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ABSTRACT 

 Primary Progressive aphasia (PPA) is a disorder characterized by gradual decline 

in language functions, with relative sparing of other cognitive abilities. This behavioral 

profile results from neurodegenerative disease that preferentially affects language cortex. 

As is the case in aphasia resulting from stroke, any of several critical language processing 

domains may be affected in PPA, including syntax, semantics, phonology, and 

orthography. In stroke-induced aphasia, traditional lesion mapping approaches have 

provided important insight into the localization of cortical regions supporting these 

domains. Specifically, left perisylvian cortex has been implicated in syntactic and 

phonological aspects of language, whereas left extrasylvian cortical regions are 

associated with lexical-semantic and orthographic functions. The goal of the present 

study was to seek converging evidence for the role of left hemisphere cortical regions in 

language using a voxel-based imaging technique in individuals with PPA. Fifteen 

individuals with progressive aphasia and fifteen normal controls were given a 

comprehensive language battery comprising tasks in the domains of syntax, semantics, 

phonology, and orthography. A subset of patients and all normal controls underwent 

high-resolution structural MRI scanning. Voxel-based morphometry (VBM) was used to 

characterize patterns of regional cortical atrophy in the patients relative to controls and to 

correlate language tasks with gray matter volumes. Results confirm a key role for left 

perisylvian cortex in phonological and syntactic processes, and indicate that left temporal 

regions are critically involved in semantic processes. Findings shed light on the veracity 

of the “primary systems” hypothesis of written language, which posits that written 
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language impairments arise from core cognitive deficits affecting semantic and 

phonological systems. 
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INTRODUCTION 

Primary Progressive Aphasia 

Primary progressive aphasia (PPA) is a degenerative neurological condition in 

which language function is disrupted, with relative sparing of other cognitive abilities. 

The disorder results from asymmetrical cortical atrophy in regions of the brain that 

subserve language (Amici, Gorno-Tempini, Ogar, Dronkers & Miller, 2006; Grossman, 

2002; Grossman & Ash, 2004; Mesulam, 1982; 2001). PPA has been associated with the 

pathology of frontotemporal lobar degeneration (FTLD; approximately 70% of cases) and 

also that of Alzheimer’s Disease (AD; approximately 30%; Knibb, Xuareb, Patterson & 

Hodges, 2006; Mesulam et al., 2007). While the prevalence of PPA is not known, it has 

been estimated that frontotemporal dementia, which may manifest in fluent and nonfluent 

forms of PPA, accounts for approximately 8-10% of all dementias and, unlike 

Alzheimer’s disease, often affects individuals under the age of 65 (Ratnavalli, Brayne, 

Dawson, & Hodges, 2002). Later stages of the disease generally bring about additional 

cognitive deficits; however, the original diagnostic criteria suggest that a diagnosis of 

PPA should be made only if relatively isolated language impairments persist for at least 

two years (Mesulam, 2001).  

          Systematic research into the nature and causes of PPA is over two decades old, 

beginning with the description of six cases by Mesulam in 1982. Most work in this area 

has consisted of single case descriptions or findings from relatively small cohorts and 

thus, individuals with PPA represent an intriguing and understudied segment of the 

dementia population. These individuals present profound clinical difficulties in the 
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realms of both diagnosis and treatment. Accurate and consistent diagnosis is hampered by 

shifting diagnostic labels as well as poorly understood etiology. Further, unlike patients 

with aphasia caused by stroke, individuals with PPA are rarely offered treatment options, 

due to lack of understanding of the disorder on the part of health professionals and to 

assumptions regarding the feasibility and utility of treatment in patients facing an ever-

worsening prognosis. A number of behavioral treatments have been explored (e.g., 

Frattali, 2004; Graham, Patterson, Pratt, & Hodges, 1999; 2001; Jokel, Rochon & 

Leonard, 2006; McNeil, Small, Masterson, & Fossett, 1995; Murray, 1998; Rapp, 

Glucroft & Urrutia, 2005; Schneider, Thompson, & Luring 1996; Snowden & Neary, 

2002) and in each case, gains were reported on language measures. Nonetheless, much 

remains to be learned with regard to the nature of the behavioral impairments in PPA and 

the types of treatment that may be beneficial for its clinical variants and stages.  

Behavioral profiles of individuals with PPA are often categorized broadly into 

three subtypes: progressive nonfluent aphasia (PNFA), semantic dementia (SD), and 

logopenic progressive aphasia (LPA). It is should be noted, however, that there is a lack 

of agreement regarding the existence of distinct syndromes in PPA. A number of 

researchers have commented that assignment of patients to fluent versus nonfluent sub-

groups can be problematic (McNeil & Duffy, 2001; Rogers & Alarcon, 1999). In fact, 

Kertesz and colleagues (Kertesz, Davidson, McCabe, Takagi & Munoz, 2003) suggested 

that fluency status in PPA may be a function of disease progression, rather than an 

indicator of distinct syndrome subtypes. Nonetheless, delineation into subtypes is viewed 

as an increasingly feasible and important enterprise, as the various subtypes are found to 
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be predictive of patterns of cortical atrophy and also of specific types of underlying 

neuropathology.  

Progressive nonfluent aphasia (PNFA) is associated with atrophy of the left 

frontal lobe (Gorno-Tempini et al., 2004; Kertesz et al., 2003) and, more specifically, the 

left insula (Nestor et al., 2003). With regard to neuropathology, this behavioral syndrome 

is often found in conjunction with frontotemporal lobar degeneration (FTLD) with non-

Alzheimer tauopathy (Knibb et al., 2006; Mesulam et al., 2008). Similar to Broca’s 

aphasia, the disorder is characterized by halting, agrammatic speech, reduced phrase 

length, and a paucity of function words (Clark, Charuvastra, Miller, Shapira, & Mendez, 

2005; Mesulam, 2001; Neary et al., 1998). Comprehension is often spared, with the 

exception of grammatically complex sentences (Mesulam, 2001). The typical pattern of 

reading and spelling impairments in PNFA has yet to be thoroughly documented; 

however, difficulty with irregular words and/or nonwords has been described (Croot, 

Patterson, & Hodges 1998; Graham, Patterson, & Hodges, 2004; Watt, Jokel, & 

Behrmann, 1997).  

  Fluent PPA patients present with relatively normal articulation, speech rate, and 

phrase length; however, verbal semantics are impaired, as manifested by anomia and 

comprehension deficits (Mesulam, 2001). Semantic dementia (SD), a related disorder 

wherein language comprehension and production are impaired and may be accompanied 

by object and/or face recognition deficits, is attributed to an underlying, multimodal 

semantic deficit (Grossman, 2002; Knibb & Hodges, 2005). Notably, these patients 

demonstrate surface dyslexia/dysgraphia, confirming a critical role for the semantic 
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system in the accurate reading/spelling of irregular words (Graham, Patterson, & Hodges, 

2000; Hodges, Patterson, Oxbury & Funnell, 1992; Patterson & Hodges, 1992). Semantic 

dementia patients have atrophy of the anterior temporal lobe, particularly in the left 

hemisphere (Hodges et al., 1992), often associated with FTLD pathology with ubiquitin-

positive, tau-negative inclusions (Knibb et al., 2006). Because PPA and semantic 

dementia are fairly new diagnostic categories, there is some lack of consensus regarding 

whether semantic dementia should be considered a PPA subtype or a distinct entity 

(Mesulam, Grossman, Hillis, Kertesz & Weintraub, 2003). For the purposes of this study, 

semantic dementia was treated as a fluent subtype of PPA.  

 The third widely recognized, if somewhat less well-characterized PPA subtype is 

referred to as logopenic progressive aphasia (LPA). LPA patients typically have a pattern 

of left posterior temporal/inferior parietal atrophy, often associated with AD pathology 

(Gorno-Tempini et al., 2004; Gorno-Tempini et al., 2008; Mesulam et al., 2008). This 

subtype is characterized by variability in terms of fluency, word-finding difficulty with 

frequent pauses, grammatically simple yet accurate output, and the combined finding of 

impaired sentence comprehension with spared single-word comprehension (Amici et al., 

2006; Gorno-Tempini et al., 2008). This pattern of performance is consistent with 

impaired phonological working memory and, accordingly, these patients demonstrate 

reduced digit, letter, and word span (Gorno-Tempini et al., 2008). Reading and spelling 

deficits in this group have yet to be characterized.  
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Voxel-Based Morphometry (VBM): A Technique for Examining Cortical Atrophy 

 Lesion studies in patients with focal brain damage, typically due to stroke, have 

informed theories regarding the brain-behavior relations for language for nearly 150 

years. Individuals with aphasia caused by progressive cortical atrophy have only recently 

been examined in this light. Advances in neuroimaging have made it possible to explore 

subtle changes in cortical (gray matter) volume relative to language performance. Of 

particular importance in the study of individuals with degenerative neurological disease 

are voxel-based image analysis methods, such as voxel-based morphometry (VBM).  

 VBM, as outlined by Ashburner and Friston (2001), allows for voxel-wise 

comparison of gray matter concentration or volume in a patient or patients relative to a 

control group. It has been used to examine morphological changes in Alzheimer’s 

disease, corticobasal degeneration, traumatic brain injury, normal aging, and, more 

recently, frontotemporal dementia, PPA, and progressive apraxia of speech (e.g., Gee, 

Ding, Xie, Lin, DeVita & Grossman, 2003; Grossman et al., 2004; Josephs et al., 2006; 

McMillan et al., 2004; Rosen et al., 2002a,b; Williams, Nestor, & Hodges, 2005). VBM 

has proven to be a highly effective means of evaluating changes in gray matter volume 

that would be difficult to detect and quantify using more traditional image analysis 

techniques, such as visual inspection or lesion mapping from MRI and CT scans. The 

technique has been validated for use in patients with degenerative neurological conditions 

(Alzheimer’s disease and semantic dementia) by comparison with the more traditional 

region of interest (ROI) manual tracing techniques, which have served as the gold 

standard for quantitative assessment of atrophy (Good et al., 2002).  
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VBM Studies of Progressive Aphasia 

 Since the technique was first developed over a decade ago, a number of studies 

have explored cortical atrophy in PPA/semantic dementia using VBM (Amici et al., 

2007a,b; Brambati et al., 2006; Gorno-Tempini et al., 2004; 2008; Grossman et al., 2004; 

Halpern et al., 2004; Josephs et al., 2006; Mummery et al., 1999; 2000; Rosen et al., 

2002a,b; Sonty et al., 2003;2007; Williams et al., 2005; Wilson et al., 2008). Early on, 

VBM was used to explore patterns of cortical atrophy in individual patients presenting 

with progressive language decline. Rosen et al. (2002b) implemented the technique to 

characterize atrophy in one fluent and two nonfluent PPA patients. In this study, left 

frontal atrophy was observed in one case of nonfluent progressive aphasia; left 

temporoparietal atrophy was observed in the second nonfluent case (which would likely 

be characterized as logopenic according to the current diagnostic rubric); and primarily 

left lateralized atrophy of the temporal lobe was found in a case that presented clinically 

as semantic dementia. These findings suggested that different behavioral profiles in PPA 

could be linked to distinct patterns of cortical atrophy. 

 Several studies expanded the single-subject approach to explore patterns of gray 

matter atrophy in groups of patients presenting with particular clinical subtypes of PPA. 

Sonty et al. (2003) used VBM and language testing to characterize patterns of cortical 

atrophy relative to clinical subtype in 14 PPA patients. In this study, language profile was 

used to classify patients into fluent and nonfluent groups and VBM was implemented to 

examine patterns of cortical atrophy in the patient groups relative to one another and to 

the control group. This analysis revealed atrophy in the left superior temporal gyrus and 
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left inferior parietal lobule in the PPA groups combined, but no significant differences 

between the groups. A subsequent study by Gorno-Tempini and colleagues (2004), 

however, showed differences in atrophy patterns across PPA subtypes. In this study, 31 

patients were characterized using VBM and language testing. When analyzed as a single 

group, PPA patients demonstrated left perisylvian atrophy, as well as atrophy of the left 

anterior temporal lobe. When PPA subtypes were considered separately, VBM revealed 

the following: PNFA was associated with left inferior frontal and insular atrophy, 

semantic dementia with atrophy of the anterior temporal lobe, and LPA with atrophy in 

the left posterior temporal cortex and inferior parietal lobule.  

 Increasingly, VBM is used not only to determine the locus of damage in the brain, 

but to explore correlations between language behaviors and patterns of cortical atrophy in 

patients with progressive aphasia. In one such study, performance on a naming task was 

correlated with gray matter volumes in patients with Alzheimer’s disease, frontotemporal 

dementia, and corticobasal degeneration (Grossman et al. 2004). The authors found 

significant temporal lobe atrophy in all three groups, as well as partially unique atrophy-

behavior profiles in the sub-groups. Naming performance correlated with gray matter 

volume in the left lateral temporal lobe in each of the patient groups; however, different 

brain-behavior correlation patterns were observed across the groups in other regions. 

These findings led Grossman and colleagues to conclude that the naming process can be 

interrupted in distinct ways in patients with neurodegenerative disease.  

Another study of this kind included a group of frontotemporal dementia patients 

with a range of cognitive and neuropsychiatric behavioral patterns (Williams et al., 
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2005). Here the authors correlated semantic measures and “aberrant behaviors” with 

regional loss of gray matter in a combined group of patients with FTD and controls. They 

found significant correlations between semantic measures and gray matter volume in the 

left anterior temporal lobe; in contrast, a measure of aberrant behavior correlated with 

loss of gray matter in the dorsomedial frontal lobe. In a more recent study, Amici and 

colleagues (2007b) examined performance on several language measures relative to 

cortical atrophy. Fluency, sentence comprehension, and sentence repetition scores from 

the Western Aphasia Battery, as well as performance on the short form of the Boston 

Naming Test, were correlated with gray matter volume in a group of patients with 

neurodegenerative disease (not exclusively PPA). Findings were, in general, confirmatory 

of those from the focal lesion literature: fluency correlated with cortical volume in left 

frontal cortex; sentence comprehension with left frontal and posterior temporal regions; 

sentence repetition with left superior temporal cortex; and naming with gray matter 

volume in the bilateral temporal lobes.  

 This body of work illustrates the utility of VBM methodology for examining 

regional cortical atrophy and, in conjunction with behavioral testing, for exploring the 

effects of cortical atrophy on language performance. Many of these studies, however, 

grouped PPA patients on the basis of behavior independent of VBM, thus using a priori 

classification of patients to guide the analysis. In contrast, Williams and colleagues 

(2005) and Amici et al. (2007b) explored the relationship between behavior and cortical 

atrophy in heterogeneous patient groups, recognizing that behavioral characteristics 

evolve in progressive disorders, and that there may be overlap in symptom profiles 
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amongst patient groups (e.g., overlap of frontal behaviors in semantic dementia and 

frontal variants of frontotemporal dementia). This method of analysis avoids the use of 

pre-determined groups of patients based on either behavioral or anatomical profile. In the 

study of PPA, it allows for more fine-grained analyses than can be accomplished by 

sorting patients into subtypes such as “fluent” versus “nonfluent.”  This is particularly 

critical if fluent and nonfluent syndromes are, in fact, partially attributable to the stage of 

the disease (Kertesz et al., 2003).  

Motivation for the Current Study 

The research outlined above documents the utility of VBM for characterizing the 

nature and sequelae of cortical atrophy in PPA. However, the following question might 

be asked: Why study brain-behavior relations for language in progressive aphasia in the 

first place? We contend that, if hypotheses regarding the relationships between specific 

cortical regions and specific language behaviors hold, we should observe the same brain-

behavior relations in any patient group that has sustained damage to language cortex. 

Therefore, this population can be viewed as an important testing-ground for further 

examination of extant hypotheses developed in the context of focal lesion and functional 

imaging work. Furthermore, the pattern of neurodegeneration in progressive aphasia may 

afford opportunities to gather complementary evidence regarding additional cortical 

regions. Of particular interest are anterior temporal lobe areas implicated in semantic 

processing that are not typically damaged by stroke and may undergo signal loss in fMRI 

studies (Devlin et al., 2000; Rogers et al., 2006). 
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Goals of the current project were to characterize patterns of regional cortical 

atrophy in an unselected group of patients with progressive aphasia and to examine the 

correspondence between gray matter loss and language decline on specific tasks 

(Experiment 1). Analyses were conducted without assigning participants to a priori PPA 

syndrome groups, thus avoiding the pitfalls of attempting to subtype patients. In addition, 

we utilized a more comprehensive language battery than has been administered in 

previous studies, which enabled us to look more broadly at language impairment by 

generating behavioral composite scores from several measures in each of four language 

domains: syntax, semantics, phonology, and orthography (Experiment 2a). The use of a 

comprehensive battery and composite scores allowed for broader conclusions to be drawn 

regarding the cognitive processes supporting language, as opposed to reliance on single 

measures (e.g., picture naming, sentence repetition), which may represent task-specific 

rather than domain-specific relationships between gray matter loss and language decline.  

Finally, because the test battery included a number of spoken and written 

language measures, we were able to test the veracity of competing models of written 

language processing which make different predictions about whether the same cognitive 

processes and cortical regions support language regardless of modality (Experiment 2b). 

There is evidence from patients with focal lesions suggesting that written language is 

reliant on the same core cognitive processes as spoken language; therefore, deficits in 

written language typically co-occur with spoken language impairments. These findings 

support the so-called “primary systems hypothesis” of language (Patterson & Lambon 

Ralph, 1999). This hypothesis has not yet been fully tested in patients with PPA and thus, 



  22  

 

data from the current study provide a unique opportunity to substantiate or refute its 

claims using a heterogeneous patient group whose language impairments result from 

progressive disease. 
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OVERVIEW OF EXPERIMENTS 

Experiment 1: Correlations between gray matter volume and single language tasks 

in the progressive aphasia group 

The purpose of this experiment was to replicate previous work by exploring 

patterns of cortical atrophy in progressive aphasia patients relative to controls and 

determining effects of regional atrophy on several standard measures used to characterize 

aphasia in patients with focal lesions. 

 

Experiment 2: Correlations between gray matter volume and composite language 

measures in the progressive aphasia group and normal controls 

The purpose of this experiment was to examine the relation between gray matter 

volume and behavioral composites, rather than single measures. This approach offers 

insight into core cognitive processes critical to language by seeking converging evidence 

from several tasks within a given language domain. The experiment comprises two parts: 

a. Exploration of the relation between gray matter volumes in progressive aphasia 

patients only and performance in each of four language processing domains: 

syntax, semantics, phonology, and orthography. 

b. Exploration of the relation between gray matter volumes in a combined group of 

progressive aphasia patients and normal controls in semantics, phonology, and 

orthography (the same analyses as in Experiment 2a, but with normal controls 

included). An additional goal was to evaluate the primary systems hypothesis by 
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exploring the relation between performance in spoken versus written language 

domains in the combined group of patients and normal controls. 
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EXPERIMENT 1: PATTERNS OF GRAY MATTER ATROPHY AND MEASURES 

OF GENERAL LANGUAGE PERFORMANCE IN PROGRESSIVE APHASIA 

PATIENTS 

 

Background 

Evaluation of language sequelae subsequent to focal lesions has informed the 

study of brain-behavior relations for language since the 1860’s. Techniques used to 

examine these relationships include studies of individual cases followed to autopsy, 

beginning with those of Broca (1865) and Wernicke (1874). Subsequently, with the 

advent of high resolution structural imaging, lesion overlap techniques (e.g., Damasio, 

Tranel, Grabowski, Adolphs & Damasio, 2004; Tranel, Damasio & Damasio, 1997) and 

voxel-based image analysis methods such as voxel-based lesion symptom mapping 

(VLSM; Baldo, Schwartz, Wilkins, & Dronkers, 2006; Bates et al., 2003; Dronkers, 

Wilkins, VanValen, Redfern & Jaeger, 2004) have also been utilized. This body of work 

has provided strong evidence regarding the role of particular left hemisphere brain 

regions in language function (for review, see Martin, 2003).  

Aphasia is often characterized relative to performance in the domains of fluency, 

repetition, comprehension, and oral naming (e.g., Kertesz, 1982) and the left hemisphere 

cortical regions that support these functions are fairly well defined (for reviews, see 

Damasio & Geschwind, 1984; Price, 2000). Specifically, anterior left perisylvian regions 

(Broca’s area and surrounding left frontal regions) are thought to support language 

fluency, which, generally, encompasses both articulatory facility as well as grammatical 

complexity of utterances. Accordingly, patients with damage involving Broca’s area and 

surrounding left frontal cortical regions typically present with nonfluent language 
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characterized by effortful production and reduced grammatical complexity. Repetition 

ability is associated with left temporo-parietal cortex, including the supramarginal gyrus 

and underlying white matter tracts (the arcuate fasciculus). Single-word comprehension is 

linked to left posterior superior temporal cortex, based on comprehension deficits 

observed in patients with posterior lesions such as those typical of Wernicke’s aphasia. 

Naming ability, in general, is not a localizing feature in aphasia, as naming impairment is 

observed in all aphasia syndromes and naming is reliant on a number of cognitive 

processes and underlying cortical regions (Gernsbacher & Kaschak, 2003; Martin, 2003). 

Nonetheless, patients whose sole presenting feature is anomia in the acute stage often 

have damage to middle and inferior temporal lobe regions implicated in semantic 

processing (Antonucci, Beeson & Rapcsak, 2004; Beeson & Rapcsak, 2006).  

While the behavioral deficits resulting from focal lesions to specific left 

hemisphere regions are fairly well characterized, the effects of regional atrophy resulting 

from neurodegenerative disease are a relatively recent area of inquiry. Consistent with the 

language impairments observed in progressive aphasia, the general pattern of atrophy 

observed in these patients involves many of the same regions implicated in aphasia 

resulting from stroke, specifically, left perisylvian cortex (Gorno-Tempini et al., 2004; 

Rosen et al., 2002b; Sonty et al., 2003). In addition, patients with semantic dementia 

demonstrate atrophy in the anterior and inferolateral temporal lobes, typically more 

pronounced in the left hemisphere (Hodges et al., 1992; Mummery et al., 2000; Rosen et 

al., 2002b; Williams et al., 2005). Furthermore, specific language behaviors used to 

characterize aphasia have been shown to correlate with regional gray matter volumes in 
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patients with progressive language impairment in a manner that provides converging 

evidence with the many studies of brain-behavior relations in stroke patients.  

Amici and colleagues (2007b) found significant correlations with individual tasks 

from the Western Aphasia Battery (WAB) as well as the Boston Naming Test (BNT) and 

gray matter volumes in specific brain regions in a group of 51 patients (41 with primary 

progressive aphasia and 10 with other neurodegenerative disease and language 

impairment as a prominent feature). Fluency and sentence comprehension scores from the 

WAB correlated with left frontal regions, repetition scores with left posterior temporal 

cortex, and naming scores from the BNT with the temporal lobes bilaterally. The analyses 

in Experiment 1 were intended to replicate and extend the work of Amici et al. (2007b) as 

well as to provide an initial characterization of the patient group and their associated 

behavioral profiles and cortical atrophy patterns. To do so, we examined patterns of 

regional gray matter atrophy relative to controls in an unselected group of progressive 

aphasia patients and explored the relationship between regional gray matter volume and 

performance on standard measures used to characterize aphasia syndromes.  
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Methods 

Participants
1
 

 Fifteen individuals with progressive aphasia and fifteen demographically-matched 

normal controls were included in the study (Tables 2,3). The majority of patients fulfilled 

the diagnostic criteria for PPA as put forth by Mesulam (2001), and qualification for 

diagnosis was made relative to the criteria indicated in Table 1. Briefly, a diagnosis of 

PPA was made in individuals who presented with a progressive aphasic disorder, with 

relative sparing of other aspects of cognition, as determined by neuropsychological 

testing and patient/caregiver interview. The Western Aphasia Battery (WAB; Kertesz, 

1982) and Boston Naming Test (BNT; Kaplan, Goodglass, & Weintraub, 2001) were used 

to determine the presence of a clinically significant language impairment. A WAB 

Aphasia Quotient of 93.8 or significant impairment on the Boston Naming Test relative to 

test norms were considered evidence of a clinically significant impairment.  

Note that Mesulam’s criteria were altered slightly in order to incorporate semantic 

dementia patients, in whom face and object recognition deficits may co-occur with 

language impairments. In addition, individuals who fit the diagnosis of “PPA-plus,” as 

described by Mesulam, were included in the study.
2
 These are individuals who, because 

of progressive neurodegeneration, have developed concomitant impairments of memory, 

associative agnosias, personality changes, or motor impairments in addition to aphasic 

deficits (Mesulam, 2007). These cases, generally, are those for whom a diagnosis of PPA 

                                                 
1 The following sections regarding participants and behavioral testing measures pertain to Experiments 1 

and 2a/b. 

2 From this point on, the patient group will be referred to as PA, for progressive aphasia, in order to 

acknowledge the inclusion of individuals with PPA-plus. 
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would likely have been appropriate within the initial disease stages, but who have 

progressed to develop additional deficits.  

A diagnosis of PPA-plus was made when individuals demonstrated impairment on 

neuropsychological tests outside of the language domain and when the family and patient 

interviews revealed a limitation in activities of daily living (ADL) caused by non-

language deficits. Our use of non-language ADL limitations as a necessary criterion for 

PPA-plus was motivated by the fact that standardized neuropsychological assessments 

“depend on verbal instructions, verbal responses, or covert verbal reasoning” and may 

lead to the “erroneous conclusion that areas other than language are also impaired” 

(Mesulam et al., 2003, p. S11).  
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Table 1. Diagnostic criteria for PPA (from Mesulam, 2001; 2007) 

Insidious onset and gradual progression of word-finding, object-naming, or word 

comprehension impairments as manifested during spontaneous conversation or as 

assessed through formal neuropsychological testing of language. 

All limitation of daily living activities can be attributed to the language impairment, for 

at least 2 years after onset. 

Intact premorbid language functions. 

Absence of  

-significant apathy, disinhibition  

-forgetfulness for recent events 

-visuospatial impairment  

-visual recognition deficits (can be present in individuals with semantic dementia). 

 

Absence of sensorimotor dysfunction within the initial 2 years of illness. 

Absence of “specific” causes such as stroke or tumor as ascertained by diagnostic 

neuroimaging. 

If language impairment is the primary deficit, but impairments of memory, associative 

agnosias, personality changes, or motor impairments are also present, patients may be 

diagnosed as “PPA-plus.” 

  

PPA-plus cases were included in this study if the language impairment remained 

the most prominent feature of the disorder and concomitant cognitive deficits did not 

preclude language testing. In addition to the Mini Mental State Exam (MMSE; Folstein, 

Folstein & McHugh, 1975), the following neuropsychological measures were 

administered: The Warrington Recognition Memory Test (Warrington, 1984), as a 

measure of episodic memory; the Rey Complex Figure Test (Meyers & Meyers, 1995), to 
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examine visual recall and recognition; and the Raven’s Colored Progressive Matrices
3
 

(Raven, Raven & Court, 1998), as a measure of visual problem solving and abstract 

reasoning.  

Demographic characteristics for the PA group are shown in Table 2. Mean age for 

the group was 71.6 years (SD = 7.7) and average years of education was 15.7 (SD = 2.1). 

Normal control participants (n = 15; Table 3) were matched with the patient group 

according to age, gender, and education. All participants spoke English as their primary 

language. Control participants were screened for history of neurological or psychological 

illness, substance abuse, and dementia and were required to score 28/30 on the MMSE. 

One individual in the PA group was left-handed,
4
 whereas the other individuals were 

right-handed. Patients’ mean MMSE score was 23.8 (SD = 5.4), which differed 

significantly from the control group (p<.0001), but is equivalent to that reported in 

previous groups of PPA patients (e.g., Gorno-Tempini et al., 2004; Grossman et al., 

2004). It is not surprising that MMSE scores were outside the normal range for the PA 

group, given that this measure comprises tasks that are reliant on language 

comprehension and production.  

 

                                                 
3 The Raven’s Colored Progressive Matrices was administered to a subset of patients. 

4 The presence of aphasia in conjunction with prominent left hemisphere atrophy (as determined by single-

subject VBM) indicated that language was likely left-lateralized in this patient. 
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Table 2. Characteristics of participants with progressive aphasia (PA) 

 

Note: Participants sorted by PA subtype, then by time post onset; Bold indicates participants who were MRI scanned; Scanned at 1.5T; *PPA-plus; 

F/SD=fluent/semantic dementia, LPA=logopenic progressive aphasia, PNFA=progressive nonfluent aphasia; WAB=Western Aphasia Battery; 

A=Anomic, C=Conduction, NA=not aphasic, TcM=Transcortical Motor; MMSE=Mini Mental State Exam; WRMT=Warrington Recognition Memory 

Test; RCFT=Rey Complex Figure Test; **Only 18 items administered; RCPM=Raven’s Colored Progressive Matrices; nt=not tested 
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Table 3. Characteristics of normal control participants 
Subj ID Age Sex Education Hand MMSE

217C 55 F 16 R 28

219C 57 F 18 R 30

211C 59 M 18 R 29

207C 60 M 18 L 29

213C 62 F 18 R 30

202C 63 M 16 R 30

223C 65 F 12 R 30

209C 68 M 16 R 28

221C 69 M 14 R 29

214C 72 F 16 R 30

210C 73 M 22 R 29

216C 74 F 18 R 30

215C 79 M 16 R 30

220C 79 M 14 R 28

235C 82 F 22 R 28

Mean (SD ) 67.8 (8.5) 8M:7F 16.9 (2.7) 14R:1L 29.2 (.9)  
Note: Participants sorted by age 

 

Tests by Language Domain 

The language battery was designed to explore each of four principal language domains, 

as listed below and in Table 4. The rationale for inclusion of specific components and 

brief descriptions of the assessments follow: 

Assessment of Syntactic Processing  

 Comprehension and production of verbs and sentences were assessed using the 

Northwestern Assessment of Verbs and Sentences (NAVS; Thompson, unpublished). This 

battery comprises five subtests, including the Verb Naming Test, Verb Comprehension 

Test, Argument Structure Production Test, Sentence Production Priming Test, and 

Sentence Comprehension Test. The Verb Naming Test and Verb Comprehension Test 

assess comprehension and production of verbs that vary in terms of argument structure. 

The Argument Structure Production Test evaluates production of verbs and arguments in 

a sentence production task where individuals are prompted by pictures with labeled 

grammatical elements. Finally, the Sentence Production Priming Test and Sentence 
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Comprehension Test evaluate comprehension and production of sentences that vary in 

terms of syntactic complexity. 

Assessment of Semantics 

 The Pyramids and Palm Trees Test (PPT; Howard & Patterson, 1992) and 

Arizona Semantic Test (AST; Beeson, unpublished) are assessments of nonverbal picture 

association, wherein a target item is matched to one of two (PPT) or four (AST) pictures, 

one of which is most closely related to the target (e.g., for target “glasses,” picture 

choices include eyes and ears). The PPT was included because it is a widely used 

measure, with normative data available. The AST was included because it is likely a more 

sensitive assessment of semantic knowledge; it is less probable that choices are 

attributable to chance performance, and test items are in color, rather than black and 

white, thus easing perception of stimuli. Because semantic knowledge is critical for 

lexical retrieval, the 60-item Boston Naming Test (BNT; Kaplan et al., 2001) was used to 

assess spoken naming ability for items of increasing difficulty. Single-word 

comprehension of spoken words was assessed using subtest 47 from the Psycholinguistic 

Assessment of Language Processing in Aphasia (PALPA; Kay, Lesser & Coltheart, 

1992). Spoken naming and auditory comprehension for living versus non-living entities 

were assessed using the 64 items from the semantic assessment battery used by Hodges 

and colleagues (Bozeat, Lambon Ralph, Patterson, Garrard & Hodges, 2000; Lambon 

Ralph, Garrard & Hodges, 2003). Finally, auditory synonym judgment was assessed 

using a subset of items from PALPA subtest 49. 
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Assessment of Phonology 

 The Arizona Phonological Battery (APB; Beeson & Rapcsak, unpublished) 

consists of tests that examine phonological segmentation, deletion, manipulation, and 

blending using both real word and nonword stimuli matched for syllable length and 

phonological complexity. Additional phonological skills, such as rhyme judgment, are 

also assessed. Some of the tasks were adapted from the Phonological Awareness Test 

(Robertson & Salter, 1997) and from the phonological battery used by Patterson & 

Marcel (1995).  

 Assessment of Written Language 

 Stimuli for writing to dictation and reading tasks were designed to detect the 

influence of various linguistic variables known to affect performance of individuals with 

reading and spelling impairments, including orthographic regularity, word frequency, and 

lexical status (Beeson & Hillis, 2001; Ellis, 1982; Roeltgen & Heilman, 1985). The 

Arizona Battery of Reading and Spelling (ABRS; Beeson & Rapcsak; unpublished) 

consists of 40 regular words demonstrating predictable sound-to-letter correspondences 

(e.g., pine) and 40 irregular or exception words (e.g., choir), which cannot be spelled 

accurately by reliance on phoneme-to-grapheme conversion. Regular and irregular words 

are subdivided into 20 high and 20 low frequency items. Word length varies from four to 

seven letters and is balanced across lists. Nonword spelling and reading were tested using 

20 items derived from real words by changing 1-2 letters (while maintaining 

phonological plausibility). Nonword stimuli vary in length between four and seven 
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letters. For spelling tasks, stimuli were presented verbally by the examiner and repeated 

by the participant prior to spelling in order to ensure correct stimulus perception.  

Table 4. Language Battery 

Language 

Domain 

Type of assessment Tasks (# of items) 

Syntax Sentence and verb 

comprehension and 

production 

Northwestern Assessment of Verbs and Sentences:  

Verb Naming Test (34) 

Verb Comprehension Test (34) 

Argument Structure Production Test (50) 

Sentence Production Priming Test (35) 

Sentence Comprehension Test (35) 

Semantics Verbal and 

nonverbal 

assessments of 

conceptual 

knowledge 

involving both 

comprehension and 

production 

 

Pyramids and Palm Trees Test (52) 

Arizona Semantic Test (40) 

Boston Naming Test (60) 

PALPA 47 (spoken word-to-picture match; 40) 

Living/Nonliving Test (comprehension/production; 64)  

Subset from PALPA 49 (auditory synonym judgment; 20)                             

Phonology Assessment of 

phonological 

processing involving 

both input and 

output modalities 

Arizona Phonological Battery: 

Rhyme judgment (40) 

Minimal pair judgment (40) 

Phoneme substitution (30)/ deletion (20)/ blending (20)  

Repetition of words (20)/ nonwords (20) 

Written 

language 

Spelling and reading 

of regular words, 

irregular words, and 

nonwords 

Arizona Battery of Reading and Spelling:  

Regular words (40) 

Irregular words (40) 

Nonwords  (20) 

 

Hearing Testing 

All participants received a hearing evaluation. Individuals with greater than a 50 

dB hearing loss in the better ear at 1000, 2000 and 4000 Hz were to be excluded from 

participation in the study (no exclusions were made). Individuals with a pure tone 

average of 35-49 dB who did not have their own amplification were provided with a 

sound enhancement system during the testing sessions as needed (n = 3). These criteria 
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and accommodations proved more than adequate relative to the demands of our test 

battery, which required comprehension of speech at a close range in a quiet room. 

Neuroimaging 

High resolution T1-weighted MRI scans were obtained within one month of 

behavioral testing for 11 of the 15 PA patients
5
 and all normal controls. MRI scanning 

was conducted on a 3 Tesla (3T) General Electric Excite MRI scanner (12X OS) using a 

3D inversion recovery (IR) prepped spoiled-gradient-echo sequence (SPGR) with the 

following parameters: repetition time, TR = 7.4 ms; echo time, TE = 3.0 ms; inversion 

time, TI = 500 ms; flip angle = 15; field of view (FOV) = 26x26x19 cm; matrix size = 

256x256x124; 1 NEX (signal average); acquisition time, TA = approximately 8 minutes. 

Resulting voxel dimensions were 1x1x1.5 (S/I, A/P, R/L, respectively). One PA 

participant could not be scanned at 3 Tesla due to contraindications and was scanned on a 

GE 1.5T scanner using comparable parameters.   

Voxel-based analysis of gray matter atrophy 

Voxel-based morphometry (VBM), a fully automated analysis method that 

operates within SPM5 (Statistical Parametric Mapping; Wellcome Department of 

Cognitive Neurology) was implemented to derive segmented gray matter maps for 

determination of regional gray matter atrophy in the PA group relative to the normal 

controls and also for correlations of gray matter volume with behavioral test measures. 

Prior to processing, T1 images were evaluated for quality, including motion and other 

                                                 
5 Four PA participants could not be scanned due to contraindications such as heart stents, pacemakers, and 

claustrophobia. 
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artifacts that could contribute to systematic registration biases. Images were then 

processed using the automated segmentation routines in SPM5 (Ashburner and Friston, 

2005), augmented by the VBM5 toolbox available at http://dbm.neuro.uni-

jena.de/vbm/vbm5-for-spm5/. The unified segmentation algorithm implements an 

iterative procedure which alternates between spatial normalization, bias correction, and 

tissue segmentation steps in order to achieve an optimal segmentation. This represents an 

improvement over the “optimized VBM” protocol of Good et al. (2001) used in most 

VBM studies to date, wherein images were subjected to two sequential segmentations in 

order to obtain optimal normalization and segmentation results. 

Initially, customized gray and white matter priors were created from MRI scans of 

all patients and controls, to be used for segmentation of the brain into relevant tissue 

classes. Custom templates were used because they have proven to produce more accurate 

results than standard (MNI) templates (Senjem, Gunter, Shiung, Petersen, & Jack, 2005). 

Template creation involved registration of all individual patient (n = 11) and control (n = 

15) scans to the standard Montreal Neurological Institutes (MNI) template, followed by 

segmentation, averaging, and smoothing (to a full-width-half-maximum of 8mm). Images 

from PA and control groups were then segmented into gray matter, white matter, and 

cerebrospinal fluid, based on the tissue priors derived from the images. Because volumes 

of some regions may grow or shrink as a result of spatial normalization, voxel values in 

segmented images were multiplied by Jacobian determinants derived during 

normalization, resulting in values that represent absolute volumes, rather than tissue 
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concentrations (Good et al., 2001). Normalized, segmented images were then smoothed 

with a 12 mm full-width-half-maximum (FWHM) Gaussian kernel. 

Statistical Analyses for Experiment 1 

 In order to characterize the pattern of gray matter atrophy in an unselected group 

of patients with progressive aphasia, smoothed gray matter volume images for PA 

patients (n = 11) were compared with those from normal controls (n = 15) on a voxel-by-

voxel basis using a two-population group comparison, with statistical threshold set at 

p<.001 (FDR correction). For this and all subsequent analyses, differences in overall 

cranial volume (head size) were accounted for by entering total intracranial volume (TIV) 

for each participant into the design matrix as a confounding covariate, as recommended 

by Pell et al. (2008). 

 In order to examine the effect of regional cortical atrophy on language measures 

used to characterize aphasia in patients with focal lesions, and to attempt to replicate and 

extend findings from previous work (Amici et al., 2007b), gray matter volumes were 

correlated with the following measures: Western Aphasia Battery (WAB) fluency and 

repetition scores, PALPA 47 (spoken word-picture match) score
6
, and Boston Naming 

Test (BNT) score. Statistical threshold for these analyses was set at p<.001, uncorrected 

(due to small sample size).
7
  These and all subsequent VBM analyses were limited to left 

                                                 
6
 The full comprehension sub-score from the WAB was not used because this score encompasses 

comprehension at single word and sentence levels. Amici and colleagues examined sentence 

comprehension on the WAB relative to gray matter volume. We chose to examine single-word 

comprehension because syntactic measures are dealt with in Experiment 2a. 
7
 This is the standard thresholding level utilized in studies of this kind in PPA (e.g., Amici et al., 2007; 

Grossman et al., 2004) largely because this patient group is relatively rare and thus, experimental cohorts 

tend to be small. 
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hemisphere regions implicated in language processing in studies of patients with focal 

lesions as well as functional imaging studies of healthy individuals.
8
 Selected regions 

included inferior frontal gyrus, rolandic operculum, insula, supramarginal gyrus, superior 

temporal gyrus, angular gyrus, middle and inferior temporal gyri, temporal pole, fusiform 

gyrus, and parahippocampal gyrus. An a priori mask that included these regions was 

created using the aal atlas in PickAtlas software (Maldjian, Laurienti, Kraft & Burdette, 

2003) and this mask was used to constrain all correlation analyses in this and subsequent 

experiments (see Figure 1).  

 

Figure 1. Mask comprising left hemisphere regions implicated in language processing 

used to constrain correlation analyses 

 

 

  

                                                 
8
 Initially, the mask for these analyses included the right temporal lobe as well, given that aspects of 

semantic processing are attributed to right temporal cortex and because right temporal atrophy was detected 

in our patient group. We found no significant correlations in the right hemisphere with semantic measures 

and thus, limited the mask to the left hemisphere. 
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Results 

The PA patients in the current sample demonstrated a range of aphasia profiles 

and severities (Table 2). Patients were classified by the Western Aphasia Battery as 

anomic (n = 11), conduction (n = 2), transcortical motor (n = 1) and non-aphasic (n = 1).
9
 

Mean aphasia quotient was 81.5 (SD = 11.7), with scores ranging from 55.6 to 98.2 out of 

a total of 100 possible points. 

Figure 2 and Table 5 show the results of the two-group comparison examining 

gray matter volumes in PA patients versus controls. This analysis revealed the typical 

pattern of regional cortical atrophy in progressive aphasia, with damage in the left 

hemisphere affecting both peri- and extrasylvian regions and right hemisphere atrophy in 

the temporal lobe (less pronounced than in the left hemisphere; for results of VBM 

analyses in each PA sub-group, see Appendix A, p. 97). 

Correlation analyses between gray matter volumes and specific language 

behaviors were largely consistent with findings in focal patients (Figure 3 and Table 6).
10
 

The WAB fluency score correlated with volumes in a large cluster in inferior frontal gyrus 

(opercular and triangular portions) and also with the angular gyrus. WAB repetition scores 

correlated significantly with volumes in temporo-parietal cortex, including a large cluster 

in the supramarginal gyrus/superior temporal gyrus and also with the opercular portion of 

the inferior frontal gyrus. Single-word comprehension (PALPA 47) scores correlated with 

volumes in the anterior and inferolateral temporal lobe (inferior and middle temporal gyri 

                                                 
9
 Note that this participant, PA 11, was significantly anomic on the Boston Naming Test, scoring 30/60 

correct, therefore meeting criteria for inclusion. 
10
 Scatterplots of behavioral scores against voxel intensities from local maxima, as well as a discussion of 

regression diagnostics, can be found in Appendix C, p. 106. 
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and temporal pole). Finally, BNT scores correlated with gray matter volumes in clusters 

in the middle temporal gyrus, temporal pole, parahippocampal gyrus, and inferior parietal 

lobe.  
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Figure 2. Results of VBM analysis comparing gray matter volume in patients          

(n = 11) versus controls (n = 15), p<.001, FDR corrected 
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Table 5. Cluster/voxel values for 2-group comparison examining PA group vs. 

controls, p<.001, FDR corrected 
Anatomical region Brodmann 

area 

# voxels x,y,z {mm} T Z  

MTG, ITG, STG, fusiform, temp_pole, 

IFG_orb, triang, operc, precentral, 

postcentral, IPL, SMG, SFG_orb, insula, 

Hc, paraHc, amyg, MFG 

22, 39, 

20/37/21, 

22,42,20/38, 

47, 44/45. 4/6, 

2/3, 40, 39, 11, 

36, 28 

93855 -58 -15  -8 8.53 5.67 * 

Hc 20  -28 -15 -16 8.28 5.58 * 

ITG 20  -58 -27 -23 8.15 5.53 * 

MTG, STG, ITG, fusiform, temp_pole, 

paraHc, insula, amyg 

20,21,22,28, 

38,34,36 

24007  56 -18  -7 7.5 5.28 * 

MTG 21   65 -14 -18 6.88 5.02 * 

paraHc 28   31   7 -27 6.74 4.96 * 

ACC, mid_cing, SMA, SFG_med 32, 8,9,10 11052  -8  29  29 6.39 4.8 * 

SFG 10  -15  59  21 6.05 4.63  

Cing_mid 32   -8  24  37 5.79 4.5  

IFG_operc 44 556  38  10  29 5.24 4.21  

MFG 45 680 -44  39  22 5.21 4.19  

ACC, MFG_orb 10,11 530  -7  48  -3 5.21 4.19  

MFG_orb 11   -4  38 -11 4.42 3.72  

IFG_triang 45 475  51  42  30 5.07 4.11  

SMA 6 284 -14  -6  66 5.06 4.11  

MFG 6 271  40   8  54 5 4.07  

ITG 20 230  51 -32 -27 4.84 3.98  

IFG_orb 47 112  40  33 -14 4.78 3.94  

MFG 44 180  45  24  37 4.71 3.9  

MFG 45   45  33  34 4.42 3.72  

IPL 7 153 -35 -61  50 4.66 3.87  

Thalamus  118  -8 -19  14 4.62 3.85  

SFG_med 10 53   9  53   7 4.61 3.84  

MFG 46 50 -29  52  19 4.56 3.81  

SFG_med 10 49   5  56  21 4.53 3.79  

Caudate  55  -9   8   4 4.51 3.78  

IFG_operc 48 26 -52  11  14 4.5 3.77  

Note: voxels in bold are peak voxels from clusters; voxels listed beneath are separate maxima (>8mm 

apart) within those clusters; for large clusters (>100 voxels), BA and anatomical regions are given for the 

entire cluster; for smaller clusters BA and anatomical regions reflect only the peak voxel; only clusters 

greater than 10 voxels included; coordinates are in MNI space; *=significant at p<.05, FWE 

 

ACC=anterior cingulate cortex, amyg=amygdala, Hc=hippocampus, IFG=inferior frontal gyrus, 

orb=orbital, triang=triangular, operc=opercular, ITG=inferior temporal gyrus, IPL=inferior parietal lobe, 

med=medial, MFG=middle frontal gyrus, mid_cing=middle cingulate, MTG=middle temporal gyrus, 

paraHc=parahippocampal gyrus, precentral=precentral gyrus, postcentral=postcentral gyrus, 

Roland_operc=rolandic operculum; SMA=supplementary motor area, SMG=supramarginal gyrus, 

SFG=superior frontal gyrus, STG=superior temporal gyrus, temp_pole=temporal pole  
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Figure 3. Correlation between gray matter volume and fluency and repetition scores 

(from the Western Aphasia Battery), auditory comprehension (from the PALPA 47), 

and naming (from the Boston Naming Test) (n = 11), p<.001, uncorrected  
 

Language Fluency (WAB)        Repetition (WAB) 

            
 

 

 

Single-word Comprehension (PALPA 47)      Spoken naming (BNT) 
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Table 6. Significant voxels/clusters for Western Aphasia Battery, PALPA 47, and 

Boston Naming Test correlations, p<.001 
 

WAB fluency      

Anatomical regions BAs # voxels x,y,z {mm} T Z 

AG 39 378 -44 -77  30 6.38 3.7 

IFG_operc/triang 44 1085 -53  14  17 6.35 3.69 

IFG_triang 45 670 -52  32   0 5.7 3.51 

WAB repetition      

Anatomical regions BAs # voxels x,y,z {mm} T Z 

SMG, STG 40, 42, 22 2890 -64 -40  32 8.87 4.26 

SMG 40  -60 -48  28 5.38 3.4 

STG 42,22  -58 -41  23 5.2 3.35 

IPL, SMG 40 1384 -41 -43  43 5.71 3.51 

SMG 40  -45 -43  36 4.88 3.23 

MTG, AG 37,39 676 -39 -57  14 5.44 3.42 

MTG 39  -47 -56  21 5.41 3.41 

IFG_operc 48 255 -49   7   8 5.32 3.39 

AG 39 429 -45 -61  43 5.19 3.34 

Single-word 

comprehension 

     

Anatomical regions BAs # voxels x,y,z {mm} T Z 

ITG 20 1550 -64 -24 -21 7.26 3.92 

ITG 20 1234 -55 -33 -29 5.97 3.59 

ITG 36 495 -37   6 -37 5.43 3.42 

Temp_pole 38 614 -46  17 -19 5.17 3.33 

Temp_pole 38  -52  13 -23 5.01 3.28 

MTG 21 139 -68 -23 -11 5.07 3.3 

BNT      

Anatomical regions BAs # voxels x,y,z {mm} T Z 

IPL 40 382 -60 -41  46   7.32  3.94 

ParaHc 37 214 -31 -40  -4   6.11  3.63 

Temp_pole 38 970 -41  25 -21   5.79  3.53 

ParaHc 20 390 -33 -24 -18   5.54  3.46 

ParaHc 37 15 -32 -38  -8   4.74  3.18 

Temp_pole 38 31 -33  17 -22   4.65  3.15 

MTG 20 15 -70 -37 -15   4.65  3.15 

Note: voxels in bold are peak voxels from clusters; voxels listed beneath are separate maxima (>8mm 

apart) within those clusters; for large clusters (>100 voxels), BA and anatomical regions are given for the 

entire cluster; for smaller clusters BA and anatomical regions reflect only the peak voxel; only clusters 

greater than 10 voxels included 

 

 

 



   47  

 

Discussion 

Results from Experiment 1 reveal, in this unselected group of PA patients, 

patterns of regional cortical atrophy consistent with those described in the PA literature— 

specifically, left hemisphere peri- and extrasylvian atrophy and left greater than right 

atrophy in the temporal lobes.  

 Correlations between gray matter volume and performance on specific language 

measures were largely in agreement with lesion-deficit studies in aphasic patients with 

focal damage and with previous work employing the same approach and similar 

behavioral measures in PA patients (Amici et al., 2007b). Fluency of language production 

was related to the integrity of left frontal cortex in our patients (BA 44/45) and in the 

Amici study (BA 9, 10, 45). Repetition scores correlated with gray matter volume in left 

temporo-parietal cortex in the current PA group, a finding that is in accord with lesion 

studies of aphasia. It is of interest that Amici and colleagues did not find significant 

correlations between the overall WAB repetition score (which is derived from word and 

sentence-level repetition tasks) and gray matter volumes. Only when considering the 

sentence repetition score alone (which they interpreted to be a more sensitive measure of 

repetition ability) did they detect significant correlations in the left superior temporal 

gyrus and sulcus (BA 22). 

 Single-word comprehension scores correlated with the anterolateral left temporal 

lobe, rather than posterior superior temporal gyrus/Wernicke’s area. This represents a 

departure from traditional models of brain-behavior relations in aphasia caused by focal 

lesions (e.g., Lichtheim, 1885) according to which, posterior superior temporal gyrus 
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plays a critical role in the storage of auditory representations of familiar words (Wise et 

al., 2001). However, auditory comprehension also requires access to semantic 

representations and phonetic and phonemic processing in addition to mapping onto 

lexical phonological representations (Martin, 2003). Thus, a disruption at any of these 

levels may produce impaired auditory comprehension.  

 In the current group of patients, single-word comprehension was most impaired in 

participants with profiles consistent with semantic dementia (e.g., PA 4), a disorder of 

semantic processing resulting from damage to the anterolateral temporal lobes (Hodges et 

al, 1992). Thus, the current findings, in which single word comprehension correlated with 

anterior and inferolateral temporal volumes, do not refute a role for Wernicke’s area in 

auditory comprehension, but are indicative of a different level of breakdown in the 

comprehension process (semantic, rather than lexical-phonological) in a different type of 

aphasic patient (with progressive, rather than focal damage).   

 Damage to posterior superior temporal gyrus was, however, observed in the 

current group of patients. Atrophy in this region is likely attributable to individuals in the 

patient group who presented with logopenic progressive aphasia (see Appendix A for 

VBM results by sub-group), in whom a pattern of temporo-parietal atrophy has been 

documented in this and prior studies (Gorno-Tempini et al., 2004; 2008). These 

individuals, however, typically demonstrate spared (single word) auditory comprehension 

and impaired verbal working memory, a profile more consistent with conduction rather 

than Wernicke’s aphasia. It may be the case that auditory comprehension is reliant on a 

number of perisylvian cortical regions, including Broca’s area, which has been shown to 
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play a role in speech perception (Price et al., 1996). The relative sparing of other 

perisylvian regions may be sufficient to support auditory comprehension in the majority 

of logopenic progressive aphasia patients, including those in the current cohort, resulting 

in non-significant correlations between posterior superior temporal gyrus and this 

comprehension measure.  

 Finally, naming ability, as measured by the Boston Naming Test, correlated with 

clusters in temporal lobe regions implicated in semantic processing and also with the 

inferior parietal lobe, a perisylvian region thought to be critical for phonological 

processing (Becker, MacAndrew & Fiez, 1999). That the integrity of both semantic and 

phonological regions was related to naming skill is consistent with cognitive models of 

naming, which suggest that lexical retrieval requires (among other processes) semantic 

activation and phonological encoding (Chialent, Costa & Caramazza, 2002).  

The results of Experiment 1 are broadly in agreement with those of Amici et al., 

(2007b) and serve to provide an initial characterization of the patient group in this study. 

These results confirm that progressive aphasia is a valid testing-ground for examination 

of brain-behavior relations for language, offering both confirmatory and complementary 

evidence regarding the role of specific cortical regions in language tasks. 
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EXPERIMENT 2A: THE RELATION BETWEEN GRAY MATTER VOLUME AND 

COMPOSITE LANGUAGE MEASURES IN PROGRESSIVE APHASIA PATIENTS 

 

Background 

 Previous work exploring the relation between gray matter atrophy and language 

decline in progressive disease has, in large part, utilized single measures (e.g., picture 

naming, sentence comprehension) to capture language behavior (e.g., Amici et al., 

2007a,b; Grossman et al, 2004), as was done in Experiment 1. This approach is limited in 

the sense that results are shaped by the particular measures chosen, in much the same way 

that functional neuroimaging studies are constrained by the choice of experimental 

paradigm. In functional neuroimaging research, individual tasks are often taken to 

represent a particular cognitive construct (e.g., semantic or phonological processing) and 

results may vary across studies due to differences in choice of experimental and control 

tasks as well as the particular contrasts that are reported (e.g., whether an experimental 

task is compared to baseline activation or to some other “active” task).  

In order to draw broad conclusions regarding the neural substrates for a particular 

language-processing domain, it is critical to include a number of tasks designed to tap 

into the domain of interest, thus avoiding a mono-operational bias. This type of approach 

has been adopted by Jobard and colleagues in their meta-analysis of reading studies 

(Jobard, Crivello & Tzourio-Mazoyer, 2003) and by Vigneau and colleagues in the 

domains of phonology, semantics, and sentence processing (Vigneau et al., 2006). 

Experiment 2a was designed to take a broad and inclusive view of the status of language 

skills in PA patients by deriving composite scores of language processing from a number 
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of measures in each of four critical language domains. Subsequently, we studied the 

effects of regional atrophy on performance in each domain by correlating behavioral 

performance with gray matter volumes.  

It should be noted that this type of analysis may be conducted in two ways. First, 

gray matter volumes can be correlated with behavioral scores in the patient group alone, 

as has been done in the majority of experiments of this kind. A slightly different approach 

is to include both patients and controls in multiple regression analyses, taking advantage 

of the variability in behavioral scores and gray matter volumes in a combined group of 

healthy and impaired individuals. The latter approach, which capitalizes on added 

statistical power in a larger group, will be applied in Experiment 2b. We considered it 

prudent to include both patients-only and patients-plus-controls analyses in the current 

study. The patients-only analyses in this experiment (2a) allow for examination of 

behavior-atrophy relations in impaired individuals only. The limitations in statistical 

power that result from a small samples size (n = 11), however, motivate the use of a 

combined group of patients and controls for the VBM analyses, as will be done in 

Experiment 2b.  

Cognitive Processes Involved in Language 

 A number of distinct but interdependent cognitive processes contribute to 

language comprehension and production. In production of spoken or written language, 

lexical selection involves accessing both semantic (conceptual) and grammatical 

(syntactic) information for an item in the lexicon, followed by retrieval of specific word 

forms (phonological or orthographic); these word forms are then assembled into 
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sentences (Garrett; 1988). With regard to comprehension, perceived orthographic or 

phonological word forms activate semantic and grammatical information, allowing for 

parsing of sentence-level information and, ultimately, sentence comprehension (Mitchum 

& Berndt, 2001). 

Neural Substrates of Major Language Processing Domains 

While cognitive models vary in terms of the nature of linguistic representations 

and the processes that act upon them, the major functional components implicated in 

most models include syntax (and morphosyntax), semantics, phonology, and 

orthography, as outlined above. Lesion studies in patients, as well as functional 

neuroimaging studies of neurologically intact individuals, indicate that these language 

domains are supported by distinct neural substrates (for reviews, see Binder & Price, 

2001; Martin, 2003; Vigneau et al., 2006).  

Syntactic Processing  

 Syntactic skills refer to an individual’s ability to comprehend/decode and produce 

grammatical utterances. Traditionally, the left inferior frontal gyrus, or Broca’s area, has 

been cited as the critical neural substrate for syntactic processing (e.g., Berndt & 

Caramazza, 1980). In lesion studies, however, patients with damage restricted to Broca’s 

area do not consistently demonstrate impaired syntactic production (Mohr et al., 1978) or 

comprehension (Dronkers, Wilkins, Van Valin, Redfern, & Jaeger, 1994). More recently, 

lesion studies, as well as functional imaging research, indicate that syntactic processing is 

likely reliant on a number of regions in left perisylvian cortex, including left inferior 

frontal cortex, precentral gyrus, the insula, and left superior/ middle temporal and inferior 
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parietal cortices (including supramarginal and angular gyri) (Caplan, Alpert & Waters, 

1999; Caplan, Hildebrandt & Makris, 1996; Caplan et al., 2007; Grodzinsky & Friederici, 

2006; Indefrey et al., 2001; Just, Carpenter, Keller, Eddy, & Thulborn, 1996; 

Stromswold, Caplan, Alpert & Rauch, 1996; Vanier & Caplan, 1990; Vigneau et al., 

2006).
11
 The specific role of each of these regions in syntactic processing has yet to be 

determined. In fact, studies employing the lesion-deficit approach have failed to find a 

consistent relationship between specific perisylvian sub-regions and syntactic processing 

(Caplan, Hildebrandt & Makris, 1996; Dronkers et al., 2004). Furthermore, there is 

evidence from patients with focal lesions suggesting that the importance of specific 

cortical regions may vary across individuals and that non-perisylvian regions, including 

anterior inferior temporal cortex and the superior parietal lobe may also contribute to 

syntactic ability (Caplan et al., 2007). Nonetheless, there is considerable evidence 

suggesting a critical role for left perisylvian regions, both frontal and temporo-parietal, in 

syntactic/grammatical skills. 

Semantic Processing  

 Semantic processing refers to storage, manipulation, and retrieval of conceptual 

knowledge about things and people in the world. Broadly, functional neuroimaging and 

lesion studies have shown semantic processing to be reliant on anterior and 

middle/inferior temporal cortices as well as the angular gyrus and inferior frontal gyrus of 

                                                 
11
 Middle temporal gyrus and angular gyrus are not technically perisylvian regions. Both, however, are 

implicated in syntactic processing in lesion studies of agrammatism (e.g., Vanier & Caplan, 1990). 

Additionally, middle temporal gyrus has been associated with grammaticality judgment (Wilson & Saygin, 

2004) whereas angular gyrus is linked to processing of verb argument structure (Thompson et al., 2007). 

For convenience, we will refer to a “network of perisylvian regions” that is thought to support syntactic 

processing; however, these two regions are also included. 
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the left hemisphere (Binder & Price, 2001; Binder et al., 1999; Chertkow, Bub, Deaudon 

& Whitehead, 1997; Demonet et al., 1992; Hart & Gordon, 1990; Jefferies & Lambon 

Ralph, 2006; Mummery et al., 2000; Price, 2000; Rogers et al., 2006; Roskies, Fiez, 

Balota, Raichle, & Petersen, 2001; Saygin, Dick, Wilson, Dronkers & Bates, 2003; 

Vandenberghe, Price, Wise, Josephs, & Frackowiak, 1996; Vigneau et al., 2006). While 

temporal and temporo-parietal regions appear to support storage of conceptual 

information, inferior prefrontal cortex is thought to be essential for effortful “retrieval, 

maintenance and/or control of semantic information” (Fiez, 1997, p. 81), operating as a 

sort of semantic “executive” system (Roskies et al, 2001). 

Phonological Processing 

 Phonological skills refer to an individual’s ability to process (perceive, 

manipulate, and produce) the sounds that make up words. Functional imaging studies 

have examined the role of cortical regions in phonological operations including speech 

production and perception as well as phonological awareness tasks that require the 

identification and manipulation of sounds in words and nonwords. This work, in 

conjunction with lesion studies in patients, suggests that phonological processing is 

supported by a network of left perisylvian cortical regions including posterior inferior 

frontal gyrus, precentral gyrus, the insula, superior/middle temporal gyri, and 

supramarginal/angular gyri
12
 (Binder & Price, 2001; Burton, LoCasto, Krebs-Noble & 

                                                 
12
 As acknowledged previously, middle temporal gyrus and angular gyrus are not technically 

perisylvian regions, but are included in the “perisylvian” phonological network because they are 

implicated in phonological skills. Specifically, angular gyrus is, along with supramarginal gyrus, 

the purported substrate for the “phonological store” aspect of working memory (Becker, 
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Gullapalli, 2005; Burton, Small & Blumstein, 2000; Fiez, Tranel, Seager-Frerichs & 

Damasio, 2006; Heim, Opitz, Mϋller, & Friederici, 2003; Katzir, Misra & Poldrack, 

2005; Price, 2000; Seki, Okada, Koeda, & Sadato, 2004; Vigneau et al., 2006). The role 

of distinct sub-regions within this broad network has yet to be elucidated. 

Written Language Processing 

 Models of written language processing suggest that different types of linguistic 

stimuli (specifically, irregular words versus nonwords) require differential recruitment of 

component cognitive processes (Coltheart, Rastle, Perry, Langdon & Ziegler, 2001; 

Plaut, McClelland, Seidenberg & Patterson, 1996). Reading/spelling of nonwords is 

supported by sub-lexical processes that allow for conversion between orthographic and 

phonological units. On the other hand, reading/spelling of irregular words requires 

recruitment of regions involved in processing of whole-word orthography and semantics 

in addition to phonological processes needed for production and perception of words.
 13
 

Research to date indicates that different cortical regions support these sub-lexical and 

lexical-semantic processes (Jobard et al., 2003; Rapcsak & Beeson, 2002). 

 Irregular word reading/spelling: Component cognitive processes and neural 

substrates. Irregular word reading/spelling requires intact phonological and orthographic 

systems and, in addition, necessitates input from the semantic system (Beeson & Hillis, 

2001; Figure 4). This is because irregular or exception words (such as yacht or choir), 

                                                                                                                                                 
MacAndrew & Fiez, 1999), whereas middle temporal gyrus has been implicated in phonological 
analysis of speech (Mazoyer et al., 1993; Zatorre, Evans, Meyer & Gjedde, 1992). 

13
 There are two broad theoretical perspectives regarding the nature of written language processing and the 

cognitive mechanisms that support irregular word versus nonword reading and spelling. These 

perspectives, referred to as dual-route and connectionist models, will be discussed in detail in Experiment 

2b. 
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and especially low-frequency irregular words, cannot be correctly generated via 

grapheme-phoneme conversion rules alone due to their atypical sound-letter 

correspondences. Input from the semantic system allows for accurate retrieval of these 

word forms from the lexicon. For this reason, lexical-semantic processes involved in 

written language are associated with semantic regions more broadly (enumerated above), 

as well as more purely visual/orthographic regions. Processing of orthographic word-

forms was originally thought to rely on the left temporo-parieto-occipital junction, 

specifically the angular gyrus (Dejerine, 1891; Roeltgen & Heilman, 1984). More 

recently, posterior inferior temporal cortex has been implicated in this role (Beeson et al., 

2003; Nakamura et al., 2000; Rapcsak & Beeson, 2004). Included in this region is the 

visual word form area (VWFA), an area activated in functional neuroimaging studies of 

reading, which is thought to be critical for rapid serial processing of words and word-like 

stimuli (Cohen & Dehaene, 2004; Cohen et al., 2002). The same region has also proven 

to be active during written spelling (Beeson et al., 2003). 

  

 

 

Figure 4.  Cognitive processes required for irregular word reading/spelling 
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Selective impairment of irregular word reading/spelling is referred to as surface 

dyslexia/dysgraphia. This pattern has been observed in patients with focal lesions 

affecting posterior inferior temporal cortex/visual word form area (typically resulting 

from left posterior cerebral artery stroke; Rapcsak & Beeson, 2004; Sakurai et al., 2000) 

and also in patients with semantic dementia resulting from atrophy of the anterolateral 

temporal lobes, typically more pronounced in the left hemisphere (Graham et al., 2000; 

Hodges et al., 1992).  

 It is noteworthy that the underlying mechanism of impairment is postulated to 

differ in these two patient groups. Specifically, in patients with focal lesions affecting 

posterior inferior temporal cortex/visual word form area, the deficit is thought to result 

from damage to orthographic word forms (i.e., the orthographic lexicon; Rapcsak & 

Beeson, 2004). By contrast, in semantic dementia, the deficit is considered to arise from 

inability to retrieve word forms as a result of degradation of semantic knowledge 

(Woollams, Lambon Ralph, Plaut & Patterson, 2007). In fact, reading and spelling of 

irregular words has been found to correlate with performance on semantic tasks in this 

patient group (Graham et al., 2000). Taken together, these findings suggest that there may 

be two distinct forms of surface dyslexia/dysgraphia— an orthographic and a semantic 

subtype. Recent work examining the exact extent of cortical atrophy in semantic 

dementia using VBM, however, suggests that, in many cases, there is damage to mid-

fusiform regions critical for orthography in these patients as well (Wilson et al., 2008). 

Thus, it remains to be determined whether the surface dyslexia/dysgraphia profile in 
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patients with progressive aphasia relates to damage to semantic or orthographic 

processes/regions, or both. 

 Nonword reading/spelling: Component cognitive processes and neural substrates. 

Nonword reading and spelling require the ability to convert letters to sounds (and vice 

versa) via grapheme-phoneme conversion. These processes require intact phonological 

and orthographic systems, but do not necessitate input from the semantic system (Figure 

5). Grapheme-phoneme conversion ability is thought to be reliant on left perisylvian 

cortex (Henry, Beeson, Stark, & Rapcsak, 2007; Fiez et al., 2006; Rapcsak et al., 2008). 

This relationship is well-documented in individuals with focal lesions in this region, who 

demonstrate impaired reading and spelling of nonwords, with relative sparing of real 

word reading/spelling, a profile referred to as phonological dyslexia/dysgraphia.  

 

 

 

 

 

 

 

 

Figure 5. Cognitive processes required for nonword reading/spelling 
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Hypotheses for Experiment 2a 

 The goal of Experiment 2a was to examine the relationship between gray matter 

atrophy and performance in each of the above language domains. Our hypotheses, 

generated from the focal lesion and functional imaging literature outlined above, were as 

follows (also see Table 7): 

 Generally, we expected to find significant positive correlations between gray 

matter volume and composite measures of syntax and phonology in left perisylvian 

cortex. For semantic processing, we predicted significant correlations in anterior and 

inferolateral temporal cortex as well as, potentially, in angular gyrus and anterior inferior 

frontal gyrus.  

 For written language processing, we expected to find significant positive 

correlations for low-frequency irregular word performance in regions involved in both 

phonological and lexical-semantic processing: perisylvian regions (corresponding to 

phonological processing demands) and temporal/temporo-parietal regions implicated in 

semantic processing more generally (corresponding to lexical-semantic processing 

demands). We did not necessarily expect that there would be a significant finding in 

orbitofrontal cortex (BA47), despite the fact that this region is implicated in semantic 

processing in functional neuroimaging literature. As noted previously, this region is 

associated with search and retrieval aspects of semantic processing, rather than storage of 

conceptual information per se, and thus, is not likely critical for reading/spelling. We 

predicted that there may be a significant correlation between low-frequency irregular 

word performance and gray matter volume in the visual word form area, given that this 
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region has been implicated in storage/processing of written words for both input and 

output. For phonological reading/spelling (captured by nonword performance), we 

expected to find significant correlations in the same regions as predicted for phonological 

processing more generally (left perisylvian cortex). 

 

 

Table 7. Cortical regions implicated in language processing in the functional 

neuroimaging and focal lesion literature 

 

Language domains and 

processes 

Brodmann Areas 

(BA)  

Anatomical regions 

SYNTAX: 

Comprehension and 

production of verbs/sentences 

 

BA 44/45, 6/4, 22, 

40, insula 

 

posterior inferior frontal 

gyrus/Broca’s area, precentral 

gyrus, insula, superior/middle 

temporal gyri, 

supramarginal/angular gyri 

SEMANTICS: 

Retrieval, storage, 

manipulation of conceptual 

information 

 

BA 47, 38, 20/21, 

37/39 

 

temporal pole, anterior 

fusiform gyrus, 

middle/inferior temporal gyri, 

angular gyrus, anterior 

inferior frontal gyrus 

PHONOLOGY: 

Speech production and 

perception, phonological 

awareness 

 

BA 44/45, 6/4, 22, 

39/40, insula 

 

posterior inferior frontal 

gyrus/Broca’s area, precentral 

gyrus, insula, superior/middle 

temporal gyri, 

supramarginal/angular gyri 

READING/SPELLING: 

Lexical-semantic processing 

 

 

Sublexical/phonological 

processing 

 

BA 47, 38, 20/21, 

37/39,  

 

 

BA 44/45, 6/4, 22, 

40, insula 

 

see “semantic” areas above; 

visual word form area 

(VWFA)* 

 

see “phonology” areas above 

*The visual word form area is not an “anatomical region,” but is, nonetheless, included as a specific region 

of interest. The region, located in mid-fusiform gyrus of the left hemisphere, was defined based on 

coordinates from the Jobard et al. (2003) meta-analysis of fMRI studies of reading. 
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Methods 

The same participants, behavioral testing measures, and VBM procedures were used as in 

Experiment 1 (see Experiment 1 Methods section). 

Statistical Analysis for Experiment 2a 

Composite scores for syntax, semantics, and phonology in PA patients were 

derived by averaging percent correct across subtests in each domain (see Table 4 for 

subtests that make up each composite score). For written language, measures of both sub-

lexical and lexical-semantic skills were derived. Nonword reading/spelling scores were 

averaged as a measure of sub-lexical skills. This is because nonwords (e.g., brug) are 

spelled/read via sound-letter conversion, a sub-lexical process, with little or no input from 

the semantic system. In contrast, items that do not have predictable or familiar sound-

letter correspondences, especially low-frequency irregular words (e.g., choir), cannot be 

correctly read/spelled via sound-letter conversion and require input from the semantic 

system in order to derive the correct orthographic/phonological representation (Graham et 

al., 2000). Therefore, performance on low-frequency irregular words was averaged across 

modalities as a measure of lexical-semantic reading/spelling skills.
14
 Composite scores 

for PA patients only (n = 11) were correlated with gray matter volumes in order to 

determine the relation between cortical atrophy and performance in each language 

domain. Statistical threshold for these analyses was set at p<.001, uncorrected.  

                                                 
14
 As will be discussed in Experiment 2b, low-frequency irregular (LFI) word reading/spelling also requires 

input from the phonological system. The key difference between LFI and nonword reading/spelling, then, is 

that LFI words require access to whole-word orthography via the semantic system. 
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Results 

 Correlational analyses examining the relationships between the behavioral 

composite measures and regional gray matter atrophy in the PA group revealed distinct 

patterns in the various language domains (Figures 6-7, Tables 8-9).
15
 The syntactic 

composite correlated significantly with volumes in anterior perisylvian regions, including 

inferior frontal gyrus (opercular and triangular portions), the rolandic operculum, and 

precentral gyrus. Significant correlations were also observed in posterior perisylvian 

regions, specifically, posterior superior/middle temporal gyri, and supramarginal/angular 

gyri. The semantic composite correlated with gray matter volumes in the temporal pole, 

middle and inferior temporal gyri, and the inferior parietal lobule. The phonological 

composite scores correlated with gray matter volumes in anterior perisylvian regions, 

including inferior frontal gyrus (opercular and triangular regions), precentral gyrus, the 

rolandic operculum, and insula. Posterior perisylvian volumes were also predictive of 

phonological composite scores, including posterior superior/middle temporal gyri and 

supramarginal/angular gyri.  

 The reading and spelling measures did not produce significant correlations with 

gray matter volumes at the established threshold of p<.001. However, at a more relaxed 

threshold of p<.01, correlations were observed between low-frequency irregular word 

                                                 
15
 Scores on individual behavioral measures that comprise each composite can be found in Appendix B (p. 

98). Also in Appendix B (p. 105) are correlation matrices indicating the relation between the composite 

scores in the patient and control groups. In the patient group, the syntactic composite was positively 

correlated with the phonological composite and with nonword scores; the semantic composite correlated 

with low-frequency irregular word scores; and low-frequency irregular word scores also correlated with 

nonword scores. In the control group, the semantic composite was positively correlated with the 

phonological composite; the phonological composite was also correlated with low frequency irregular word 

scores and nonword scores; and low-frequency irregular word scores were correlated with nonword scores. 
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scores and both perisylvian and extrasylvian regions, including inferior frontal gyrus, the 

insula, rolandic operculum, inferior parietal lobule, supramarginal/angular gyri, and 

middle/inferior temporal gyri. By contrast, nonword composite scores correlated (also at 

p<.01) with perisylvian regions only, including the inferior frontal gyrus (triangular and 

opercular portions), rolandic operculum, and supramarginal/angular gyri. 
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Figure 6. Correlation between gray matter volume and spoken language composites 

(PA patients only), p<.001, uncorrected  
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Table 8. Significant voxels/clusters for spoken language measures (PA patients only) 

p<.001 

 

Syntactic 

composite 

      

Anatomical region BA # voxels x,y,z {mm} T Z  

MTG, STG, AG 37, 21, 

22, 39 

18590 -61 -56   9 15.01 5.08 * 

STG 22  -64 -48  24 11.8 4.71 * 

AG 39  -45 -74  30 7.77 4.04  

IFG_operc, triang 44,45 11354 -51  15  12 14.15 4.99 * 

IFG_triang 45  -50  22  19 8.17 4.12  

IFG_triang 44  -53  15  26 5.43 3.42  

IFG_triang 45, 47 4931 -55  32   4 7.16 3.9  

IFG_triang 45  -48  36  -2 7.13 3.89  

Roland_operc 48 669 -46   1   8 5.55 3.46  

IFG_triang 45 105 -44  46  12 5.07 3.3  

SMG 40 31 -62 -49  35 4.84 3.22  

MTG 39 97 -50 -74  18 4.79 3.2  

Precentral 44 31 -38  11  32 4.69 3.16  

Semantic 

composite 

      

Anatomical region BA # voxels x,y,z {mm} T Z  

Temp_pole 38 1304 -44  24 -20 6.47 3.73  

IPL 40 205 -57 -41  48 6.07 3.62  

MTG 20 648 -69 -38 -13 5.63 3.49  

ITG 20 539 -68 -28 -20 5.38 3.41  

MTG 21 91 -68 -16 -12 4.7 3.17  

Phonological 

composite 

      

Anatomical region BA # voxels x,y,z {mm} T Z  

IFG_operc, triang 44, 45 11149 -52  15  17 16.88 5.25 * 

IFG_triang 45 3883 -51  31   0 8.57 4.2  

AG 39 1249 -45 -75  30 7.21 3.91  

STG 22 153 -64 -47  23 5.21 3.35  

Precentral 44 123 -38  11  31 5.2 3.35  

Insula  561 -33  16  -9 5.1 3.31  

MTG 37 151 -62 -57  11 5.06 3.3  

SMG 2 27 -66 -20  30 5.05 3.3  

Roland_operc 48 109 -49   0   7 4.79 3.2  

AG 39 44 -48 -77  17 4.75 3.19  

Note: voxels in bold are peak voxels from clusters; voxels listed beneath are separate maxima (>8mm 

apart) within those clusters; for large clusters (>100 voxels), BA and anatomical regions are given for the 

entire cluster; for smaller clusters BA and anatomical regions reflect only the peak voxel; only clusters 

greater than 10 voxels included; *=significant at p<.05, FWE 
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Figure 7. Correlation between gray matter volume and written language measures 

(PA patients only), p<.01 

 

 

Low-frequency irregular words          Nonwords 
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Table 9. Significant voxels/clusters for written language measures (PA patients only) 

p<.01 

 

LFI words      

Anatomical region BA # voxels x,y,z {mm} T Z 

IFG_operc, triang 6, 44 4831 -56   9  21 6.14 3.64 

IFG_operc 44  -45  10  23 3.76 2.77 

IFG_operc 44  -62  15  22 3.12 2.45 

Insula  12257 -32  16   4 5.53 3.45 

Insula   -36  -9   9 5.34 3.39 

Insula   -35   4  11 3.96 2.87 

MTG 37, 39 1084 -59 -61  14 5.19 3.34 

MTG 39  -56 -66  21 3.59 2.69 

ITG 37 1558 -64 -54 -23 5.14 3.32 

MTG 21, 20 1514 -72 -35   0 4.7 3.17 

MTG 20  -70 -42 -13 3.58 2.69 

MTG 20  -70 -45  -5 3.42 2.61 

AG 39 1134 -48 -71  33 4.3 3.01 

AG 39  -48 -77  23 3.59 2.69 

Roland_operc 6? 580 -63  -8  12 3.79 2.79 

SMG 2 351 -65 -23  28 3.52 2.66 

SMG 42  -62 -25  19 3.06 2.42 

MTG 39 32 -48 -77  20 3.22 2.51 

IFG_triang 45 25 -38  40  11 3.09 2.43 

IPL 40 16 -60 -45  40 3.05 2.42 

IFG_triang 45 12 -38  40  13 2.97 2.37 

 

Nonwords 

     

Anatomical region BA # voxels x,y,z {mm} T Z 

IFG_triang 45 829 -55  33   0 3.99 2.88 

SMG 48,40,2 255 -66 -30  26 3.47 2.64 

AG 39 100 -44 -77  30 3.45 2.62 

IFG_operc 44 372 -53  14  17 3.37 2.59 

IFG_operc 44 218 -36  11  29 3.32 2.56 

Roland_operc 22 67 -63  -7  11 3.05 2.41 

Note: voxels in bold are peak voxels from clusters; voxels listed beneath are separate maxima (>8mm 

apart) within those clusters; for large clusters (>100 voxels), BA and anatomical regions are given for the 

entire cluster; for smaller clusters BA and anatomical regions reflect only the peak voxel; only clusters 

greater than 10 voxels included 
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Discussion 

 Meta-analytical approaches to lesion-deficit research as well as functional 

imaging research in normals have provided insight into the role of left hemisphere 

cortical regions in the domains of syntax, semantics, phonology, and written language. To 

date, however, studies exploring the language sequelae resulting from regional cortical 

atrophy in progressive aphasia patients have utilized only single measures (e.g., picture 

naming) or have explored only a single language domain (e.g., semantic processing) in 

any group of patients. The purpose of Experiment 2a was to explore the relationship 

between cortical atrophy and language performance in a group of patients with 

progressive aphasia, using composite measures of language skill to provide a more global 

assessment of language function across several domains. 

 In the domains of syntactic and phonological processing, we hypothesized that 

gray matter volumes in perisylvian cortex would predict composite scores and this is 

precisely what we found. We expected that semantic composite scores might be predicted 

by gray matter volumes in a number of extrasylvian regions, including the temporal pole, 

anterior fusiform gyrus, middle/inferior temporal gyri, angular gyrus, and anterior 

inferior frontal gyrus. We found significant correlations in a subset of these regions: the 

inferior parietal lobe, temporal pole, and middle and inferior temporal gyri. This finding 

does not rule out a role for frontal regions in semantic processing, but simply indicates 

that this relationship was not significant in this patient group. As discussed above, 

anterior inferior frontal gyrus is thought to perform an “executive” role in semantic 

processing, mediating search and retrieval functions. It may be the case that our measures 
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(picture naming, picture association, synonym judgment, and single word 

comprehension) did not significantly tax this aspect of semantic processing, or that this 

region did not sustain enough atrophy to significantly contribute to impaired semantic 

performance (although orbitofrontal cortex was significantly atrophic relative to controls; 

see Experiment 1). 

 In terms of written language composites, we predicted that low-frequency 

irregular word scores would show a significant relationship with cortical volumes in a 

number of regions, including those supporting phonological processing (perisylvian 

cortex), semantic processing (temporal and temporo-parietal cortex), and orthographic 

processing (the visual word form area). These predictions were largely born out. A 

notable exception was the visual word form area, which, while significantly atrophic in 

patients relative to controls (in Experiment 1), did not predict low-frequency irregular 

word scores. Thus, we are able to make a preliminary conclusion regarding the cognitive 

and neuroanatomical underpinnings for the irregular word reading/spelling deficits in this 

patient group. Given the significant findings in regions implicated in semantic and 

phonological processing in the low-frequency irregular word correlational analysis, it 

appears that damage to these regions and in these cognitive domains underlies the 

irregular word deficits in our PA cohort, rather than damage to orthographic processing 

regions per se (i.e., the visual word form area). In contrast to the low-frequency irregular 

word correlations, nonword scores correlated with perisylvian regions only. Taken 

together, these results confirm that low-frequency irregular word performance is 

supported by regions involved in phonological as well as lexical-semantic processing, 
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while nonwords predominantly rely on cortical areas implicated in phonological 

processing.  This is consistent with the notion that both phonological and semantic 

processes support low-frequency irregular word performance, whereas nonword 

reading/spelling does not require semantic input, but simply the ability to engage in 

grapheme-phoneme conversion (a largely phonological procedure).  

The analyses in Experiment 2a were, admittedly, constrained by limitations in 

statistical power, particularly for the written language measures. In Experiment 2b, which 

follows, we were able to use data from the normal control group to improve statistical 

power and seek confirmation for findings from the patient group alone. 
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EXPERIMENT 2B: THE RELATION BETWEEN GRAY MATTER VOLUME AND 

COMPOSITE LANGUAGE MEASURES IN A COMBINED GROUP OF PATIENTS 

AND CONTROLS 

 

 

Background 

The analyses reported in Experiment 2a were constrained by the small number of 

participants (n = 11), which required that relatively lenient statistical thresholds (p<.001 

and p<.01, uncorrected) be applied. In Experiment 2b, we take advantage of normal 

control data for three of the language domains (semantics, phonology, and orthography) 

in order to increase statistical power in the analyses. This approach combines the patients 

and controls into one group, conducting the same regression analyses as in Experiment 

2a
16
 as well as some additional analyses designed to examine the relationship between 

performance in spoken and written language domains.  

Regression analysis exploring gray matter volume as a predictor of some 

behavioral measure(s) in a combined group of patients and controls has been utilized in 

previous research. This approach has been employed in studies of semantic dementia 

(Williams et al., 2005) as well as in work with developmental dyslexia (Vinckenbosch, 

Robichon & Eliez, 2005). The approach works well in studies where there the 

distribution of gray matter volumes and behavioral scores in patients and controls 

overlap. In the present study, a heterogeneous patient group was included (i.e., 

individuals with varying language profiles, including semantic dementia, logopenic 

progressive aphasia, and progressive nonfluent aphasia) and thus, patients represented a 

                                                 
16
 All analyses from Experiment 2a were conducted, with the exception of the syntactic measures, for 

which normal control data were not collected. 
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continuum of behavioral scores (some impaired and some unimpaired in each domain) 

and also variability in terms of involvement of cortical regions (i.e., some patients had 

primarily perisylvian atrophy while others had primarily extrasylvian atrophy). 

Furthermore, the control group demonstrated some variability on the language measures 

chosen. Thus, the data included in the regression were unimodal, rather than bimodal, 

satisfying a key assumption of linear regression analysis. The approach has been 

criticized (Steinbrink et al., 2008) based on the possibility that cortical regions might 

correlate with a behavioral measure simply due to group differences, rather than because 

of critical involvement of each region in a particular behavior of interest. The inclusion of 

a heterogeneous patient group, however, ensures that correlations are not spurious and 

only due to group differences. 

 Predictions regarding the role of particular cortical regions in each language 

domain did not differ relative to those put forth for the patient group alone (see 

Experiment 2a). However, in this experiment, we took advantage of the added statistical 

power to explore the relationship between performance on measures of spoken versus 

written language more closely. Specifically, we compared behavior-atrophy correlations 

for semantic and phonological measures of spoken language with lexical-semantic and 

sub-lexical/phonological measures of written language. These analyses have the potential 

to lend insight into the relative strength of two theoretical viewpoints, connectionist 

versus dual-route theories of written language, which make different predictions 

regarding the association between written language processes and core cognitive 

processes that are involved in non-orthographic functions.  
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Dual-Route versus Connectionist Models of Written Language 

According to dual-route models of written language (e.g., the Dual Route 

Cascaded Model, or DRC model, of Coltheart et al., 2001), known words are processed 

via a whole-word lexical route (the “lexical non-semantic route”), through direct 

connections between stored phonological and orthographic word forms. Unfamiliar 

targets, such as nonwords, are handled by a sub-lexical route that assembles spellings or 

pronunciations via letter-sound conversion. In addition, a third, indirect route (the 

“lexical-semantic route”) maps from orthographic to phonological representations via 

semantics. It is noteworthy, however, that this third route and, specifically, the semantic 

portion of the DRC model, has yet to be implemented. This is reflective of the fact that 

semantic information is not considered critical for either whole-word or sub-word level 

processing in the DRC framework (Coltheart et al., 2001). 

In contrast, connectionist models of reading/spelling do not distinguish between 

lexical and sub-lexical levels of processing but rather posit that all types of word-like 

stimuli rely on the cooperative and competitive interaction of semantic, orthographic, and 

phonological units. Certain types of stimuli, namely, real words, receive relatively greater 

input from the semantic system, whereas nonword stimuli likely engage semantics to a 

minimal degree, if at all (Plaut et al., 1996). See Figure 8 for comparison of a dual-route 

versus connectionist model. 
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Dyslexia and Dysgraphia Subtypes as Explained by Dual-Route and Connectionist 

Models 

 Dual-route models explain behavioral dissociations in dyslexia and dysgraphia 

syndromes by positing selective damage to either the lexical or sub-lexical route, both 

dedicated processes recruited for written language. By contrast, connectionist theory 

suggests that dissociations occur due to damage affecting particular cognitive systems 

(semantic, phonological, or orthographic) which operate interactively during 

reading/spelling of all types of linguistic stimuli (Table 10). A dual-route account of 

phonological dyslexia/dysgraphia (impaired nonword reading/spelling) posits selective 

impairment to the sub-lexical route (grapheme-phoneme conversion), with relative 

sparing of the lexical route, whereas surface dyslexia/dysgraphia is explained by damage 

to the lexical route, with relative sparing of sub-lexical processing (Coltheart, 2006).  

On the other hand, connectionist accounts of phonological dyslexia/dysgraphia 

Figure 8. Dual-route versus connectionist models of written language processing 
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assume damage to phonological units within a shared architecture that processes both 

words and nonwords (Harm & Seidenberg, 2001). In this framework, nonwords are 

preferentially affected because their phonological forms are less familiar/stable than those 

of words and because they do not benefit from interaction with the semantic system, 

whereas real words do. Thus, damage to the phonological system renders these items 

particularly vulnerable. Surface dyslexia, on the other hand, is caused by damage to 

semantic units, which results in impaired performance for items that require input from 

the semantic system, namely, low-frequency irregularly-spelled items (Plaut et al., 1996).  

Thus, a critical distinction between dual-route and connectionist theories concerns 

the involvement of the semantic system in written language processing. Connectionist 

models propose that semantic processing is critical for low-frequency irregular word 

reading/spelling and is the likely site of damage in cases of surface dyslexia/dysgraphia. 

Dual-route theory does not presume a critical role for semantic processing in 

reading/spelling of irregular words, and explains the surface pattern as a selective 

impairment of the lexical route (i.e., damage to the orthographic lexicon). 

Table 10. Underlying cognitive deficits in dyslexia and dysgraphia according to 

dual-route versus connectionist models 

 

 Dual-route theory Connectionist theory 

Phonological 

dyslexia/dysgraphia 

Damage to sub-lexical route Damage to phonology 

Surface 

dyslexia/dysgraphia 

Damage to lexical route Damage to semantics 

 

Primary Systems versus Domain-Specific Deficit Hypotheses 

 In addition to the differences outlined above, connectionist and dual-route models 
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differ in terms of predictions regarding the independence of cognitive processes that 

support spoken versus written language. Connectionist theory proposes that written 

language is mediated by cognitive systems that are not dedicated to reading and spelling, 

but rather, are shared by other cognitive processes. Thus, spoken and written language are 

reliant on shared semantic and phonological processes (Rohde & Plaut, 2003). 

Furthermore, it has been proposed that orthographic processing has emerged as a result of 

specialization within a visual system that handles all types of visual stimuli. This 

viewpoint is referred to as the “primary systems” hypothesis of written language 

processing (Patterson & Lambon Ralph, 1999). The opposing view, espoused by dual-

route theorists, suggests that written language impairments arise as a result of damage to 

procedures specific to reading and spelling, namely, the lexical and sub-lexical 

correspondences between orthography and phonology (Coltheart, 2006). 

  The primary systems account is supported by data from patients indicating that 

acquired reading/spelling deficits are rarely isolated and are often accompanied by 

deficits in domains outside of written language (Patterson & Lambon Ralph, 1999). 

Specifically, individuals with phonological dyslexia/dysgraphia typically exhibit 

concomitant deficits in phonological processing for spoken and written language (Crisp 

& Lambon Ralph, 2006; Jefferies, Sage & Lambon Ralph, 2007; Rapcsak et al., 2008). In 

addition to difficulty processing nonwords for reading/spelling, these patients show 

lexicality effects on spoken language tasks (e.g., repetition) and are impaired on tasks that 

require access to, manipulation, and maintenance of sounds in both words and nonwords 

(e.g., phoneme segmentation, deletion, and blending).  
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 In individuals with surface dyslexia/dysgraphia, and particularly semantic 

dementia, lexical-semantic processing deficits have been documented across spoken and 

written language modalities (Graham et al., 2000; Lambon Ralph, McClelland, Patterson, 

Galton & Hodges, 2001; Rogers, Lambon Ralph, Hodges & Patterson, 2004) and in both 

verbal (e.g., naming, single-word comprehension) and non-verbal domains (e.g., picture-

matching, object decision, drawing). Furthermore, these deficits have proven to correlate 

with degree of semantic impairment (Patterson et al., 2006).  

Hypotheses for Experiment 2b 

In addition to seeking further evidence for the critical role of left perisylvian 

cortex in phonological processes and left extrasylvian cortex in semantic and 

orthographic processes, the current study allows us to examine whether the same cortical 

regions support these processes regardless of modality, as suggested by the primary 

systems account. If this account holds true, we would expect to see common patterns of 

behavior-atrophy correlation across spoken and written domains and we would also 

expect a high degree of correlation between spoken and written language measures that 

tap shared phonological and semantic processing resources. We predicted that data from 

PA patients and controls would show a strong correspondence in terms of behavioral 

performance on spoken and written language measures and that the same cortical regions 

would be associated with these tasks, regardless of modality. 
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Methods 

The same participants, behavioral test measures, and VBM procedures were used as in 

Experiments 1 and 2a. 

Statistical Analysis for Experiment 2b 

Behavioral data for PA patients (n = 11) and normal controls (n = 15), in the form 

of composite scores, were correlated with gray matter volumes in order to determine the 

relation between regional cortical atrophy and performance in the domains of semantics, 

phonology, and written language. For the written language measures, low-frequency 

irregular (LFI) words and nonwords (averaged across reading and spelling) were 

examined first. Subsequently, phonological composite scores were included in the low-

frequency irregular word correlation as a covariate in order to parcel out the phonological 

contribution and isolate lexical-semantic aspects of processing. Statistical threshold for 

these analyses was set at p<.05, corrected (FWE). In addition, multiple regression 

analysis was conducted on the behavioral data to examine whether performance on 

semantic and phonological composites was predictive of written language scores.  
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Results 

 Figures 9 and 10 and Tables 11 and 12 show the correlations between gray matter 

volume and composite behavioral measures. These findings, although considerably more 

robust and allowing for a more stringent statistical threshold, show generally the same 

patterns of atrophy-behavior relations as observed in the patient group alone.  

 The semantic composite correlated significantly with gray matter volume in a 

large cluster with its peak in the middle temporal gyrus, which extended inferiorly into 

the inferior temporal gyrus and fusiform/parahippocampal gyrus. The same cluster 

extended superiorly into the superior temporal gyrus and inferior frontal gyrus, anteriorly 

to the temporal pole, and posteriorly into the angular gyrus. The phonological composite 

scores correlated with a large cluster with its peak in the opercular portion of the inferior 

frontal gyrus (IFG) and which extended into the triangular portion of the IFG, the insula, 

rolandic operculum, posterior superior/middle temporal gyri and supramarginal/angular 

gyri.  

With regard to the written language measures, low-frequency irregular word 

scores correlated significantly with both perisylvian regions (inferior frontal gyrus, 

insula, and inferior parietal lobe) and extrasylvian regions (temporal pole, middle/inferior 

temporal gyri, angular gyrus, and fusiform/parahippocampal gyri). These findings were 

consistent with the notion that irregular word reading/spelling is reliant on both 

phonological and semantic processing. In order to isolate lexical-semantic aspects of 

processing, phonological composite scores were included in the model as a covariate. 

This analysis yielded significant correlations largely in the temporal lobe (fusiform and 
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inferior temporal gyri) and also in the insula. Results are also shown at a less stringent 

threshold (p<.001, uncorrected), which reveals a more inclusive involvement of temporal 

lobe structures. Results from these analyses were examined relative to the location of the 

visual word form area, as determined by coordinates from the Jobard et al. (2003) meta-

analysis. A significant relationship was not observed between visual word form area 

volumes and low-frequency irregular word scores.  

As in the patients-only analysis, nonword scores correlated significantly with 

perisylvian volumes, specifically opercular, triangular, and orbital portions of the inferior 

frontal gyrus. When examined at p<.001, posterior perisylvian regions, including the 

posterior superior and middle temporal gyri and supramarginal/angular gyri were 

involved as well. 

 In order to compare semantic versus phonological processing in spoken relative to 

written language domains, atrophy-behavior correlations were examined across 

modalities (Figure 11). Specifically, the correlation for the semantic composite, which 

did not contain written language measures, was compared with that of the low-frequency 

irregular word reading/spelling scores (with variance due to phonology removed). In 

effect, this is a comparison of lexical-semantic processing for spoken versus written 

language. In addition, the phonological composite correlation, which did not contain 

written language measures, was compared with that for nonword reading/spelling, in 

order to explore sub-lexical/phonological skills across modalities. As shown in Figure 11, 

these comparisons revealed a high level of correspondence across modalities for tasks 

reliant on semantic versus phonological processing. Finally, multiple regression analyses 
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were conducted in order to examine whether spoken language measures were strong 

predictors of written language performance. These analyses revealed that both semantic 

and phonological composites were significant predictors of low-frequency irregular word 

performance, whereas the phonological composite alone was a significant predictor of 

nonword performance (Tables 13 and 14). 
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Figure 9. Correlation between gray matter volume and spoken language composites 

(patients plus controls), p<.05, FWE corrected
17
 

 

  Semantic Composite             Phonological Composite 

    
 

                                                 
17
 These analyses displayed with no correction for multiple comparisons (p<.001) can be found in 

Appendix D, p. 111. 
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Table 11. Significant voxels/clusters for spoken language measures (patients plus 

controls), p<.05, FWE corrected 

Note: voxels in bold are peak voxels from clusters; voxels listed beneath are separate maxima (>8mm 

apart) within those clusters; for large clusters (>100 voxels), BA and anatomical regions are given for the 

entire cluster; for smaller clusters BA and anatomical regions reflect only the peak voxel; only clusters 

greater than 10 voxels included 

 

 

 

Semantic Composite      

Anatomical region BA # 

voxels 

x,y,z {mm} T Z 

MTG, ITG, STG, temp_pole, fusiform, 

paraHc, insula 

20, 21, 22, 37, 

38 41849 -64 -38 -12 9.08 5.86 

MTG 21  -63 -20 -12 8.49 5.66 

Fusiform 20  -35 -26 -16 8.41 5.63 

AG 39 349 -49 -69  35 5.77 4.49 

MTG 39 235 -54 -65  20 5.69 4.45 

IFG_operc 6 108 -59   5  15 5.5 4.35 

IPL 40 54 -56 -45  48 5.25 4.21 

Phonological Composite      

Anatomical region BA # 

voxels 

x,y,z {mm} T Z 

IFG_operc/triang, roland_operc 44, 45, 6 17900 -51  17  17 13.8 7.09 

IFG_triang 44  -40  12  28 7.87 5.43 

Roland_operc 6  -55   1   7 5.88 4.55 

IFG_orb/triang 47, 45 4144 -48  31  -3 9.9 6.12 

IFG_triang 45  -43  43  13 6.73 4.95 

MTG 39 188 -48 -77  17 6.91 5.03 

AG 39 1472 -46 -73  33 6.53 4.86 

AG 39  -45 -77  25 5.74 4.48 

AG 39  -46 -66  43 5.43 4.31 

SMG, IPL, STG 40, 42, 3, 2 2084 -54 -23  44 6.25 4.73 

SMG 40  -59 -22  34 6.12 4.67 

STG 42  -61 -31  22 6.06 4.64 

Insula   843 -34  16  -8 6.1 4.66 

Insula   387 -40 -11  11 5.82 4.52 

MTG 37 25 -52 -73  14 5.51 4.36 

MTG 37, 21 124 -60 -56  10 5.45 4.32 

MTG 37 11 -51 -75   8 5.35 4.27 
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Fig 10. Correlation between gray matter volume and written language composites (patients plus controls) 

 

Low-frequency irregular words  Low-frequency irregular words, with phonological composite as covariate 

p<.05, FWE corrected
18
             p<.05, FWE corrected        p<.001, uncorrected 

 

                               
 

           Nonwords  
        p<.05, FWE corrected        p<.001, uncorrected 

 

 

                                                 
18
 This analysis displayed with no correction for multiple comparisons (p<.001) can be found in Appendix D, p. 111. 
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Table 12. Significant voxels/clusters for written language measures (patients plus 

controls), p<.05, FWE corrected 

 

LFI Words      

Anatomical region BA # voxels x,y,z {mm} T Z 

insula, IFG_triang/orb, 

temp_pole 38, 45, 47 28074 -32  19   0 9.2 5.9 

Insula   -32  18  -9 8.41 5.63 

Insula   -39 -11  10 7.88 5.43 

ITG, MTG 20, 37, 21,22 6233 -64 -41 -15 6.94 5.05 

MTG 21  -65 -15 -22 6.6 4.89 

ITG 20  -62 -36 -22 6.41 4.81 

MTG, AG 37, 39, 21 3897 -57 -60   9 6.44 4.82 

AG   -48 -68  35 6.44 4.82 

MTG   -55 -62  18 6.17 4.69 

Fusiform  57 -35 -26 -16 5.78 4.5 

ParaHc  13 -26 -40  -4 5.64 4.43 

IPL  70 -59 -44  39 5.47 4.33 

LFI Words, Phonology 

composite as covariate 

     

Anatomical region BA # voxels x,y,z {mm} T Z 

Fusiform, ITG 20 663 -37 -22 -18 7.14 5.08 

Fusiform, ITG 20, 36 452 -37  -4 -38 6.06 4.6 

Insula  343 -33  19   5 5.68 4.41 

ITG 20 55 -56 -34 -20 5.45 4.29 

ITG 20 26 -41   8 -35 5.34 4.23 

Nonwords      

Anatomical region BA # voxels x,y,z {mm} T Z 

IFG_operc 44 349 -51  15  16 5.61 4.41 

IFG_orb/triang 45, 47 45 -50  32  -2 5.3 4.24 

 
Note: voxels in bold are peak voxels from clusters; voxels listed beneath are separate maxima (>8mm 

apart) within those clusters; for large clusters (>100 voxels), BA and anatomical regions are given for the 

entire cluster; for smaller clusters BA and anatomical regions reflect only the peak voxel; only clusters 

greater than 10 voxels included 
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Figure 11. Comparison of semantic and phonological measures in spoken versus 

written language domains 
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Table 13. Results of multiple regression examining semantic and phonological 

composites as predictors of low-frequency irregular word performance (reading and 

spelling combined) 

 

 

 

 

 

 

 
model significant at p<.001; R

2 
= .81; *p<.001

19
 

 

 

 

Table 14. Results of multiple regression examining semantic and phonological 

composites as predictors of nonword performance (reading and spelling combined) 

 

 

 

 

 

 

 

 
model significant at p<.001; R

2 
= .584; *p<.05, **p<.001 

 

 

 

                                                 
19
 The same predictors were found to be significant when reading and spelling were analyzed separately 

and when the patient group was analyzed alone. 

 B SE B ß 

(Constant) -1.057 8.412  

Semantic composite .828 .136 .578* 

Phonological composite .573 .120 .454* 

 B SE B ß 

(Constant) 28.174 14.677  

Semantic composite -.321 .148 -.315* 

Phonological composite 1.061 .178 .869** 
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Discussion 

Results of Experiment 2b are largely consistent with those observed in 

Experiment 2a, where patient data were analyzed alone. Findings indicate a relationship 

between left perisylvian structures and phonological processing for spoken language 

tasks in a combined group of PA patients and controls. The role of left perisylvian cortex 

in phonological processing has been documented previously in patients with focal lesions 

and also in functional neuroimaging studies of language in healthy individuals; however, 

phonological processing tasks and the effects of regional atrophy on performance thereof 

have not previously received the same degree of attention in patients with progressive 

aphasia (but see Gorno-Tempini et al., 2008).  

Also consistent with Experiment 2a, results from Experiment 2b indicate a 

relationship between the left temporal lobe and semantic processing. Semantic processing 

has been attributed to a network of left hemisphere regions, including inferior frontal, 

temporal, and temporo-parietal cortices. Findings from the heterogeneous patient group 

in the current study are in agreement with previous work examining the relationship 

between regional atrophy and semantic task performance in semantic dementia patients, 

which suggests a critical role for left anterior and inferolateral temporal cortex in 

semantic memory (Mummery et al., 1999; 2000; Williams et al., 2005). 

Experiment 2b provides substantiating evidence regarding the relationship 

between temporal lobe atrophy and impaired low-frequency irregular word 

reading/spelling and also indicates a correspondence between left perisylvian atrophy and 

impaired nonword reading/spelling. It should be noted that perisylvian regions also 
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contribute to irregular word performance, which is logical given the critical role for 

phonology in all tasks requiring comprehension or production of word forms.
20
 Our 

findings are broadly consistent with those observed in patients with focal lesions, where 

perisylvian damage results in phonological dyslexia/dysgraphia and extrasylvian damage 

in surface dyslexia/dysgraphia (Henry et al., 2007; Rapcsak & Beeson, 2004; Rapcsak et 

al., 2008; Sakurai et al., 2000). To our knowledge, this work provides the first 

comprehensive examination of written language performance and its neuroanatomical 

substrates in a group of patients with progressive disease and prominent language 

impairment (including PPA and PPA-plus). Whereas surface dyslexia and dysgraphia are 

well-documented behavioral correlates of the anterior temporal lobe atrophy observed in 

semantic dementia patients, atrophy-behavior correlations for nonword processing in a 

group of PA patients have not previously been undertaken. 

It is noteworthy that we did not find significant correlations between gray matter 

volume in the visual word form area and reading/spelling tasks. This outcome suggests 

that the nature of surface dyslexia/dysgraphia may, indeed, differ in progressive patients 

relative to those with focal lesions affecting the left temporal lobe. Patients with 

documented surface dyslexia/dysgraphia resulting from focal lesions typically have 

damage to mid-fusiform regions, including the visual word form area, with variable 

extension into more anterior temporal regions implicated in semantic processing. These 

                                                 
20
 Furthermore, surface dyslexia/dysgraphia has been observed in aphasic patients with focal frontal lesions 

(Fiez et al., 2006) and in progressive aphasia patients with nonfluent aphasia (Croot, Patterson & Hodges, 

1998; Graham, Patterson & Hodges, 2004; Watt, Jokel & Behrmann, 1997), indicating that this profile can 

result from perisylvian damage, but typically as a mixed profile in conjunction with phonological 

dyslexia/dysgraphia. 
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patients often are anomic, and may exhibit mild semantic impairment, but fail to 

demonstrate the pervasive multi-modal semantic deficits observed in semantic dementia 

(Rapcsak & Beeson, 2004; Antonucci, Beeson, Labiner & Rapcsak, 2007). While our 

cohort of PA patients, as a group, also demonstrated damage to the visual word form 

area, there were not significant correlations between irregular word reading/spelling and 

gray matter volume in this area (in the patient group alone or in the combined group of 

patients and controls). Furthermore, low-frequency irregular word performance correlated 

significantly with semantic composite scores in our heterogeneous group of patients and 

controls, as has been documented previously in semantic dementia patients (Graham et 

al., 2000). This suggests that surface dyslexia/dysgraphia ought to be thought of as 

existing on a continuum, with varying degrees of involvement of semantic versus 

orthographic processes, depending on the anterior (toward semantic regions) and 

posterior (toward orthographic regions) extent of damage in the inferior temporal lobe. 

As such, semantic dementia patients likely experience greater semantic than orthographic 

impairment, while patients with strokes affecting posterior inferior temporal cortex/visual 

word form area have relatively greater orthographic than semantic impairment, each, 

however, resulting in surface dyslexia/dysgraphia.  

The results from Experiment 2b indicate a high degree of correspondence 

between regions implicated in spoken language versus written language tasks tapping 

semantic and phonological processing resources. Furthermore, our spoken language 

semantic and phonological composites were strong predictors of written language 

measures. These findings are consistent with the connectionist/primary systems account 
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of written language, which suggests that written language performance is a reflection of 

the status of general cognitive systems (Patterson & Lambon Ralph, 1999). In our cohort 

of PA patients plus healthy controls (note that these relationships hold for the patient 

group alone as well), spoken language phonological processing scores predicted nonword 

reading and spelling. In addition, nonword reading/spelling performance correlated with 

the same perisylvian cortical regions as performance on our phonological battery, which 

did not involve written language measures.  

In addition, low-frequency irregular word reading/spelling performance was 

predicted by both semantic and phonological composite scores, both of which did not 

include any measures of written language, and irregular word performance correlated 

with gray matter volume in both perisylvian and extrasylvian cortical regions. When 

phonological composites were included in the VBM regression analysis as a covariate, 

presumably isolating the lexical-semantic aspects of low-frequency irregular word 

processing, the significant correlations in perisylvian cortex became much less robust, 

leaving temporal lobe volumes as significant predictors of performance. This is the same 

area in which cortical volume was predictive of performance on our semantic battery, 

which did not include written language measures.  

In general, the spoken language measures predicted written language performance 

and the two sets of scores showed the same patterns of atrophy-behavior relations. 

Results confirm that patients with progressive aphasia who show specific 

dyslexia/dysgraphia profiles also demonstrate commensurate impairments on spoken 

language measures of semantics and phonology. It is therefore a much more plausible and 
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parsimonious explanation of these deficits that core cognitive processes are disrupted, 

with manifestations across communication modality. These findings are not consistent 

with dual-route accounts of written language processing, which suggest that dyslexia and 

dysgraphia result from damage to procedures dedicated to written language. In addition, 

dual-route theory does not predict a role for semantic processing in reading/spelling 

tasks, whereas our data indicate that performance on semantic measures is highly 

predictive of reading/spelling performance on low-frequency irregular word stimuli. 

Previously, the primary systems account has been addressed in relatively homogeneous 

populations, that is, in semantic dementia patients (Lambon Ralph et al., 2001; Rogers et 

al., 2004) or in individuals with phonological/deep dyslexia resulting from focal 

pathology (Crisp & Lambon Ralph, 2006; Jefferies et al., 2007). The current study 

provides confirmatory evidence from a heterogeneous patient population with 

neurodegenerative disease, indicating that the hypothesis holds explanatory merit 

regardless of patient profile or etiology of cortical damage.  
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GENERAL DISCUSSION 

 This study confirms that behavioral and anatomical data from PA patients serve as 

a valid testing-ground for theories of brain-behavior relations for language. The current 

cohort included patients with pure PPA and also those with PPA-plus, in whom 

concomitant cognitive impairments existed in addition to language deficits. In 

Experiments 1 and 2a/b, we examined the relationship between cortical atrophy (using 

VBM) and specific language measures (e.g., WAB fluency, repetition, and naming 

scores) and also relative to composite scores of language performance in the domains of 

syntax, semantics, phonology, and orthography. 

Review of Findings 

In Experiment 1, we documented the typical PA pattern of left perisylvian atrophy 

and bilateral atrophy (L>R) in the temporal lobes. In addition, atrophy-behavior 

correlations revealed findings largely consistent with the lesion-deficit literature with 

regard to individual language behaviors typically used to characterize patients with focal 

lesions. Experiment 2a utilized composite measures in the language domains of syntax, 

semantics, phonology, and written language in order to achieve a more global view of 

brain-behavior relations for language in PA. Findings confirmed a critical role for 

perisylvian regions in both syntactic and phonological processing and for anterior and 

inferolateral temporal cortex in semantic processing. The written language measures did 

not survive our a priori statistical threshold; however, at a more lenient threshold, 

revealed that both perisylvian and extrasylvian regions were involved in low-frequency 

irregular reading/spelling, whereas only perisylvian cortex correlated with nonword 
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scores. Experiment 2b used data from a combined group of patients and controls in the 

domains of semantics, phonology, and orthography. We observed the same general 

patterns as in Experiment 2a: cortical volumes in perisylvian regions correlated with the 

phonological composite and with low-frequency irregular and nonword scores. Left 

temporal lobe volumes correlated with the semantic composite and with lexical-semantic 

aspects of reading/spelling (captured by low-frequency irregular scores with phonological 

composite as a covariate). Results from Experiment 2b not only confirm the critical role 

for left perisylvian cortex in phonological processes for spoken and written language and 

for extrasylvian cortex in lexical-semantic processes regardless of modality, but also 

indicate that performance on spoken language measures is predictive of performance on 

written language tasks. These results support the primary systems hypothesis of written 

language, which states that written language deficits arise as a result of damage to core 

cognitive processes that underlie spoken and written language.  

Strengths of the Study 

 We consider it a strength of the present work that we included an unselected 

group of patients with prominent language impairment in the context of 

neurodegenerative disease. Patients likely represented a variety of etiologies and 

underlying neuropathological processes, including frontotemporal lobar degeneration 

(FTLD) with tauopathy; FTLD with ubiquitin-positive, tau-negative inclusions; and AD. 

As stated previously, if models of language organization in the brain are truly robust, they 

should be supported by findings in any patient group that sustains damage to language 

cortex, be it focal or progressive, caused by FTLD, AD, or some other pathological 
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process. Our findings provide converging evidence with lesion-deficit studies in stroke 

patients and previous work in PPA and AD. They also suggest that inclusion of PPA-plus 

patients, those with concomitant impairments of cognition or memory, does not “pollute” 

findings or render studies of behavior relative to cortical atrophy invalid or untenable. 

  Another strength of the current research is the use of a comprehensive test battery 

that allowed for examination of atrophy-behavior relations in several domains in one 

patient group. Admittedly, the measures in each domain were not entirely “pure” and this 

is reflective of the fact that no language task is absolutely pure in a cognitive sense. For 

example, our semantic battery included spoken naming tasks, which require both 

semantic and phonological processes (as well as visual-perceptual processing). That task 

demands across composites were not orthogonal likely explains the overlap in findings 

across semantic and phonological domains in terms of cortical regions that were involved 

(e.g., inferior frontal/insular cortex).  

Weaknesses of the Study 

 A potential weakness of the current work is the inclusion of one scan obtained at a 

lower field strength (1.5T) relative to the others (3T). Inclusion of MRI scans from 

different scanners and even different field strengths in a single study is increasingly 

considered feasible, especially as multi-center studies of dementia are finding ways to 

model the effects of inter-scanner variability in their analyses (e.g., Stonnington et al., 

2008). In a larger study with data collected from several scanners (ideally with multiple 

scans from each), we could have included “scanner” as a covariate in the model, thus 

removing variance due to scanner differences from the analyses. However, in the current 
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study, we had a single MRI scan collected on a different scanner and at a different field 

strength. Attempting to model this effect in the analyses would have resulted in removing 

all meaningful effects contributed by this patient as well. This patient (PA17) was the 

only participant who presented with progressive nonfluent aphasia and, given that our 

goal was to include a variety of PA subtypes and thus, ensure involvement of the full 

range of relevant underlying cortical regions, we decided to include him, despite any 

additional error variance that inclusion of data from more than one scanner might 

introduce.  

 Another weakness of the current study is our small number of PA participants and 

the resulting limitation in statistical power. These patients represent a relatively rare 

segment of the dementia population, which makes recruitment of large samples difficult, 

if not impossible. This was yet another motivation for inclusion of PA17 in the VBM 

analyses. The written language effects (low-frequency irregular and nonwords) were of a 

lesser magnitude than those for the spoken language composites (semantics and 

phonology) and we were unable to detect significant effects at p<.001 (an accepted 

threshold for patients-only studies in PPA) for the reading and spelling analyses in 

Experiment 2a. This limitation in statistical power motivated us to run the analyses with 

normal controls included in the group, an approach that is not without criticism, but that 

we felt was sound, given the heterogeneity of the patient group and the presence of at 

least some variability in the control group, which assured that data were not bimodal and 

thus, in violation of the assumptions of multiple linear regression.  
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Directions for Future Research 

This study serves to support the value of using patients with PPA and PPA-plus in 

experiments exploring brain-behavior relations for language in dementia. The logical 

extension of this work would be to include more patients tested with the same protocol, in 

order to lend additional statistical power to the analyses. Ideally, a greater number of 

patients with nonfluent language profiles would be included, in hopes of assuring that all 

behavioral subtypes of PA are well-represented in the findings. An additional possibility 

would be to extend this study to include individuals with dementia with a prominent 

language component (whose most pronounced symptoms may be in non-language 

domains), such as those with dementia of the Alzheimer’s type. This work would, 

necessarily, be limited to individuals in whom language testing could reasonably be 

conducted (that is, whose cognitive impairments do not preclude valid testing). Patients 

with dementia of the Alzheimer’s type represent a much more prevalent form of 

progressive language impairment and could potentially contribute important findings 

regarding atrophy-behavior relations for language in dementia. 
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APPENDIX A. VBM RESULTS BY PA SUBTYPE  

(COMPARED TO 15 NORMAL CONTROLS) 

 

 
Progressive Nonfluent Aphasia (n = 1), p<.01, FDR correction 

 

 
Logopenic Progressive Aphasia (n = 5), p<.001, FDR correction 

 

 
Semantic Dementia (n = 5), p<.001, FDR correction 
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APPENDIX B. LANGUAGE BATTERY SCORES FOR PA PATIENTS AND NORMAL CONTROLS 

 

 

PA: Syntactic Assessment Scores (% Correct) 

 
 Verbs Sentences 

 VNT VCT ASPT 

args corr. 

order 

ASPT 

args/no 

para-

phasias 

SPPT SCT 

PA10 50 100 100 100 31 80 

PA1 nt nt nt nt nt 98.33** 

PA11 94 100 100 100 100 100 

PA4 59 94 98 96 100 97 

PA21 88 100 100 100 100 100 

PA3 85 100 100 100 97 100 

PA8 94 100 100 98 83 63 

PA20 100 100 100 100 100 97 

PA12 97 100 100 100 74 86 

PA14 97 100 100 100 100 100 

PA9 71 100 100 100 74 80 

PA19 53 100 56 54.16 0 60 

PA7 82 100 100 98 66 100 

PA2 94 100 98 98 83 91 

PA17 32 65 0 0 0 46 

VNT=Verb Naming Test, VCT=Verb Comprehension Test, ASPT=Argument Structure Production Test (productions with 

arguments in the correct order/productions with arguments in the correct order and no paraphasias), SPPT=Sentence  

Production Priming Test, SCT=Sentence Comprehension Test; **Tested on the PALPA 55 (sentence-picture matching) instead 

of NAVS 
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PA: Semantic Assessment Scores (% Correct) 
 
 Pyramids 

& Palms 

(pictures) 

Pyramids 

& Palms 

(written) 

AZ 

Semantic 

Test 

PALPA 

47  

PALPA 

48  
PALPA 

49  

BNT Verbal 

Fluency 

(Animals) 

Living/Non-living 

Test - Naming 

Living/Non-living 

Test - 

Comprehension 

Semantic 

composite 

                 Living  Non-

Living 

Living  Non-

Living 

 

PA10 76.92 88.46 85 90 90 70 6.67 3 21.88 18.75 96.88 93.75 63.01 

PA1 80.77 86.54 82.5 100 100 100 50 0 65.63 100 nt not 

done 

85.54 

PA11 88.46 90.38 97.5 92.5 95 90 50 15 87.5 90.63 100 100 87.01 

PA4 73.08 65.38 70 50 50 90 3.33 2 15.63 3.13 62.5 81.25 52.97 

PA21 78.85 71.15 75 85 85 80 15 9 34.38 50 96.88 96.88 68.67 

PA3 65.38 71.15 70 85 90 72.5 18.33 2 28.13 68.75 81.25 100 68.57 

PA8 90.38 82.69 85 97.5 92.5 95 76.67 8 93.75 96.88 90.63 96.88 91.19 

PA20 96.15 92.31 97.5 100 100 100 90 15 90.63 100 100 100 97.66 

PA12 96.15 96.15 100 100 100 95 81.67 15 100 100 100 96.88 95.67 

PA14 92.31 92.31 87.5 97.5 97.5 90 40 9 56.25 90.63 100 100 85.42 

PA9 98.08 96.15 90 100 100 100 65 8 62.5 100 84.38 100 93.3 

PA19 92.31 94.23 87.5 100 90 95 51.67 4 81.25 62.5 93.75 100 84.14 

PA7 100 100 100 97.5 100 100 58.33 10 93.75 87.5 100 100 91.9 

PA2 96.15 92.31 97.5 100 97.5 100 75 14 93.75 96.88 100 100 95.08 

PA17 78.85 71.15 67.5 87.5 82.5 nt 30 3 21.88 46.88 46.88 75 64.29 

 

Items in bold were included in the Semantic composite; PALPA 47=Spoken-word to picture matching; PALPA 48=Written 

word-to-picture matching; PALPA 49=Auditory Synonym Judgment 
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Normal Controls: Semantic Assessment Scores (% Correct) 

 

 

Items in bold were included in the Semantic composite; PALPA 47=Spoken-word to picture matching; PALPA 48=Written 

word-to-picture matching; PALPA 49=Auditory Synonym Judgment 

 

 

 

 

 Pyramids 

& Palms 

(pictures) 

Pyramids 

& Palms 

(written) 

AZ 

Semantic 

Test 

PALPA 

47  

PALPA 

48  
PALPA 

49  

BNT Verbal 

Fluency 

(Animals) 

Living/Non-

living Test - 

Naming 

Living/Non-

living Test - 

Comprehension 

Semantic 

composite 

               Living  Non-

Living 

Living  Non-

Living 

 

217C 100 98.08 100 100 100 100 96.67 22 100 100 100 100 99.44 

219C 98.08 98.08 100 100 100 100 93.33 28 100 100 100 100 98.57 

211C 100 100 100 100 100 100 98.33 35 100 100 100 100 99.72 

207C 98.08 98.08 100 100 100 97.5 98.33 24 100 100 100 100 98.99 

213C 98.08 98.08 100 97.5 100 100 93.33 19 90.63 100 100 100 98.15 

202C 100 98.08 100 100 100 97.5 96.67 17 100 100 100 100 99.03 

223C 100 100 100 100 100 100 95 19 96.88 100 100 100 99.17 

209C 98.08 100 100 100 100 100 95 18 0 0 0 0 98.62 

221C 100 98.08 100 100 100 100 91.67 21 100 100 100 100 98.61 

214C 96.15 100 100 100 100 100 91.67 21 100 100 100 100 97.97 

210C 98.08 96.15 97.5 100 100 100 98.33 25 0 0 0 0 98.78 

216C 98.08 98.08 97.5 100 100 100 96.67 31 100 100 100 100 98.71 

215C 96.15 100 100 100 100 95 91.67 17 93.75 96.88 96.88 100 96.62 

220C 100 98.08 97.5 100 97.5 100 88.33 22 96.88 100 96.88 100 97.64 

235C 98.08 98.08 97.5 100 100 95 91.67 28 100 100 100 100 97.04 
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PA: Phonological Assessment Scores (% Correct) 

 

 
       Digit Span  

 Rhyme 

Judgment 

Phoneme 

Deletion 

Sound 

Blending 

Phoneme 

Replacement 

(verbal) 

Minimal Pair 

Discrimination 

Repetition Verbal Pointing Phonological 

Composite 

PA10 90 90 45 26.67 97.5 92.5 2 7 73.61 

PA1 100 100 85 86.67 100 92.5 8 8 94.03 

PA11 97.5 100 95 86.67 100 100 12 12 96.53 

PA4 87.5 85 25 90 92.5 90 7 5 78.33 

PA21 97.5 85 55 70 100 100 7 6 84.58 

PA3 77.5 65 45 46.67 100 87.5 5 5 70.28 

PA8 97.5 45 65 26.67 100 100 7 6 72.36 

PA20 75 95 85 60 100 95 8 3 85 

PA12 97.5 100 80 66.67 100 100 5 6 90.69 

PA14 97.5 85 80 86.67 97.5 97.5 7 6 90.69 

PA9 92.5 95 25 20 100 100 3 4 72.08 

PA19 75 60 25 10 85 97.5 2 1 58.75 

PA7 97.5 75 45 13.33 100 90 1 2 70.14 

PA2 100 50 20 13.33 100 100 5 6 63.89 

PA17 0 0 0 0 37.5 92.5 4 0 26 

 

Items in bold were included in the Phonological Composite 
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Normal Controls: Phonological Assessment Scores (% Correct) 

 
       Digit Span  

 Rhyme 

Judgment 

Phoneme 

Deletion 

Sound 

Blending 

Phoneme 

Replacement 

(verbal) 

Minimal Pair 

Discrimination 

Repetition Verbal Pointing Phonological composite 

217C 100 100 100 93.33 100 95 10 9 98.06 

219C 100 100 95 93.33 100 97.5 11 10 97.64 

211C 100 95 100 93.33 100 100 12 12 98.06 

207C 100 100 95 90 100 100 11 10 97.5 

213C 97.5 95 90 96.67 100 100 7 9 96.53 

202C 97.5 95 100 76.67 90 100 10 9 93.19 

223C 95 95 90 90 95 97.5 11 9 93.75 

209C 100 100 95 90 97.5 100 9 8 97.08 

221C 92.5 95 80 73.33 100 100 7 8 90.14 

214C 100 100 95 96.67 100 100 12 10 98.61 

210C 95 95 90 86.67 100 100 8 9 94.44 

216C 97.5 100 100 86.67 100 100 9 8 97.36 

215C 100 95 70 83.33 95 92.5 12 11 89.31 

220C 95 90 60 70 100 100 7 6 85.83 

235C 100 100 70 66.67 97.5 97.5 8 7 88.61 

 

Items in bold were included in the Phonological Composite  
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PA: Reading Scores (% Correct)      PA: Spelling Scores (% Correct)         
 

 

    

 

 

 

 

 

HF=High Frequency; LF=Low Frequency 

 

 Arizona Battery of Reading and Spelling- 

 Reading 

 Regular Irregular Words Nonwords 

   HF LF Total HF LF Total    

PA10 100 95 97.5 85 70 77.5 87.5 95 

PA1 100 100 100 100 95 97.5 98.75 95 

PA11 100 100 100 100 100 100 100 100 

PA4 95 90 92.5 85 55 70 81.25 90 

PA21 95 80 87.5 90 55 72.5 80 80 

PA3 100 95 97.5 95 65 80 88.75 90 

PA8 100 100 100 100 100 100 100 95 

PA20 100 100 100 95 85 90 95 100 

PA12 100 100 100 95 80 87.5 93.75 100 

PA14 100 100 100 100 90 95 97.5 95 

PA9 100 100 100 100 95 97.5 98.75 100 

PA19 100 100 100 100 80 90 95 90 

PA7 100 90 95 90 70 80 87.5 60 

PA2 100 100 100 95 85 90 95 50 

PA17 95 95 95 95 40 67.5 81.25 45 

 Arizona Battery of Reading and Spelling- 

 Spelling 

 Regular 

 

Irregular Words Nonwords 

 HF LF Total HF LF Total    

PA10 85 80 82.5 60 35 47.5 65 85 

PA1 100 95 97.5 95 65 80 88.75 100 

PA11 100 100 100 95 85 90 95 100 

PA4 100 85 92.5 80 60 70 81.25 100 

PA21 95 90 92.5 80 40 60 76.25 95 

PA3 75 70 72.5 60 15 37.5 55 90 

PA8 100 95 97.5 90 70 80 88.75 80 

PA20 100 100 100 100 100 100 100 95 

PA12 100 100 100 85 80 82.5 91.25 100 

PA14 100 85 92.5 80 45 62.5 77.5 100 

PA9 95 80 87.5 90 70 80 83.75 80 

PA19 95 95 95 95 75 85 90 65 

PA7 85 60 72.5 55 40 47.5 60 20 

PA2 95 60 77.5 55 35 45 61.25 45 

PA17 45 30 37.5 35 15 25 31.25 20 
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Normal Controls: Reading Scores (% Correct)    Normal Controls: Spelling Scores (% Correct) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

HF=High Frequency; LF=Low Frequency 

 

 

 

 

 

 

 

 

Arizona Battery of Reading and Spelling- 

 Reading  

 Regular 

 

Irregular Words Nonwords 

 HF LF Total HF LF Total   

217C 100 100 100 100 100 100 100 100 

219C 100 100 100 100 100 100 100 100 

211C 100 100 100 100 100 100 100 100 

207C 100 100 100 100 100 100 100 95 

213C 100 100 100 100 100 100 100 100 

202C 100 100 100 95 100 97.5 98.75 100 

223C 100 100 100 95 100 97.5 98.75 100 

209C 100 100 100 100 100 100 100 100 

221C 100 100 100 100 95 97.5 98.75 95 

214C 100 100 100 100 100 100 100 100 

210C 100 100 100 100 100 100 100 100 

216C 100 100 100 100 100 100 100 100 

215C 100 100 100 100 100 100 100 100 

220C 100 100 100 100 95 97.5 98.75 85 

235C 100 100 100 100 100 100 100 95 

 Arizona Battery of Reading and Spelling- 

 Spelling  

 Regular 

 

Irregular Words Nonwords 

 HF LF Total HF LF Total     

217C 100 100 100 100 100 100 100 100 

219C 100 100 100 100 100 100 100 100 

211C 100 95 97.5 100 95 97.5 97.5 100 

207C 100 100 100 100 90 95 97.5 100 

213C 100 95 97.5 100 95 97.5 97.5 95 

202C 100 100 100 100 80 90 95 90 

223C 100 100 100 100 95 97.5 98.75 95 

209C 100 100 100 100 95 97.5 98.75 95 

221C 100 100 100 100 85 92.5 96.25 90 

214C 100 100 100 100 100 100 100 100 

210C 100 100 100 95 100 97.5 98.75 95 

216C 100 100 100 100 100 100 100 100 

215C 100 100 100 100 100 100 100 95 

220C 100 100 100 90 80 85 92.5 90 

235C 100 100 100 100 100 100 100 95 
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Correlations Matrix for Language Measures  

in the Control Group  

  
Semantics Phonology LFI Nonwords 

Pearson 

Correlation 

1    Semantics 

Sig. (2-

tailed) 

 
   

Pearson 

Correlation 

.636* 1   Phonology 

Sig. (2-

tailed) 

.011 
 

  

Pearson 

Correlation 

-.071 .515* 1  Low- 

frequency 

irregular 

words 

Sig. (2-

tailed) 

.803 .049 
 

 

Pearson 

Correlation 

.362 .852** .827** 1 Nonwords 

Sig. (2-

tailed) 

.185 .000 .000 
 

*. Correlation is significant at the 0.05 level (2-tailed). 

**. Correlation is significant at the 0.01 level (2-tailed). 

 

Correlations Matrix for Language Measures in the PA Group 

  
Syntax Semantics Phonology LFI Nonwords 

Pearson 

Correlation 

1     Syntax 

Sig. (2-

tailed) 

 
    

Pearson 

Correlation 

.379 1    Semantics 

Sig. (2-

tailed) 

.251 
 

   

Pearson 

Correlation 

.880** .358 1   Phonology 

Sig. (2-

tailed) 

.000 .279 
 

  

Pearson 

Correlation 

.531 .685* .703* 1  Low-

frequency 

irregular 

words 

Sig. (2-

tailed) 

.093 .020 .016 
 

 

Pearson 

Correlation 

.607* .114 .835** .686* 1 Nonwords 

Sig. (2-

tailed) 

.048 .739 .001 .020 
 

**. Correlation is significant at the 0.01 level (2-tailed). 

*. Correlation is significant at the 0.05 level (2-tailed). 
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 APPENDIX C.  SCATTERPLOTS OF BEHAVIORAL SCORES AGAINST VOXEL 

INTENSITIES FROM LOCAL MAXIMA 

 

The following tables depict scatterplots of behavioral scores against voxel 

intensity values from the most significant voxel in the largest cluster in each of the 

analyses reported in Experiments 1 and 2a/b. Regression diagnostics were conducted for 

the simple regressions shown in this appendix. It should be noted, however, that these 

diagnostics apply only to the regression of behavioral scores on voxel intensities for the 

single voxels analyzed, and not for the full regression models reported in Experiments 1 

and 2a/b, wherein each voxel within the left hemisphere mask served as a predictor of 

behavioral scores. Normality of distribution of errors was confirmed through examination 

of histograms and normal P-P plots of regression standardized residuals. 

Homoscedasticity and linearity were evaluated by examining plots of standardized 

residuals against standardized predicted values. Plots did not reveal violations of 

linearity, but indicated that heteroscedasticity may be present in the patients-plus-controls 

analyses. White’s tests were conducted to formally test for heteroscedasticity in the data, 

none of which were significant. Presence/absence of outliers was assessed by examining 

standardized residuals. Any residual with absolute value greater than 2 was assessed for 

effect on the overall model via Cook’s and Mahalanobis’ distances.  Cook’s distance <1 

and Mahalanobis distance <11 were considered acceptable (Field, 2005). Only one 

analysis revealed the presence of an outlier using these criteria: PA17 in the analysis for 

nonword scores in the combined group of patients and controls (circled in red in the 

figure below on p. 111). 
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Patients-only analyses: Behavioral scores for single language measures plotted against voxel intensity values 
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Patients-only analyses: Behavioral scores for spoken language composites plotted against voxel intensity 
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Patients-only analyses: Behavioral scores for written language composites plotted against voxel intensity 
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Patients-plus-Controls Analyses: Behavioral scores for written language composites plotted against voxel intensity  
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APPENDIX D. 

UNCORRECTED CORRELATIONS BETWEEN GRAY MATTER VOLUME AND LANGUAGE COMPOSITES 

(PATIENTS PLUS CONTROLS), p<.001 
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