example of UF segmentation in the right 

hemisphere. 

 
Figure 4-9. Placement of ROIs and segmentation of the UF (the right hemisphere is shown). 
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Segmentation of Inferior Fronto-Occipital Fasciculus (IFOF) 

The IFOF in both hemispheres was manually reconstructed in native space using a two-

ROI stem-based approach based on placements suggested by (Catani & Mesulam, 2008). This 

process entailed using two disk ROIs which enabled us to trace all the fibers going through the 

area of the disk in a specific direction. Here is the description of the two ROIs: (1) Occipital ROI 

– we placed a 2D disk in the white matter region between the genu of corpus callosum and the 

anterior part of the head of caudate nucleus; (2) external/extreme capsule ROI – we placed a 2D 

disk in the white matter region of the middle temporal gyrus, anterior to the radiation of corpus 

callosum. We used ‘NOT’ ROIs to exclude corpus callosum tracts. In each individual case, ROI 

disk size was determined based on brain and tract size to capture all streamlines of interest while 

avoiding inclusion of other aberrant or looping fibers. In cases where aberrant and/or looping 

fibers that appeared, we placed sphere-shaped ‘NOT’ ROIs as needed to remove them from the 

tract segmentations. See Figure 4-10 for ROI placement and an example of UF segmentation in 

the right hemisphere. 
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Figure 4-10. Placement of ROIs and segmentation of the IFOF (the right hemisphere is shown). 

Measurements of tracts and their sub-components 

For each segmented tract (three branches of AF, FAT, UF and IFOF for both left and 

right hemispheres), the fractional anisotropy (FA) value was extracted. The fractional anisotropy, 

or FA (Soares et al., 2013), is the most widely used DTI measure. Broadly speaking, in DTI 

protocols water molecules and their direction of diffusion are captured. This can be used to 

reveal the integrity of the white matter tracts. If the water molecules are flowing in a particular 

direction together, the FA (diffusivity) value is high. If the FA value is low, it means that there is 

a lack of tissue integrity. In mathematical terms, the FA is an expression that characterizes the 

directional preference of diffusion or the extent to which the diffusivity deviates from being 

isotropic. FA is a normalized variance of the eigenvalues, corresponding to the degree of 

anisotropic diffusion or directionality and ranges from 0 (isotropic diffusion) to 1 (anisotropic 

diffusion): 
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�� = 1
√2


�� − ���� + ��� − ���� + ��� − ����

��� + ��� + ���
 

(4-1) 

�, �� and �� are eigenvalues of the diffusivity tensor and �� is the mean diffusivity. The 

denominator of the equation is the magnitude of the eigenvalues vector while the nominator 

indicates the diffusivity from the mean diffusivity. When FA is equal to zero, the diffusivity is 

isotropic. Meaning that the water molecules diffuse with the same rate at all directions, in other 

words, there is no tissue to channel the molecules in a specific direction. When the FA is larger 

than zero, the diffusivity is anisotropic. Meaning that there is a tract structure to channel the 

molecules in a certain direction. Therefore, FA is usually related with alterations in structure 

(possibly due to particular conditions/disease) pointing to specific myelination levels and axonal 

injury (Budde et al., 2009; Song et al., 2002). In other words, FA is often used to describe a 

measure of ‘white matter integrity’. Yet, it is important to note that the changes in FA may be 

caused by many factors. For the purpose of this study, we used the FA value for each tract 

segmentation. In those instances when segments of the AF had been destroyed by the stroke and 

could not be reconstructed, zeroes were imputed for respective tract FA value (Ivanova et al., 

2021). 

Results 

First, the effect sizes of each individual’s responsiveness to the experimental condition in 

each eye-tracking experiment is measured. Then, the correlation between FA value of all tract 

segments for each hemisphere with extracted effect sizes is computed. The analyses were run in 

R Core Team (Dink & Ferguson, 2015). 
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Individual level analysis of performance on the eye-tracking experiments 

In chapter 2 (the adjective experiment), it was found that the addition of adjective did not 

have any effect for the group of individuals with aphasia. Moreover, in chapter 3 (the animacy 

experiment), it was found that the manipulation of animacy reduced the interference effect for 

the group of individuals with aphasia. However, because group-level analyses conceal the 

variability in the performances of each IWA, individual-level analyses using random (i.e., 

residual) effect structures were conducted to investigate which IWA show sensitivity to the cues. 

The effect sizes show the magnitude of the sensitivity to the lexical-semantic cues presented in 

auditory stream of sentences. In the current chapter, for each individual, the magnitude of benefit 

from the lexical-semantic cue in each design was calculated as average gaze proportions on the 

target item in the experimental minus control conditions where the cues were neutral. Moreover, 

a positive effect size indicates a bigger effect in the experimental condition thus sensitivity to the 

lexical semantic cue. More specifically for the adjective experiment (chapter 2), the individual-

level effects were calculated by measuring the difference in the rate of activation (i.e., slope) of 

N2 in the Biased (experimental) condition relative to the Neutral (control) condition for each of 

the five IWA. Descriptive analysis revealed that participants varied in their gaze proportion in 

the experimental versus control conditions, with a standard deviation of 0.053. For the animacy 

experiment (chapter 3), the individual-level effects were calculated by measuring the difference 

in the rate of activation of N2 and deactivation of N1 over time (i.e., slope) in the Inanimate 

(experimental) relative to Animate (control) condition for each of the five IWA. This contrast 

allows us to capture the degree that lexical-semantic cues are used by each IWA in the 

experimental versus control condition in both experiments. Descriptive analysis revealed that 

participants varied in their gaze proportion in the experimental versus control conditions, with a 
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standard deviation of 0.051. Table 4-3 summarizes the effect sizes of each individual case in 

each study. 

Table 4-3. The individual effect sizes in both eye-tracking experiments. Effect size is calculated as the 
average of looks to the target item in the experimental conditions – control conditions in the time-window 
of the analysis, thus capturing the degree that lexical-semantic cue were used. 

Cases Fixed effects Adjective study Fixed effects Animacy study 

9 0.02 0.02 

17 -0.01 0.06 

101 -0.02 -0.08 

130 0.11 0.01 

151 0.01 -0.01 

 

FA value of AF, FAT and UF in both hemispheres 

Based on the DTI analysis, the FA values of specific tracts were measured. As mentioned 

earlier, in those instances when segments of the AF had been destroyed by the stroke and could 

not be reconstructed, zeroes were imputed for respective tract FA value (Ivanova et al., 2021). 

To further probe the status of the FA values in the remaining tracts in the ipsilesional 

hemisphere, we compared these indices for each case to the average FA value of that tract in the 

controlesional hemisphere of the group using the corrected t-test proposed by (Crawford & 

Garthwaite, 2007): 

� = �� − �
�
� + 1�

 
(4-2) 

In this formula the �� is the FA value of tract in left hemisphere, � is the mean score of the FA 

values for that tract in the right hemisphere of the group, � is the SD of the FA value of that tract 

in the right hemisphere of the group, and � is the size of the group which their right hemisphere 

values is used. The advantage of this method over the traditional t-test is that it treats the mean 

and SD of the control sample as sample statistics instead of population parameters, which is 

more appropriate for small control sample sizes, and avoids Type I error. An additional 

advantage of this test is that the p value provides a point estimate for where the FA value falls 
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compared to the population (See Table 4-4). The FA values that are highlighted in red were 

significantly lower than the average FA value in the right hemisphere. Therefore, the integrity of 

these tracts cannot be interpreted as intact. Based on this individual level analysis, the tracts with 

lower than within-group normal FA values in the right hemisphere were coded as impaired 

tracts. 

Table 4-4. Single-case statistics for individualized inspection of tract integrity. 

Cases 
L-AF-

ant 
t p 

L-AF-

pst 
t p 

L-

AF-L 
t p 

L-

FAT 
t p 

L-

UF 
t p 

L-

IFOF 

9 0 -  0 - - 0 - - 0 - - 0 - - 0 

17 0 -  0.41 
-

0.59 0.56 0 - - 0 - - 0 - - 
0 

101 0 -  0 -  0 - - 0 - - 0.38 
-

2.38 0.03 
0 

130 0.41 
-

1.37 0.19 0 - - 0 - - 0.39 
-

0.10 0.92 0.34 -4.6 0.00 
0 

151 0.34 
-

4.29 0.00 0.39 
-

1.23 0.24 0.34 
-

3.21 0.01 0 - - 0.39 
-

1.56 0.14 
0 

RH-

Mean 
0.44   0.42   0.44   0.39   0.42   0.46 

RH-

SD 
0.02   0.02   0.03   0.02   0.02   0.01 

N=13                
 

Note: The highlighted red boxes indicate that the FA value is significantly below the normal range when compared 
to the corresponding FA value in the contralesional hemisphere; thus, the integrity is lost. The highlighted green 
boxes indicate that the FA value of ipsilesional tract is not statistically lower than a typical FA value in the 
contralesional hemisphere; thus, the integrity of the tract is maintained. RH = Right Hemisphere; L = left; AF-ant: 
anterior segment of arcuate fasciculus; AF-pst: posterior segment of arcuate fasciculus; FAT: frontal aslant tract; 
UF: uncinate fasciculus; IFOF: inferior fronto-occipital fasciculus. 

Role of left AF, FAT, UF and IFOF in lexical-semantic processing 

Here are the exploratory analyses (due to the small sample size) that looked at 

correlations between integrity of tracts (defined individually) in the left hemisphere and the real-

time language processing skills. To do this, we performed point-biserial correlations between 

effect sizes in each experiment and the integrity of the left hemisphere tracts. In these analyses, 

we included the effect sizes of individuals in each experiment as a continuous variable and the 

integrity of the left hemisphere tracts (AF, FAT, UF, IFOF) as a binary variable (0 = impaired, 1 

= intact). The results revealed that the anterior segments of the AF and the FAT in left 

hemisphere are associated with the extent of benefit from the adjective cue. Individuals with 

higher integrity in these tracts were able to show a bigger effect from the lexical-semantic cue in 
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the adjective experiment. However, these tracts were not related to performance in the animacy 

study. 

Table 4-5. Correlations between tracts in the ipsilesional hemisphere and language measures extracted 
from eye-tracking experiments. L: left hemisphere; EF: effect size; AF-ant: anterior segment of arcuate 
fasciculus; AF-pst: posterior segment of arcuate fasciculus; FAT: frontal aslant tract; UF: uncinate 
fasciculus. We were not able to extract any correlation coefficients for AF-long and IFOF as the standard 
deviation was zero. Therefore, they are not included in the table. 

 Adjective-EF Animacy-EF 

L-AF-ant 0.96* 0.12 

L-AF-pst -0.48 0.448 

L-AF-long NA NA 

L-FAT 0.968* 0.11 

L-UF -0.298 -0.11 

L-IFOF NA NA 

Note: Asterisk (*) indicates significant p-value.  

Role of right AF, FAT, UF, IFOF in lexical-semantic processing 

Here are the exploratory analyses (due to the small sample size) that looked at 

correlations between integrity of tracts in the contralesional hemisphere and the real-time 

language processing skills. Here we conducted Pearson correlations by using both the effect sizes 

in each experiment and the FA values in the right hemisphere as continuous variables. The 

analysis revealed no significant correlation between the tracts and individual level performances 

on any of the experiments. 

Table 4-6. Correlations between tracts in the contralesional hemisphere and language measures extracted 
from eye-tracking experiments. R: Right hemisphere; EF: effect size; AF-ant: anterior segment of arcuate 
fasciculus; AF-ant: posterior segment of arcuate fasciculus; AF-long: long segment of arcuate fasciculus; 
FAT: frontal aslant tract; UF: uncinate fasciculus; IFOF: inferior fronto-occipital fasciculus. 

 Adjective-EF Animacy-EF 

R-AF-ant 0.05 0.37 

R-AF-pst 0.52 0.48 

R-AF-long -0.17 0.27 

R-FAT 0.29 0.05 

R-UF -0.53 0.17 

R-IFOF -0.33 -0.13 

Discussion 

The aim of this study was to investigate the functional role of the tracts that pass through 

the frontal region, namely the AF, FAT, UF and IFOF in both ipsilesional and contralesional 
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hemispheres, in real-time sentence processing. Given that the sample size was a challenge for 

this study as it required recruiting individuals with aphasia to participate in studies with multiple 

sessions during the pandemic, the analysis for the study remains exploratory and requires further 

investigation for clear interpretations. Nevertheless, below is the discussion of the patterns of the 

findings for each of the research question proposed in this study, as well as the proposed 

approaches that can be taken in the future studies with a larger sample size. 

The first question in this study was whether damage to either of left tracts namely, AF, 

FAT, UF, and IFOF contributes to real-time sensitivity to lexical-semantic processing in 

individuals with chronic post-stroke aphasia. The AF, FAT, UF and IFOF in the left hemisphere 

have been proposed to have multifactorial roles for language processing. However, there is less 

evidence regarding their role in sentence comprehension. The results revealed a positive 

association between the integrity of both anterior-AF and FAT in the left hemisphere and 

sensitivity to lexical-semantic cue in real-time. According to previous findings (Bates et al., 

2003; Fridriksson et al., 2013; Gajardo-Vidal et al., 2021) these tracts are crucial for lexical-

retrieval abilities during production. However, the neural architecture which underlies language 

production can be generalized to some extent to comprehension processes as the processes 

pertains to shared mechanisms (namely representational semantic activation and cognitive 

control processes) to modulate lexical-semantic processing in general. In a similar vein, in 

another large study of stroke survivors, it is suggested that components of language 

comprehension and production cannot be so readily separated, by showing that component of 

speech fluency ability are mutually loaded onto both levels of comprehension and production 

(Fridriksson et al., 2018).  
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The current study did not find any relationship between sentence processing and the 

integrity of posterior-AF, IFOF and UF. While initially surprising, upon further observation of 

lesion sizes and lesion locations (see Table 4-2), it was recognized that three of the five 

participants had significant involvement of these posterior areas. Despite our lack of findings, 

numerous publications have supported the role of posterior-AF and IFOF in sentence 

comprehension. In a study with large cohort of individuals with aphasia, Ivanova and colleagues 

(2016) demonstrated that the posterior-AF is significantly associated with sentence-level 

processing. In addition, in another large-scale study on individuals with aphasia, it was shown 

that the IFOF relate not only to word-level comprehension but also to sentence-level 

comprehension after regressing out word-level deficits (S. Xing et al., 2017). Moreover, other 

studies in healthy subjects have also found that auditory sentence comprehension is mediated in 

part by the IFOF. Therefore, additional studies with larger sample sizes are needed to elucidate 

the functional role of these tracts for the real-time mechanism in sentence processing. These 

larger sample sizes should include a variety of lesion sizes and lesion locations such that these 

posterior tracts can be investigated.   

The second question in this study was whether the integrity of AF, FAT, UF and IFOF in 

the right hemisphere is associated with real-time sentence processing patterns in aphasia. The 

results in this study did not indicate any association between the integrity of contralesional tracts 

and sensitivity to lexical-semantic cue. As noted earlier, given the current sample size, this 

finding is not conclusive, but it lends support to previous studies that did not find any clear 

contribution of the right hemisphere tracts to language performance in individuals with aphasia 

(Geva et al., 2015; Ivanova et al., 2016; Meier et al., 2019). In other clinical populations 

however, such as individuals with left hemisphere tumor (Jehna et al., 2017) and children with 
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developmental disorders (Paldino et al., 2016), it has been demonstrated that a structurally 

smaller volume of AF in the right hemisphere leads to worse language outcomes. To determine 

the right tracts' function in language outcomes and its development or rehabilitation over time, 

more research is required (Ivanova et al., 2021). 

In future studies with a larger sample size, more advanced statistical analysis approaches 

can be used. This study implemented correlational analysis without the chance to account for the 

effect of lesion size in critical language regions and other potential covariates. Future studies can 

run a series of multiple regression analyses to determine whether residual tracts’ integrity in the 

left hemisphere (or right) is related to the language metric of interest beyond damage to specific 

frontal and temporal cortical language areas (Ries et al., 2021). In doing so, researchers can 

conduct hierarchical regression analysis, by entering lesion load to frontal, temporal, and parietal 

language areas as covariates. Additionally, other demographic information such as age, stroke 

time onset, and years of education which can all have impact on aphasia outcome (Aftonomos et 

al., 1999; Fabian et al., 2020) can be added to the model as covariates. Using such regression 

analyses, the significant role of tracts beyond cortical damage and demographic variabilities can 

be extracted. 

Limitation of the current study, beside the small sample size, is the tractography protocol. 

This study relied on tensor-based DTI tractography to determine the structure of the tracts which 

has been widely used (Catani et al., 2013; Mandelli et al., 2014; Misaghi et al., 2018). However, 

traditional tensor-based DTI tractography has demonstrated problems with properly 

reconstructing crossing fibers (because it can model only one primary fiber direction per voxel), 

leading to incomplete tract reconstructions and posing limitation to determining tract 

functionality. Future work can rely on advanced tractography algorithms that are tensor-free such 



m 

119 
 

as High Angular Resolution Diffusion Imaging (HARDI). The tensor-free modeling techniques 

have been proposed to have more sensitivity to account for complex intra-voxel fiber 

architectures and to detect multiple fiber tract orientations in regions with heterogeneous fiber 

populations (Auriat et al., 2015; Farquharson et al., 2013; Tournier et al., 2011). There are 

currently limited number of studies that have used this technique to investigate the neural basis 

of language deficit in stroke survivors (Ivanova et al., 2021). 

In conclusion, this study revealed the importance of individual level analysis in relating 

features of stroke-induced lesions, namely white-matter damage, to variability in language-

deficit outcomes across individuals with aphasia. Given the small sample size, we were not able 

to decisively elucidate neural substrates of real-time mechanisms involved in auditory sentence 

comprehension. Nevertheless, we demonstrated the importance of connectivity within the frontal 

region for real-time sensitivity to lexical-semantic cue which is a central mechanism for 

successful sentence comprehension. 
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CHAPTER 5  

General Discussion 
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The overarching goal of this dissertation was to investigate (1) approaches with which 

sentence comprehension impairment can be mitigated in individuals with aphasia, and (2) 

whether integrity of connectivity between prefrontal cortex and temporo-parietal regions are 

predictive of individuals’ sensitivity to the proposed mitigation approaches. In this dissertation, 

we examined the online processing of individuals with aphasia (and unimpaired controls to 

establish normal patterns of processing) via an eye-tracking-while-listening paradigm and 

combined it with information about the structural integrity of specific neural regions via 

Diffusion Tensor Imaging (DTI) techniques. 

With respect to the first goal of this dissertation, chapter 2 and chapter 3 presented two 

experimental behavioral studies that examined the real-time processes involved in the 

comprehension of sentences requiring long distance dependency-linking. These studies proposed 

and evaluated mitigation approaches that aimed to reduce sentence processing difficulty in 

individuals with aphasia (and unimpaired population which served as the baseline group) by 

reducing the interference level via lexical level manipulation. In each of these studies, the 

sentence structures included a target noun that was syntactically licensed for retrieval at the verb 

offset (gap-site) despite the presence of an intervening noun. The first mitigation approach 

involved adding semantically biasing modifiers to the target item. The second mitigation 

approach involved reducing the similarities between the target and intervening noun by only 

differentiating a single lexical property feature; animacy. The mechanism with which these 

manipulations could be effective can be explained by the feature-based retrieval formulation of 

Nairne (2006) that has been adapted by the cue-based retrieval approach (Lewis et al., 2006). 

This framework expresses that the probability that a target representation will be selected 

depends on two main parameters: cue-target features match (also postulated by cue-based 
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retrieval model of sentence processing) and distinctiveness of the target from competitor items. 

Focusing on the latter to manipulate the distinctiveness of the target, we used two different types 

of semantic manipulations. In chapter 2, by adding pre-modifiers, we aimed to increase the 

distinctiveness parameter of the target item during the encoding process to see if this would 

facilitate its downstream retrieval at the gap-site. For the unimpaired group, the premodifiers 

resulted in enhanced encoding and retrieval at the gap-site. However, for the aphasia group, the 

premodifiers did not result in a statistically differentiated real-time sentence processing patterns 

at either the encoding or the retrieval points. In chapter 3, by changing the animacy features 

between the target and intervening item, we aimed to increase the uniqueness of encoded 

constituents to reduce similarity-based interference. The results of this study revealed a 

significant effect of this manipulation for the unimpaired individuals as well as individuals with 

aphasia. However, in line with reports in the literature, individuals with aphasia demonstrated a 

delay in showing a benefit from this manipulation.  

The findings for the aphasia group in both studies can be explained under two etiologies 

of access deficit or inhibition deficit at the lexical-representational level. IWA may demonstrate 

access deficits and suffer from lower-than-normal activation of representational features 

(semantic in this case). This can lead to smaller differences between encoded items during the 

spread of activation and ultimately impede the retrieval of an item. Moreover, IWA can have 

inhibition deficits and suffer from increased activation of semantic competitors. When there is 

impairment of the inhibitory process that are designed to suppress the activation of unrelated 

representations, there is an increase in interference. Deficits in any of these mechanisms can 

explain why IWA demonstrated a lack or delay in sensitivity to the manipulations that provided 

distinctiveness for the target noun and led to impaired comprehension 
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With respect to the second goal of this dissertation, chapter 4 presented a study that 

focused on the individual variability that exists among the IWA in their level of sensitivity or 

magnitude of benefit from the lexical-semantic cues that were used in chapters 2 and 3. Here we 

examined whether damage to specific left hemisphere white matter tracts (AF, FAT, UF and 

IFOF) are predictive of the magnitude of benefit in processing from the lexical-semantic cues. 

To this end, the relationship between the behavioral performances of each IWA and their lesion 

features were analyzed. To establish lesion features, Diffusion Tenor Imaging and Tractography 

approaches were used to specify the integrity of white matter pathways. This experiment 

investigated the relationship between eye-tracking performance in chapters 2 and 3, and the 

integrity (i.e., fractional anisotropy) of abovementioned tracts at the individual level in IWA in 

both the ipsilateral and contralateral lesion hemispheres. Overall, the results revealed an 

emerging pattern between reduction in integrity of FAT, and the anterior sections of AF in left 

hemisphere and less sensitivity to the lexical-semantic cues. However, given the small sample 

size in this study, the results are exploratory and requires further investigation. Yet, this set of 

preliminary finding are in accordance with the previous findings in the literature that indicated 

the functional role of anterior-AF and FAT in lexical-semantic processes. Unlike the current 

approach in the field, future studies must utilize time-sensitive paradigms (such as eye-tracking) 

to measure patterns of IWA’s impairment at the level of sub-processes involved in sentence 

comprehension and then map associations with the lesion patterns. This will allow researchers to 

identify the brain regions necessary for the specific processes involved in sentence 

comprehension. 

In conclusion, understanding and identifying the underlying processes of sentence 

comprehension using online paradigms, as well as their neuroanatomical substrates, is an 
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important undertaking. It does not only have the potential to inform typical models of language 

comprehension but is highly relevant for understanding how the system might be affected post-

stroke. Discerning such impairments can affect how clinical treatment protocols are developed 

and enacted thus having a direct impact on treatment and rehabilitation approaches in aphasia. 




