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ABSTRACT 

Deficits in phonology are among the most common and persistent impairments in aphasia after 

left hemisphere stroke, and can have significant functional consequences for spoken and written 

language. While many individuals make considerable gains through physiological restitution and 

in response to treatment, the neural substrates supporting phonological performance in the face 

of damage to critical language regions is poorly understood. To address this issue, we used 

BOLD fMRI to measure regional brain activation in a case series of individuals with aphasia 

after left MCA stroke during a phonological task. The results of this study support the idea that 

damage to even a portion of the phonological network results in impaired phonological 

processing. We found that individuals with left perisylvian damage tend to rely on the residual 

left-hemisphere language network, and typically recruit regions associated with domain-general 

cognitive processing which fall outside of the left-hemisphere language network. However, 

recruitment of these regions did not necessarily enhance phonological processing. More 

successful phonological processing inside the scanner was associated with additional recruitment 

of the left supramarginal gyrus within the healthy control network, engagement of bilateral 

intraparietal sulcus from the multi-demand network, and up-regulation of the right-hemisphere 

network of regions homotopic to the left-hemisphere language network seen in the healthy 

control group. More successful phonological processing outside the scanner was associated with 

recruitment of a language region in right posterior middle temporal gyrus and a region in left 

occipital pole. These findings emphasize the contributions of residual components of the left-

hemisphere language network, engagement of a non-linguistic domain-general multi-demand 

network, and the participation of the non-dominant right-hemisphere language network in 

successful phonological processing in chronic aphasia after stroke.   
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INTRODUCTION 
 Damage to left perisylvian cortex often results in impaired phonological processing. The 

language domain of phonology refers to the sounds associated with communication, and includes 

a broad set of knowledge and skills related to those sounds. Phonological processing deficits 

from left perisylvian cortex damage are evident by speech sound errors (phonological 

paraphasias) and reduced performance on phonological awareness and manipulation tasks (Fiez, 

Balota, Raichle, & Petersen, 1999; Henry, Beeson, Stark, & Rapcsak, 2007; Patterson & Marcel, 

1992; Rapcsak et al., 2009).  

 The central phonological deficit also manifests in written language processing 

impairments known as phonological alexia and phonological agraphia, syndromes characterized 

by disproportionate difficulty reading or spelling novel sequences of phonemes or graphemes 

(i.e., pseudowords) relative to real words (Beauvois & Derouesne, 1979; Rapcsak et al., 2009; 

Shallice, 1981). This pattern of impairment is accounted for by cognitive models of written 

language which postulate two distinct mechanisms that support reading and spelling: lexical-

semantic and sublexical. Lexical-semantic processing relies on interactions between conceptual 

knowledge of word meanings and word-specific phonological and orthographic representations. 

The lexical-semantic procedure is efficient for reading/spelling familiar words, and is especially 

important for generating correct pronunciations or spellings of irregular words that contain 

atypical sound-letter (phoneme-grapheme) correspondences (e.g., choir). By contrast, sublexical 

processing relies on the systematic application of letter-to-sound or sound-to-letter conversion 

rules critical for reading/spelling unfamiliar words or novel nonwords that are not represented in 

lexical-semantic memory. Thus in a case of damage which selectively impairs cognitive 

processes related to sublexical processing, an individual may show a disparity in reading and 

spelling, where regular and irregular real words are produced with markedly greater accuracy 
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than novel pseudowords. Although this lexicality effect (real words > pseudowords) is the 

hallmark feature of phonological alexia/agraphia, impairments are typically evident in text-level 

reading and writing so that the functional consequences can be quite marked (Beeson, Rising, 

DeMarco, Foley, & Rapcsak, 2016; Friedman, 1996).  

    NEURAL SUBSTRATES OF PHONOLOGICAL DEFICITS 

The neural substrates of phonological processing have been established through both 

lesion-deficit correlation studies of individuals with acquired alexia/agraphia and functional 

neuroimaging studies of healthy adults. Though the matter is not entirely resolved, findings from 

both lesion-deficit correlation studies (Henry et al., 2007; Marien, Pickut, Engelborghs, Martin, 

& De Deyn, 2001; Rapcsak & Beeson, 2002; Roeltgen & Heilman, 1984; Roeltgen, Sevush, & 

Heilman, 1983; Kim, Chu, Lee, Kim, & Park, 2002; Alexander, Friedman, Loverso, & Fischer, 

1992a; Steven Z Rapcsak et al., 2009) and functional neuroimaging studies (Jobard, Crivello, & 

Tzourio-Mazoyer, 2003; Mechelli, Gorno-Tempini, & Price, 2003; Turkeltaub, Eden, Jones, & 

Zeffiro, 2002) suggest that phonological processing skills are supported by a network of left 

perisylvian cortical regions (e.g., Rapcsak et al., 2009), including posterior inferior frontal 

gyrus/operculum, precentral gyrus, anterior insula, superior temporal gyrus/sulcus, and 

supramarginal gyrus (Alexander, Friedman, Loverso, & Fischer, 1992b; Henry et al., 2007; 

Rapcsak et al., 2009; Roeltgen, Sevush, & Heilman, 1983).  

Collectively, these regions constitute the dorsal language pathway that plays a critical 

role in speech production, phonological short-term memory, and phonological awareness 

(Hickok & Poeppel, 2007).  According to contemporary models of speech processing, the dorsal 

language pathway (dorsal premotor cortex, posterior inferior frontal gyrus) is involved in 

mapping phonological representations activated in pSTS onto frontal lobe articulatory networks 

during speech production, and this distributed system also constitutes the neural substrate of the 
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phonological storage and articulatory rehearsal components of phonological short-term memory 

(Hickok & Poeppel, 2007; Saur et al., 2008). Demanding phonological processing tasks also 

recruit regions outside of those specified by models of speech processing. In these tasks, 

phonological representations must be stored and operated on over the course of seconds using 

phonological working memory. The supramarginal gyrus has been implicated as playing an 

important role in phonological processing and verbal working memory more broadly, as it is 

engaged by word (Newman & Joanisse, 2011; Petersen, Fox, Posner, Mintun, & Raichle, 1988) 

and nonword processing tasks (Newman & Twieg, 2001; Wise et al., 1991), syllable processing 

tasks (Dehaene-Lambertz et al., 2005), is preferentially recruited when attention is directed 

toward the sound of a word relative to its meaning (Demonet, Price, Wise, & Frackowiak, 1994; 

Devlin, Matthews, & Rushworth, 2003; McDermott, Petersen, Watson, & Ojemann, 2003; Price, 

Moore, Humphreys, & Wise, 1997) and is recruited by a range of verbal working memory tasks 

(Deschamps, Baum, & Gracco, 2014). 

Models of speech processing also posit a ventral language pathway, which is involved 

with mapping those same phonological representations activated in pSTS onto widely-distributed 

semantic representations within the temporal lobe, with a lexical interface in posterior middle 

temporal gyrus and a semantic combinatorial network in anterior temporal lobes. Unlike the 

strongly left-lateralized dorsal pathway, this lexical-semantic ventral pathway is bilaterally 

distributed, with only a weak left-hemisphere bias (Hickok & Poeppel, 2007).  

The Hickok & Poeppel model of speech processing depicts input as auditory in nature, 

with the auditory signal passing through primary auditory cortex and sensory coding of speech 

occurring in the posterior STS, with the Spt within the planum temporale on the dorsal surface of 

the superior temporal gyrus, with the Spt translating the sensory speech codes into a form the 
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motor (output) system can process (Hickok, Buchsbaum, Humphries, & Muftuler, 2003; Hickok, 

Okada, & Serences, 2008). This model also accounts for processing of visual input, which occurs 

during written language processing (i.e. reading). During reading, input passes through the 

primary visual cortex, visual association areas, and ultimately activates the same region of Spt 

engaged by speech processing (Buchsbaum et al., 2005). This process is assisted by a region in 

the left mid-fusiform gyrus (visual word-form area), which computes an abstract letter string 

corresponding to the visual input (Cohen et al., 2000), independent of visual features such as 

case and location (Dehaene & Cohen, 2011) . Thus, the visual word-form area enables lexical 

phonology and semantics to be retrieved for an item like colonel, which cannot be accurately 

read using letter-to-sound correspondences. Irregular word reading/spelling may be selectively 

impaired as surface alexia/agraphia when this region is damaged by a lesion (Rapcsak & Beeson, 

2002, 2004; Tsapkini & Rapp, 2010) or cortical degeneration (Wilson et al., 2009). Functional 

imaging studies have provided evidence that during written language processing both word and 

subword-level phonological-to-orthographic translations are mediated by interactions between 

the dorsal language pathways and the visual word-form area (Binder, Swanson, Hammeke, & 

Sabsevitz, 2008; Fiez et al., 1999; Vigneau, Jobard, Mazoyer, & Tzourio-Mazoyer, 2005). 

Indeed, functional MRI studies find that visual word-form area shows greater activation to 

pseudoword stimuli with unfamiliar letter combinations than to real words, which have familiar 

letter combinations (Price & Mechelli, 2005; Taylor, Rastle, & Davis, 2012). 

 In addition to areas associated with speech and language processing, phonological tasks 

often activate regions related to task demands like speech production, including supplementary 

motor area, basal ganglia, and cerebellum. On the medial surface of the frontal lobes, bilateral 

supplementary motor area has been shown to reliably activate during verbal tasks (Indefrey & 
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Levelt, 2004). This region is comprised of a pre-supplementary motor area and supplementary 

motor area proper. Pre-supplementary motor area has connections to pre-frontal cortex (Bates & 

Goldman-Rakic, 1993) and subserves effortful word selection and encoding of word form 

information such as syllable sequencing (Alario, Chainay, Lehericy, & Cohen, 2006). The 

supplementary motor area proper has projections directly to primary motor cortex (He, Dum, & 

Strick, 1995) and subserves overt articulation, during which motor speech programs are executed 

as physical movements as opposed to simply being computed (Alario et al., 2006).  

 The cerebellum typically exhibits crossed dominance for language, with right cerebellum 

engaging during language tasks in left-hemisphere language dominant individuals, and vice versa 

(Jansen et al., 2006). Although the cerebellum has historically been associated with its 

contribution to coordinating precise motor control, a picture has developed over the past decades 

where the cerebellum is also involved in cognitive functions including language and attention 

(Schmahmann, 1991). Cerebellar cognitive affect syndrome (Schmahmann & Sherman, 1998) 

refers to a set of symptoms associated with cerebellar damage which included deficits in 

language function (e.g., aprosodia, agrammatism, anomia) and executive function (e.g., working 

memory, verbal fluency). Indeed, functional activation in the cerebellum is common during 

language tasks (Desmond & Fiez, 1998). Cerebellar activation has been associated with verbal 

working memory tasks, and its involvement in an articulatory rehearsal network (Ben-Yehudah, 

Guediche, & Fiez, 2007).  

    DOMAIN GENERAL ATTENTIONAL/EXECUTIVE FUNCTION 

 In addition to increased activation within domain-specific components of the language 

network implicated in phonological and orthographic processing, the greater task difficulty and 

cognitive effort associated with reading novel nonwords is also reflected by the engagement of 

domain-general frontoparietal networks involved in selective attention and executive control 
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(Binder, Medler, Desai, Conant, & Liebenthal, 2005; Graves, Desai, Humphries, Seidenberg, & 

Binder, 2010; Ihnen, Petersen, & Schlaggar, 2015). Components of this bilateral multi-demand 

frontoparietal system include regions within dorsal and ventrolateral prefrontal cortex, 

intraparietal sulcus (IPS), and anterior cingulate gyrus (Fedorenko, 2014; Fedorenko, Duncan, & 

Kanwisher, 2013; Vincent, Kahn, Snyder, Raichle, & Buckner, 2008). 

    MECHANISMS OF DAMAGE AND RECOVERY 

 Despite damage to the neural substrates of phonological processing, many individuals are 

able to perform phonological processing to some extent. The degree to which phonological 

processing is spared depends on the cortical regions that fall within the boundaries of the lesion. 

In these areas, brain tissue no longer exists. But functional effects can go beyond the directly 

damaged areas in the form of diaschisis, or abnormal functioning of regions that are partially 

spared by the lesion itself (for a review, see Carrera & Tononi, 2014).  

 In recent years, the neural correlates of language recovery have been investigated using a 

range of methods including fMRI (Cherney & Small, 2006; Crosson et al., 2005, 2009; Davis & 

Harrington, 2006; Fridriksson, 2010; Fridriksson et al., 2007; Fridriksson, Morrow-Odom, 

Moser, Fridriksson, & Baylis, 2006; Marcotte et al., 2012; Marcotte, Perlbarg, Marrelec, Benali, 

& Ansaldo, 2013; M Meinzer, Obleser, Flaisch, Eulitz, & Rockstroh, 2007; Thompson, den 

Ouden, Bonakdarpour, Garibaldi, & Parrish, 2010; Thompson, Riley, den Ouden, Meltzer-

Asscher, & Lukic, 2013), MEG (Breier, Juranek, & Papanicolaou, 2011; Cornelissen et al., 2003; 

Marcus Meinzer et al., 2004, 2008), PET (Musso et al., 1999; Raboyeau et al., 2008), and EEG 

(Pulvermuller, Hauk, Zohsel, Neininger, & Mohr, 2005). Because of its excellent spatial 

resolution, fMRI is particularly well-suited for localizing the reorganization of brain function 

associated with recovery. To date, studies using fMRI have associated treatment gains with 



19 

 

  

changes in left (Fridriksson, 2010; Fridriksson, Richardson, Fillmore, & Cai, 2012; Kurland, 

Pulvermüller, Silva, Burke, & Andrianopoulos, 2012; Léger et al., 2002; Marcotte et al., 2012; 

Marcus Meinzer et al., 2008; Rochon et al., 2010; Small, Flores, & Noll, 1998; Wierenga et al., 

2006), right (Crosson et al., 2005; Meinzer et al., 2006; Peck et al., 2004; Richter, Miltner, & 

Straube, 2008), and both (Cherney & Small, 2006; Crosson et al., 2009; Davis & Harrington, 

2006; Fridriksson et al., 2007, 2006; Marcotte & Ansaldo, 2010; Meinzer et al., 2007; Thompson 

et al., 2013; Vitali et al., 2007) hemispheres. Although findings have been variable to some 

extent, several promising patterns of neural change related to treatment-induced recovery have 

emerged from this research (Thompson & den Ouden, 2008), including reliance on spared left 

hemisphere regions (Fridriksson, 2010; Fridriksson et al., 2007, 2012; Small et al., 1998; Vitali 

et al., 2007; Wierenga et al., 2006), perilesional tissue (Fridriksson et al., 2012; Kurland et al., 

2012; Meinzer et al., 2007; Menke et al., 2009), and right hemisphere regions homotopic to left 

hemisphere language regions (Cherney & Small, 2006; Fridriksson et al., 2006; Kurland et al., 

2012; Marcus Meinzer et al., 2006; Menke et al., 2009; Vitali et al., 2007). 

Most of this foundational imaging research has examined either naming (Crosson et al., 

2009; Davis & Harrington, 2006; Fridriksson, 2010; Fridriksson et al., 2007, 2006, 2012) or 

improvement in overall language performance (Kurland et al., 2012; Léger et al., 2002; Marcus 

Meinzer et al., 2006, 2008; M Meinzer et al., 2007; Richter et al., 2008). These studies primarily 

focus on lexical-semantic processing, which relies on a widely-distributed (DeLeon et al., 2007) 

language network that includes left and right hemispheres (Gazzaniga, 2000). Although there is 

ongoing debate about the relative value of right hemisphere support for language (Raymer et al., 

2008), it is clear that lexical and semantic processing can be supported by both left and right 

hemispheres (Ansaldo, Arguin, & Lecours, 2004). This hemispheric redundancy is especially 
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apparent in sodium amytal ablation (WADA) studies (Wada, 1949; Juhn Wada & Rasmussen, 

1960) and in split-brain patients (Gazzaniga, 2000), where chemically or surgically 

(respectively) isolated left and right hemispheres can be tested independently. These cases 

consistently demonstrate that both hemispheres have some aptitude for lexical and semantic 

aspects of language processing (Fedio, August, Patronas, Sato, & Kufta, 1997). These same 

studies suggest that the right hemisphere has relatively little natural capacity for phonological or 

syntactic processing (Fedio et al., 1997; Gazzaniga, 2000; Schweiger, Zaidel, Field, & Dobkin, 

1989; Zaidel & Peters, 1981).  

 The neuroimaging literature is largely convergent with left hemisphere specialization for 

phonology and syntactic processing. Specifically, a recent meta-analysis of 128 fMRI studies of 

language in healthy, right-handed participants by Vigneau and colleagues (Vigneau et al., 2011) 

investigated right hemisphere contribution to phonological lexico-semantic, and sentence 

processing. The meta-analysis confirmed that, apart from bilateral temporal and frontal 

activation associated with auditory-perceptual processing and motor control for speech 

production, activation during phonological and syntactic processing was strongly lateralized to 

the left hemisphere. Whereas bilateral support is evident for lexical and semantic processing, 

phonology and syntax rely on left-lateralized persiylvian brain regions (Lindell, 2006; Van 

Lancker, 1997; Vigneau et al., 2011). 

 This fundamental organizational difference makes it difficult to generalize conclusions 

from much of the literature to rehabilitation of these strongly left-lateralized language domains. 

Although there have been several imaging studies of syntax (Thompson et al., 2010, 2013; 

Wierenga et al., 2006), the study of phonological processing has been limited to a single case 

study (Small et al., 1998) published early in the imaging enterprise. Although this study showed 



21 

 

  

increased reliance on the left lingual gyrus, it is difficult to interpret due to lack of statistical 

analysis of the imaging data. More recently, a study followed a single case of phonological 

alexia/agraphia longitudinally through two phases of treatment, and found increased recruitment 

of bilateral intraparietal sulcus to support left Rolandic cortex during a relearning phase, which 

was not evident after the skills had stabilized (DeMarco, Wilson, Rising, Rapcsak, & Beeson, 

2016). 

    PREDICTIONS 

 In this study we set out to answer questions about the reorganization of phonological 

processing after stroke, including what regions are recruited for phonological processing in those 

individuals with damage to the healthy network. Although there is value in looking 

longitudinally at an individual patient (e.g., DeMarco et al., 2016), looking cross-sectionally at a 

cohort of individual with a range of abilities has the potential to inform this question. In addition 

to identifying individual patterns of reorganization, we explored what residual regions were 

relied upon or what new regions were systematically recruited across a cohort of individuals with 

phonological deficits. Furthermore, we aimed to investigate regions that were not just commonly 

recruited in individuals with phonological deficits, but were also specifically helpful in 

phonological processing in the presence of a damaged network. Given the strong left-

lateralization of phonological processing, we expected that phonological processing would be 

supported by regions within the residual language network, and that greater activation in these 

residual regions would correlate to better phonological performance. 
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METHOD 

    PARTICIPANTS  

        INDIVIDUALS WITH APHASIA 

Eight individuals with aphasia due to left-hemisphere stroke participated in this study. 

Selection criteria restricted enrollment to individuals who were right-handed prior to their stroke 

and under 80 years of age with aphasia and left perisylvian damage from middle cerebral artery 

stroke. Exclusionary criteria were no history of psychiatric illness or neurological illness aside 

from the stroke. The cohort with aphasia consisted of seven males (one female), ranging in age 

from 32 to 73 years (M = 59.12 years, SD = 15.31 years) and 11 to 19 years of education (M = 

15.00 years, SD = 2.83 years). Time post-onset from stroke ranged from 12 months to 11 years 

and 3 months (M = 5.21 years, SD = 3.42 years).  

 Overall language performance was characterized for each patient using the Western 

Aphasia Battery (WAB; Kertesz, 1982). As shown in Table 1, three patients presented with a 

profile of anomic aphasia, two with Broca’s aphasia, two with conduction aphasia, and one with 

Wernicke’s aphasia. Aphasia severity ranged as indicated by aphasia quotients from 45 to 93. 

Single-word reading aloud and writing-to-dictation were tested using the 80 real words 

and 20 pseudowords from the Arizona Battery for Reading and Spelling (Beeson, Rising, Kim, 

& Rapcsak, 2010). Relative accuracy on reading/spelling words versus pseudowords allowed for 

alexia/agraphia classification. For each patient, a lexicality effect was derived by subtracting 

nonword from word accuracy in both reading and spelling. A binomial test was used to 

determine the presence of an alexia/agraphia profile.  Four individuals showed a significant 

lexicality effect (words > pseudowords) in both modalities (binomial test) consistent with 

phonological alexia and agraphia. Three people had a significant lexicality effect in reading 

consistent with phonological alexia, but were globally agraphic so that no lexicality effect could 
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be detected in their spelling performance. One person showed a small but non-significant 

lexicality effect in both reading and spelling.  

Individuals with aphasia were also administered a battery of phonological tests. The 

battery contained phonological tasks that required 1) phonological perception and production 

(e.g., repetition, minimal pair judgment, rhyme production/judgment), 2) transcoding between 

orthography and phonology (e.g., letter-to-sound, sound-to-letter conversion), and 3) 

phonological manipulation (e.g., sound deletion, blending, replacement, segmentation). A 

complete list of tests administered can be found in Table 2. Behavioral performance on these 

tasks were interpreted relative to that of healthy controls from an existing set of normative data 

(Beeson et al., 2016). All patients were significantly impaired on phonological composite scores.  

Subj # 

(code) 

Age 

(yy) 

Sex Hand. Edu 

(yy) 

TPO 

(yy;mm) 

Tx AQ Type Alexia Agraphia 

1 (0308) 54 M R 16 03;11 Y 80.1 Cond Yes Yes 

2 (0184) 44 M R 15 06;11 Y 93 Anomic Phon Phon 

3 (0190) 56 M R 13 05;08 Y 81.1 Anomic Phon Phon 

4 (1356) 32 F R 19 01;00 N 63 Broca Phon Phon 

5 (0182) 71 M R 12 07;05 Y 45 Broca Phon Global 

6 (0310) 73 M R 11 04;07 Y 70.7 Cond Phon Global 

7 (0120) 72 M R 16 11;03 Y 61.7 Wern Phon Phon 

8 (0333) 71 M R 18 01;00 N 71.5 Anomic Phon Global 
Table 1. Characteristics of individuals with aphasia, including patient number (Subj #), age in years (Age), 

premorbid handedness (Hand), sex (Sex), years of education (Edu), time-post onset of stroke to participation in this 

study, whether phonological treatment had been administered in the Aphasia Research Project (Tx), aphasia 

quotient on the Western Aphasia Battery (AQ), aphasia type as measured by the Western Aphasia Battery (Type), 

and presence and subtype (when appropriate) of alexia and agraphia based on lexicality effect (regular minus 

pseudoword accuracy), as determined by a binomial test. Cond = conduction, Wern = Wernicke’s, Phon = 

phonological 

 

Composite 333 182 190 310 184 1356 308 120 

Phonological Perception/Production Tasks                

Rhyme judgment (/40) 80 85 95 90 100 88 80 93 

Rhyme production (/10) 0 40 90 0 90 40 90 0 

Minimal pair discrimination, words (/20) 75 70 100 100 100 95 75 100 

Minimal pair discrimination, nonwords (/20) 75 85 100 75 100 95 65 100 

Repetition, words (/20) 95 95 100 80 100 85 85 100 

Repetition, nonwords (/20) 75 45 90 50 95 80 40 90 
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Average 67 70 96 66 98 80 73 80 

Phonology-Orthography Transcoding               

Sound-to-letter (/20) 50 50 75 25 90 80 90 20 

Letter-to-sound (/20) 0 55 80 60 90 70 100 70 

CVC nonword writing (by phoneme, /60) 15 15 67 15 60 38 82 10 

CVC nonword reading (by phoneme, /60) 65 22 85 37 87 37 85 35 

Average 33 35 77 34 82 56 89 34 

Phonological Manipulation Tasks              

Sound segmentation, written words (/20) 50 50 90 40 95 55 70 20 

Sound segmentation, written nonwords (/20) 15 20 65 15 80 25 95 25 

Sound segmentation, verbal words (/20) 0 30 95 45 100 60 90 25 

Sound segmentation, verbal nonwords (/20) 0 0 80 50 85 30 95 35 

Sound deletion, words (/10) 0 10 20 10 70 0 70 0 

Sound deletion, nonwords (/10) 0 0 40 0 60 20 30 0 

Sound blending, words (/10) 0 10 60 0 100 0 20 0 

Sound blending, nonwords (/10) 0 0 30 0 60 0 40 0 

Phoneme replacement, nonverbal words (/10) 40 30 50 40 70 60 90 40 

Phoneme replacement, nonv. nonwords (/10) 40 50 80 30 70 40 90 50 

Phoneme replacement, verbal words (/15) 0 0 20 0 53 0 33 0 

Phoneme replacement, verbal nonwords (/15) 0 0 20 7 13 0 20 0 

Average 12 17 54 20 71 24 62 16 

Arizona Battery for Reading and Spelling                 

Word Reading (1 and 2) 78 29 100 65 98 63 88 70 

Nonword Reading 35 0 70 25 60 0 80 5 

Lexicality effect  43 29 30 40 38 63 8 65 

Word Spelling (1 and 2) 5 8 88 1 98 71 51 23 

Nonword Spelling 0 0 20 0 40 0 45 0 

Lexicality effect 5 8 68 1 58 71 6 23 

Table 2 List of phonological tests administered and patient performance. Lexicality effect is also shown derived 

at the bottom of the table for reading and spelling. 

 

        CONTROL PARTICIPANTS 

 Twelve healthy adults were recruited to participate in the neuroimaging portion of the 

study to substantiate the patterns of activation for the task with respect to existing fMRI literature 

and to provide a basis of comparison for activation patterns observed in those with aphasia. As 

with the individuals with aphasia, selection criteria restricted participant enrollment to right-

handed individuals under 80 years of age with no history of psychiatric or neurological illness, 

and no history of 

developmental speech or 

language disorder. The 

control group consisted of 

Code Age  (yy) Sex Hand. Edu (yy) 

0286 55 M R 16 

0287 56 F R 13 

1388 60 M R 20 

0285 73 F R 18 
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eight males and four females 

ranging in age from 52 to 73 

years (M = 64.50 years, SD = 

7.42) and 13 to 20 years of 

education (M = 16.91 years, 

SD = 1.98). Right-handedness 

was confirmed using the 

Edinburgh Handedness Inventory (Oldfield, 1971). All control participants scored within normal 

limits (M = 29.9/30, SD = 0.29) on the mini-mental status exam (Folstein, Folstein, & McHugh, 

1975). Demographics for the control group are listed in Table 3.  

 All participants provided informed consent prior to enrolling in the study, as overseen by 

the University of Arizona Human Subjects Protection Program. 

0202 73 M R 16 

0268 72 M R 16 

0288 63 F R 20 

0289 69 M R 18 

0290 70 F R 16 

1008 68 M R 18 

0293 52 M R 16 

0294 63 M R 16 
Table 3. Demographics for the control group including their study 

code (Code), age in years (Age), sex (Sex), handedness (Hand.), and 

years of education (Edu). 
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    FUNCTIONAL MRI PROCEDURE  

        TASK PROCEDURE 

            PSEUDOWORD JUDGMENT  

 The fMRI task was designed to place demands on phonological skills using a 

pseudoword syllable-length judgment task. Participants were visually presented with two 

pseudowords (e.g., CHEED and JOOT) and were required to indicate via a button-press whether 

the two pseudowords contained the same 

number of syllables. As depicted in 

Figures 1 and 2, stimuli were presented 

visually and a button press was 

registered by depicting a box around the 

target stimulus pair. As listed in Table 4, 

this task involves a sequence of 

cognitive processes associated with the 

task-demands that including 

phonological processing. This sequence of cognitive processes that lead up to the phonological 

processing includes attentional processing related to engaging with the task at hand, visual 

processing associated with seeing the stimuli, and orthographic processing associated with 

identification of the graphemes of each pseudoword. Core phonological processes involved with 

decoding each pseudoword stimulus include including grapheme-to-phoneme conversion and 

phoneme blending to generate an internal phonological representation. The task also necessitated 

the phonological storage and maintenance of an internal “whole-pseudoword” representation of 

each item while it was operated upon. In addition, the task requires an individual to produce 

inner-speech corresponding to the pseudoword so that they may discern its natural 

Figure 1. Schematic depiction of button press for each 

condition of the fMRI task. In both the pseudoword 

condition (top) and the symbol condition (bottom), a button 

press is registered with a box surrounding the stimuli for a 

given trial. 
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syllabification. Finally, the task also necessitated executive control to govern response inhibition 

or initiation, and an overt motor response to respond using the button-box.  

            SYMBOL STRING JUDGMENT 

 A control task 

was designed to match 

the task demands of the 

experimental condition 

as closely as possible 

with the exception of 

phonological processing 

requirements. The paradigm consisted of a false-font match verification task in which a 

participant was asked to respond via a button-press if two false-font strings matched exactly. 

Unlike the experimental syllable condition, the decision of whether the two false-font strings 

match requires no linguistic analysis of the stimuli. Beyond this core difference, the symbol 

condition matched the experimental condition in terms of all nonlinguistic processing (Table 4). 

            TASK IMPLEMENTATION 

 The pseudoword and symbol tasks were implemented in a blocked, adaptive paradigm 

with seven levels of difficulty. Each run of the task consisted of ten blocks per condition, 20 

seconds in duration, alternating between the syllable and symbol tasks. Number of matching and 

mismatching stimuli were balanced within each block containing an even number of trials, and 

kept within one within each block containing an odd number of trials.  Responses occurring in 

the first 300 ms of each stimulus were ignored, as they likely were late responses to the prior 

trial.  

 Minimum number of stimuli per block was limited at three and maximum number of 

 Task condition 

Cognitive processes required Syllable  Symbol  

Attentional processing ✓ ✓ 

Visual feature analysis ✓ ✓ 

Graphemic processing ✓ ✘ 

Grapheme-to-phoneme conversion ✓ ✘ 

Phonological encoding, syllabification ✓ ✘ 

Maintenance and inner speech ✓ ✘ 

Executive control for “verification”  ✓ ✓ 

Button press motor response ✓ ✓ 
Table 4. Cognitive processes engaged during task conditions and those isolated 

by manipulation of the task condition. 
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stimuli per block was limited at seven. The stimulus duration was determined based on a 

combination of level of difficulty of both the pseudoword condition and symbol condition. 

Because the interstimulus interval was manipulated as a function of level of difficulty, the exact 

number of trials each participant was administered differed between individuals.  

 Beyond trial duration, difficulty level was manipulated independently in each condition 

based on performance accuracy on previous trials. One incorrect response reduced level of 

difficulty one step for the relevant condition. Two consecutive correct responses increased level 

of difficulty one step for the relevant condition. For the pseudoword condition, the characteristics 

that were controlled to manipulate difficulty included number of syllables in the pseudoword 

stimuli and variability in number of syllables (see details below). The visual similarity of 

stimulus pairs was also manipulated to control difficulty. For each individual, performance on 

the pseudoword and symbol tasks yielded information regarding the average level of difficulty, 

accuracy, and reaction time. 
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            STIMULI 

                PSEUDOWORDS 

 A list of pseudowords was created by modifying a list of real words. First, a list of real 

words was collected by querying 

entries in the UWA MRC 

Psycholinguistic database (Wilson, 

1988) with the criteria of minimum of 

four letters long, one to four syllables 

in length, and to exclude odd items 

(e.g., “alum”) a Kucera-Francis 

written frequency of greater than one. 

Next, Wuggy software (Keuleers & 

Brysbaert, 2010) was used to derive 

one pseudoword from each of the 

12,912 resulting words using the 

built-in subsyllabic English database. 

Restrictions on the output included matching input items for transition frequencies of graphemes 

(how often graphemes occur side-by-side in English words), matching two out of every three 

subsyllabic segments, and matching letter length. A maximal search time of ten seconds per 

word was specified within the software to limit total processing time. Each item from the 

resulting pseudoword list was inspected by the author and coded for exclusion if it appeared to 

violate English phonotactics or orthographic rules (e.g., bathtr), allowed highly ambiguous 

syllabification (e.g., bertiary, which could be evaluated as two or three syllables), was a 

pseudohomophone (e.g., rane), or consisted largely of concatenated real words (e.g., hotsave: hot 

Figure 2. Conditions of the phonological processing paradigm and 

control condition. This figure depicts all four possible stimulus 

conditions, including the pseudoword task with matching stimuli 

(top left), the pseudoword condition with mismatched stimuli (top 

right), the symbols condition with matched stimuli (bottom left), 

and the pseudoword condition with mismatched stimuli (bottom 

right). 
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+ save). After manual inspection, the final corpus consisted of 3376 pseudowords.  Table 5 

shows the descriptive statistics for letter length and syllable count for the final corpus. 

  Letter Length 

S
y
ll

ab
le

 L
en

g
th

 

 4 5 6 7 8 9 10 11 12 13 14 
Total # 

Stimuli 

Mean 

# Letters 

1 323 308 69 4 0 0 0 0 0 0 0 704 4.65 

2 29 233 500 313 76 21 1 1 0 0 0 1174 6.21 

3 0 4 71 210 304 220 94 29 7 0 0 939 8.17 

4 0 0 0 9 83 139 168 110 40 9 1 559 9.80 

Total # 

Stimuli 
352 545 640 536 463 380 263 140 47 9 1 3376  

Mean # 

Syllables 
1.1 1.4 2 2.4 3 3.3 3.6 3.8 3.9 4 4   

Table 5. Frequency count of length by syllable for the corpus of pseudowords used in this study. Total counts and averages 

are also shown for the stimuli for length by syllable. 
 

 For each pseudoword trial, two different items matching a desired number of syllables 

were chosen from the pseudoword corpus at random. The desired number of syllables matched 

seven levels of a difficulty hierarchy. At the easiest two difficulty levels (levels 1 and 2), 

matching stimulus pairs had one syllable each, and mismatching stimulus pairs had one and two 

syllables, respectively. At the third level of difficulty, matching stimulus pairs both contained 

either one or two syllables, while the mismatching stimuli continued to have one and two 

syllables, respectively. At the fourth level of difficulty, matching stimulus pairs both contained 

two syllables, and mismatching pairs contained two and three syllables, respectively. At the fifth 

level of difficulty, matching stimulus pairs both contained two or three syllables, and the 

mismatching pairs continued to contain two and three syllables, respectively. In the sixth level of 

difficulty, matching pairs both contained three syllables, while mismatching pairs contained 

three and four syllables, respectively. Finally, at the seventh level of difficulty, matching pairs 

both contained three or four syllables, while mismatching pairs continued to contain three and 

fourth syllables, respectively. 
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                SYMBOLS 

 For the symbol condition, stimuli were constructed from a list of Greek and Cyrillic (non-

Latin) alphabetic characters. The number of characters in each stimulus pair was based on the 

average number of letters contained in the pseudoword stimulus pairs from the previous block of 

pseudoword stimuli randomly plus or minus one (average letter length of both pseudowords 

summed). This total number of characters was then approximately distributed between the two 

presented symbol strings.  

 In trials with “match” responses, a generated symbol string was simply duplicated (i.e. 

the two presented symbol strings matched). For the easiest level of non-matching symbol stimuli, 

two symbol strings were separately generated which did not match in character length. For the 

second level of difficulty of non-matching symbol stimuli, two symbol strings were separately 

generated which shared the same number of characters. At these first two levels of difficulty, 

stimuli were generated independently, so they likely showed little resemblance to each other. On 

the higher levels of difficulty for symbol trials which did not match, one generated symbol string 

was presented along with a modified version of itself, where the modified version was changed 

based on the desired difficulty of the trial. On the third level of difficulty, the modification 

included swapping at random the first character, the final character, and one character from the 

middle of the generated symbol string. On the fourth level of difficulty, swapping occurred at 

random at either the first character and one additional character, or the final character and one 

additional character. At the fifth level of difficulty, swapping affected either just the first or just 

the final character. At the sixth level of difficulty, two letters were swapped at random. At the 

seventh and highest level of difficulty, one letter was swapped at random with a new character.  
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            TRAINING 

 Each individual participated in a training procedure prior to entering the scanner. First, a 

short PowerPoint presentation was shown which briefly explained the concept of words being 

comprised of “chunks” or syllables and noted that pseudowords could also be broken into 

chunks. The presentation also explained that they would see two made-up words on the screen 

and the task was to press a button if the two made-up words had the same amount of syllables. 

Participants were further instructed not to say anything out loud, but rather to read silently in 

their heads. Next each participant was shown the pseudoword task and symbol task on a 

computer monitor in the scanner control room. Examples of stimuli included at least one 

matching stimulus and one mismatching stimulus for each condition. Finally, to ensure that 

participants understood and were comfortable with the task, they practiced outside the scanner 

using a button box similar to that in the scanner. During the explanation and practice, the phrase 

“amount of syllables” was used instead of “number of syllables” to attempt to avoid 

inadvertently cueing the participant to try to focus on counting the syllables rather than naturally 

monitoring their own inner speech when performing the task. 

            EVALUATION OF BEHAVIORAL PERFORMANCE 

 Logs of trial-by-trial behavioral performance from the scanner were collected and 

evaluated. Behavioral performance for each participant was analyzed separately by task 

condition (i.e., the pseudoword condition and the symbol condition). Descriptive statistics 

including average and standard deviation were computed for accuracy, response time, and level 

of difficulty for each individual. 

 Active participation in each condition was judged based on whether behavioral accuracy 

differed significantly from chance using a binomial test via the binompdf function in MATLAB. 

A binomial test was appropriate because accuracy on each trial falls into two categories (correct 
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or incorrect), allowing the proportion of empirically observed correct responses (i.e., number of 

trials correct) to be compared to a theoretically expected proportion of responses under the null 

hypothesis of a random response for each trial (i.e., 0.5). 

 Response accuracy, response time, and level of difficulty were summarized in the control 

group separately for each task condition using the average and standard error of the mean. Paired 

t-tests were used to test performance differences between the task conditions. The proportion of 

accurate trials on the two conditions were compared using a Fisher’s exact test implemented in 

MATLAB. Response time was compared between the two conditions using a two-sample t-test 

(equal variance not assumed) using MATLAB’s ttest2 function conducted on response times 

regardless of accuracy. Trial difficulty-level across the two conditions was compared using a 

Wilcoxon rank sum test via the ranksum function in MATLAB. Finally, for each person with 

aphasia accuracy, response time, and level of difficulty was judged relative to average 

performance of the control group using a t-test with one fewer degree of freedom (Crawford & 

Howell, 1998). By adjusting the degrees of freedom, this technique models the value from a 

modestly-sized control group as a true sample statistic rather than as a population parameter (cf. 

z-test).  

        IMAGING PARAMETERS 

 Images were acquired on a 3T Siemens Skyra scanner using a 20-channel head coil. First, 

a localizer was acquired to enable the individual’s brain parenchyma to be centered in the 

scanner’s field of view. Each participant completed two runs of a functional MRI task. Each run 

consisted of 200 blood oxygen level-dependent (BOLD) T2*-weighted volumes using an echo 

planar imaging (EPI) sequence with the following parameters: 30 AC-PC aligned axial slices 

acquired in interleaved order; slice thickness = 3.5 mm with no slice gap; field of view = 
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240×240 mm; matrix = 86×86; repetition time (TR) = 2000 ms; echo time (TE) = 30.0 ms; flip 

angle = 90°; voxel size = 2.8×2.8×3.5 mm. Each functional run lasted 6 minutes and 40 seconds 

and was preceded by two discarded baseline images to allow the MR signal to reach equilibrium. 

 To assist with coregistration of functional data to the structural reference image, a T2-

weighted image coplanar to the functional data was acquired with the following parameters: 30 

slices; slice thickness = 3.5 mm, field of view (FOV) 240×240 mm; matrix = 256×256; repetition 

time (TR) = 5390 ms; echo time (TE) = 95 ms; flip angle = 150°, voxel size = 0.5×0.5×3.5 mm. 

GRAPPA was enabled at an acceleration factor of 2. 

 For anatomical reference, a T1-weighted magnetization prepared rapid gradient echo 

(MPRAGE) sequence was acquired with the following parameters: 192 sagittal slices; slice 

thickness = 0.9 mm, field of view (FOV) 240×240 mm; matrix = 256×256; repetition time (TR) 

= 2300 ms; echo time (TE) = 2.32 ms; inversion time (TI) = 900 ms; flip angle = 8°, voxel size = 

0.9×0.9×0.9 mm. GRAPPA was enabled at an acceleration factor of 2. 

 A fluid-attenuated inversion-recovery (FLAIR) sequence was also acquired to allow the 

delineating of lesion boundaries in patients with stroke.  FLAIR images were collected with the 

following parameters: 68 sagittal slices; slice thickness = 2.0 mm, field of view (FOV) 240×240 

mm; matrix = 256×256; repetition time (TR) = 9000 ms; echo time (TE) = 89 ms; inversion time 

(TI) = 2500 ms; flip angle = 150°, voxel size = 0.5×0.5×2.0 mm. GRAPPA was enabled at an 

acceleration factor of 2. 

        FMRI DATA ANALYSIS 

            IMAGE PRE-PROCESSING 

 Functional imaging data were preprocessed with AFNI software (Cox, 1996). Data were 

corrected for slice timing, realigned to account for minor head motion, smoothed with an 8 mm 
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FWHM Gaussian kernel, high-pass filtered (cutoff = 0.006 Hz), and detrended (Legendre 

polynomials of order up to and including 2). Next, an independent component analysis (ICA) 

was performed using the FSL tool melodic (Beckmann & Smith, 2004) to generate 20 

components. Noise components were identified using visual inspection according to published 

guidelines (Kelly et al., 2010) and removed using FSL’s fsl_regfit procedure. 

 After pre-processing, the SPM5 automated coregistration tool was used to align 

functional scans to the coplanar T2 acquired. The anatomical T1 image was then warped to the 

Montreal Neurological Institute (MNI) average of 152 brains using SPM5. Finally, each 

functional image was warped to MNI space based on parameters calculated from each 

participant’s anatomical image.  

            LESION MAPPING 

 The location and extent of each patient’s lesion was manually delineated by drawing with 

an electronic Wacom tablet on serial slices of a FLAIR image collected for each patient. One 

patient requested to be removed from the scanner prior to completion of the final FLAIR scan. 

This patient’s lesion was delineated on the T2-weighted image that was successfully collected. 

Resulting lesion maps were normalized to MNI space. 

            STATISTICAL ANALYSIS 

 For each of the two functional runs performed by the participants, a general linear model 

was fit voxel-by-voxel using the fmrilm function from FMRISTAT (Worsley et al., 2002). A 

boxcar design was constructed containing one explanatory variable (EV) for each of the two 

experimental conditions (phonological decision, symbol decision) each with a duration of 20 

seconds. Each EV in the design matrix was convolved with a canonical hemodynamic response 

function (HRF) modeled as the difference of two gamma density functions (Glover, 1999) with 
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the first gamma density having a peak of 5.4 and a full-width half-max (FWHM) of 5.2, the 

second gamma density having a peak of 10.8 and a FWHM of 7.35, and a coefficient for the dip 

of the second gamma function of 0.35 (default for FMRISTAT’s fmridesign function). Motion 

artifact was reduced by including in the model the six translation and rotation parameters 

estimated during motion correction as covariates in the model, unconvolved with the HRF. Other 

covariates of no interest were included to reduce error variance including the whole brain global 

signal, average time-course of a seed from cerebrospinal fluid, and the average time-course of a 

seed from white matter. One spatial drift term and three temporal drift terms modeled as cubic 

splines were also included in the model. 

 A single contrast was constructed for statistical analysis which compared blocks of the 

pseudoword task to blocks of symbol task. The contrast was intended to isolate cortical regions 

supporting the central components of phonological processing by controlling for peripheral 

processes common to the visual processing, executive function, motor response, and attention 

required by the symbol task (see Table 4). Pairs of contrast images from each participant’s two 

functional runs were combined in a fixed-effects model using the multistat function in 

FMRISTAT. A fixed-effects analysis was used at this stage because the model was estimating 

data within a single participant, and was thus treated as non-random. 

                PATIENTS 

The resulting SPM for each patient was thresholded voxelwise at p < .005, and then 

corrected for multiple comparisons (p < .05, family-wise error; FWE) for spatial extent by 

applying a minimum cluster size determined by Gaussian random field theory (Worsley et al., 

1996) implemented by FMRISTAT’s stat_threshold function. Resulting SPMs were then warped 

to MNI space using the parameters estimated from their high-resolution anatomical image. 



37 

 

  

                CONTROL GROUP 

A second-level random-effects analysis was conducted for the control group in SPM5 

(Friston, Ashburner, Kiebel, Nichols, & Penny, 2007). Each participant’s combined effect size 

image was warped to MNI space using the parameters estimated from their high-resolution 

anatomical image. Brain activation common to the group was modeled using a single sample t-

test with 11 degrees of freedom (12 participants minus one) conducted on these combined first-

level effect size maps. Resulting SPMs were thresholded voxelwise at p < .005, and then 

corrected for multiple comparisons (p < .05, family-wise error; FWE) for spatial extent by 

applying a minimum cluster size determined by Gaussian random field theory (Worsley et al., 

1996) implemented in SPM5. 

                GROUP COMPARISON 

To identify regions activated to a greater extent by the control group or the patient group, 

a voxelwise two-sample heteroskedastic t-test was conducted between the two groups using 

SPM5. Resulting SPMs were thresholded voxelwise at p < .005, and then corrected for multiple 

comparisons (p < .05, family-wise error; FWE) for spatial extent by applying a minimum cluster 

size determined by Gaussian random field theory (Worsley et al., 1996) implemented in SPM5. 

                CORRELATION ANALYSIS 

 To quantify the difference in regions recruited for phonological processing between 

patients in whom phonology was relatively impaired or relatively spared, a voxelwise correlation 

map was computed in the eight patients, between individual effect size maps of phonological 

processing and three measures of phonological ability, including 1) performance inside of the 

scanner, 2) behavioral accuracy outside the scanner, and 3) lexicality effect as measured by 

regular word reading minus pseudoword reading. 
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 To examine the functional imaging data relative to in-scanner phonological performance 

for each individual with aphasia, a voxelwise correlation map was computed in the patients 

between individual effect size maps of phonological processing and in-scanner accuracy on the 

pseudoword task. 

 In order to examine the functional imaging data relative to phonological skill level out of 

the scanner for each individual with aphasia, a measure of phonological ability was extracted 

from the behavioral testing data. A principal components analysis was applied to a matrix 

containing behavioral scores for all 34 phonological tests administered as columns and eight 

patients as rows using SPSS software. Principal components were extracted via varimax rotation. 

Four components had eigenvalues greater than 1.0, passing the Kaiser normalization threshold 

for retention in the analysis. The first component accounted for approximately 66% of the 

variance and had high factor loadings on tests of phonological processing. This component was 

consequently used as the variable with which to correlate signal change. 

 Finally, to examine the functional imaging data relative to degree of selective 

phonological impairment for each individual with aphasia, a voxelwise correlation map was 

computed in the patients between effect size maps of phonological processing and magnitude of 

lexicality effect for regular and pseudoword reading. 

RESULTS 

    CONTROL GROUP  

        BEHAVIORAL PERFORMANCE  

 As depicted in Table 6 the control group was 83% (SD = 3.12%) accurate in the 

pseudoword condition and performed with a significantly higher accuracy of 87% (SD = 3.06%) 

in the symbol condition, t(11) = -2.67, p = 0.02. The average response time for the pseudoword  
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condition was 2168 ms (SD = 220 ms), which was 

significantly faster than the response time for the 

symbol condition, 2353 ms (SD = 242 ms) for the 

symbol condition, t(11) = -2.66, p = 0.02. 

        WHOLE BRAIN ANALYSIS 

In the control group, activation was 

strongly left lateralized, with the largest region of 

activation falling within the left frontal lobe (see Figure 3). Left frontal activation included peaks 

in pars opercularis, triangularis, anterior insula, and posterior inferior frontal sulcus. Activation 

extended posteriorly into dorsal precentral gyrus/sulcus and into central sulcus. The less 

extensive right frontal lobe activation included lateral prefrontal cortex, pars opercularis, pars 

triangularis, and the parietal operculum. There was activation of both left and right pre-

supplementary motor area and 

supplementary motor area, 

with left greater than right. 

 Within the left parietal 

lobe, there was activation in 

supramarginal gyrus. There 

was also a region of activation in right supramarginal gyrus that did not meet full cluster 

correction (p < 0.001, corrected; p = 0.058 uncorrected, shown as translucent in Figure 3). 

Within the left temporal lobe there was activation in the superior temporal sulcus and posterior 

superior temporal gyrus/sulcus, extending ventrally into the left lvOT (with a peak at MNI 

Task 

Condition 

Accuracy 

(%) 

Response 

Time (ms) 

Pseudowords 83.1 (3.12) 2168 (220) 

Symbol 87.3 (3.06) 2353 (242) 

t(11) -2.67 -2.66 

p-value 0.022 0.022 

Table 6. Behavioral performance in the scanner 

for the control group. 

Figure 3 Whole-brain activation of the control group. Region in right 

supramarginal gyrus shown translucent to indicate that it did not meet 

full cluster correction. 
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coordinates x = -52, y = -55, z = -15). There were also two peaks in the right posterior temporal 

lobe, with one falling in superior temporal gyrus and the other in middle temporal gyrus. 

 In addition to the cortical activation, there was activation in both left and right basal 

ganglia. Left basal ganglia activation included the head of the caudate, globus pallidus, and 

anterior thalamus. Activation in right basal ganglia was limited to the head of the caudate and 

putamen. Finally, there was bilateral cerebellar activation, strongly right-lateralized. Within the 

right cerebellar hemisphere, there was a peak of activation in the superior portion and a peak in 

the inferior portion of the posterior lobe. The activation was mirrored to a lesser extent in the left 

cerebellar hemisphere. Table 7 lists all significant regions for the healthy control group’s whole 

brain analysis. 

Table of whole brain activation pseudowords > symbols for control group (N = 12), p < 0.005 

 MNI Coordinates    

Brain Region x y z 

Extent 

(mm3) P value Max T 

Left frontal, bilateral medial frontal, left basal ganglia    85280 < 0.001  

 Right supplementary motor area 6 4 66   4.32 

 Right pre- supplementary motor area 8 23 49   4.91 

 Left supplementary motor area -2 3 64   5.26 

 Left pre- supplementary motor area -3 20 47   7.4 

 Dorsal premotor cortex -52 -8 49   4.71 

 Pars opercularis -52 15 20   5.9 

 Pars triangularis -47 25 25   6.75 

 Pars triangularis -41 33 4   6.71 

 Anterior insula -38 25 -6   6.89 

 Caudate head -12 2 13   7.16 

 Anterior thalamus -9 -7 11   10.09 

 Globus pallidus, pars interna -19 -5 -6   8.94 

Right cerebellum    14544 < 0.001  
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 Superior cerebellum 27 -67 -25   6.42 

 Inferior cerebellum 30 -63 -44   7.47 

Left parietal, temporal, fusiform    19776 < 0.001  

 Left supramarginal gyrus -52 -40 50   8.47 

 Left mid-superior temporal sulcus -57 -20 0   5.11 

 Left posterior STG/STS -55 -40 4   5.3 

 Left lvOT -52 -50 -15   4.76 

Right inferior frontal gyrus    6000 < 0.001  

 Right pars opercularis 51 17 19   4.82 

 Right pars triangularis 50 30 8   4.35 

 Right parietal operculum 66 2 18   3.87 

Left cerebellum    1424 0.005  

 Superior cerebellum -32 -63 -26   4.42 

 Inferior cerebellum -34 -59 -44   7.56 

Right basal ganglia    7672 < 0.001  

 Caudate head 17 4 21   6 

 Putamen 25 3 7   3.68 

Right posterior superior temporal gyrus/sulcus 53 -29 5 4680 < 0.001 5.12 

Right lateral prefrontal    1520 0.003  

 Superior prefrontal 41 45 19   5.05 

 Inferior prefrontal 44 50 10   4.98 

Right posterior middle temporal gyrus 66 -39 -9 1000 0.043 3.46 

Right supramarginal gyrus* 53 -44 53 944 

0.001 (corr) 

0.058 (unc) 3.43 

Table 7 Regions of activation for the whole brain activation of the control group. 

* Region did not meet full cluster-correction 

        SUMMARY OF CONTROL GROUP FMRI 

 In summary, the control group was able to perform both tasks in the scanner with a high 

degree of accuracy. The pseudoword condition was harder than the symbol condition, as 

evidenced by lower accuracy than on the symbol trials; however, response time was longer for 

symbols overall. The fMRI results indicated engagement of a network of perisylvian cortical 

regions associated with a dorsal language pathway, including left dorsal premotor cortex and 
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posterior inferior frontal gyrus/operculum. In addition to regions associated with the dorsal 

language pathway, the control group also showed strongly-left lateralized activation in the 

supramarginal gyrus. Although not part of the dorsal pathway depicted for speech production 

(Hickok & Poeppel, 2007), the supramarginal gyrus is consistently activated in demanding 

phonological tasks and is associated with both phonological processing and working memory 

(Buchsbaum & D’Esposito, 2008; Oberhuber et al., 2016; Petersen et al., 1988). In addition to 

portions of the dorsal pathway, the control group also activated bilateral posterior superior 

temporal gyrus, which is associated with the ventral pathway related to association sounds with 

meanings (lexical-semantic) processing (Hickok & Poeppel, 2007). Additional activation was 

evident in the pre-supplementary motor area/supplementary motor area which are thought to 

relate to speech production (Alario, 2006) but which have also been identified as a node within 

the multi-demand network (Fedorenko et al., 2013). Finally, the control group also activated the 

basal ganglia, with larger activation in the left. 

 Thus, the control group activated a network of regions consistently related to 

phonological processing and brain regions associated with non-linguistic cognitive control. 

These regions provide a prototype of the healthy network associated with performing this task 

with which individuals with lesions were compared. 

    INDIVIDUALS WITH APHASIA 

 Data are presented below for each of the eight individuals with aphasia. They are 

presented in order from the least to the most impaired performance on the phonological 

processing tasks. Specifically, the composite score on the sound-letter transcoding tasks was 

used to order the results. The sound-letter transcoding composite score was used to order the 

results because this composite yielded a range of values, roughly separating four higher and four 
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lower performing individuals. This distribution was roughly evident in the other phonological 

composite scores.  

        PATIENT 1 (0308) 

            BEHAVIORAL PERFORMANCE 

Patient 1 had an aphasia quotient of 80 on the WAB, with a profile of conduction aphasia. 

He exhibited moderately impaired performance on tests of phonological processing, with 

composite scores of 73% on the tests of phonological perception and production, 89% on tests of 

phonology-orthography transcoding, and 62% on phonological manipulation tasks. He read real 

words with 88% accuracy compared to pseudowords at 80, and he spelled real words with 51% 

accuracy compared to 45% for pseudowords. His performance on these tasks is displayed (in 

red) relative to the other individuals with aphasia (in gray) in Figure 4 (left). 

In the scanner, Patient 1 was administered 82 trials each of the pseudoword and symbol 

conditions. His performance is shown in Figure 4 (right) in red relative to the other patients’ 

Figure 4 Behavioral performance of Patient 1 out of the scanner during behavioral testing (left pane) and during 

functional MRI testing (right pane). Individual patient performance is shown (red) relative to all patients (gray). For 

in-scanner performance (right), the mean and standard deviation of healthy control participant performance is also 

depicted (black). Pro/Per = Production/perception, Trans = Transcoding, Manip = Manipulation, Wd = Word, NW = 

Nonword, Phon = Pseudoword condition, Sym = Symbol condition. 
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performances (gray) and the mean and standard deviation of healthy control participant 

performance (black). His performance yielded an average pseudoword trial difficulty of 1.81 (SD 

= 1.31), which was at an easier level of difficulty than the adaptive difficulty level for the symbol 

condition (M = 4.73, SD = 1.54), ranksum = 3880, Z = -9.64, p < 0.001. Consistent with this 

difference, the pseudoword stimuli that he received were at a significantly easier level of 

difficulty than those pulled for the controls (t(11) = -2.37, p = 0.037), whereas the symbol stimuli 

were on par with the difficulty of those given to the control group (t(11) = -1.49, p = 0.164).  

Patient 1 performed both tasks above chance levels, but his accuracy for pseudoword 

trials was significantly poorer than on symbol trials (65.9% vs. 84.1%) according to a Fisher’s 

exact test (p = 0.004). His accuracy on pseudoword trials was significantly worse than controls 

(t(11) = -5.30, p < 0.001), but his accuracy on symbol trials was no worse than controls (t(11) = -

0.98, p = 0.350). There was no difference in his response time between the pseudoword 

condition (M = 2661 ms, SD = 749 ms) and symbol condition (M = 2772 ms, SD = 667 ms), 

t(11) = -0.98, p = 0.350. Moreover, his response times were not significantly different from 

controls in either the pseudoword condition (t(11) = 1.93, p = 0.079) or symbol condition (t(11) 

= 1.46, p = 0.172). 

            WHOLE BRAIN ANALYSIS 

 Patient 1’s lesion encompassed mid- and posterior temporal lobe, and extended into 

inferior parietal lobule. The lesion entirely encompassed two regions active in the control group, 

including a cluster in left posterior middle temporal gyrus and a cluster in left fusiform gyrus. 

The lesion only partially encroached upon the region corresponding to left supramarginal/angular 

gyrus cluster of the control group, sparing its largest dorsal portion (see Figure 5).  
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 As depicted in Figure 6 (hot), the largest area of 

activation for Patient 1 encompassed the left inferior 

frontal gyrus, which was completely spared by his lesion 

(blue outline). Peaks within this region fell in pars 

triangularis, opercularis, pars orbitalis, and anterior insula. 

These peaks closely matched the control group with the 

exception of the pars orbitalis, which was not evident in 

the control group map. Activation in the left frontal lobe 

extended posterodorsally into dorsal premotor cortex, 

which corresponded to an overlapping peak in the control group. Activation on the medial 

surface of the left frontal lobe included the left supplementary and pre-supplementary areas, both 

closely corresponding to activation in the control group. No activation was evident in the right 

frontal lobe, despite the right posterior inferior frontal gyrus activation in the control group. 

 Although partially 

spared by the lesion, there 

was no activation in much 

of the inferior parietal 

lobule as was seen in the 

control group. Moreover, 

there was no activation in 

the posterior superior temporal gyrus or lvOT regions activated by controls, as these regions 

were encompassed by the lesion. However, there was a strip of perilesional activation just dorsal 

and superficial to the lesion, which had peaks in superior temporal gyrus, parietal operculum, 

Figure 5. Distribution of Patient 1’s lesion 

(blue outline) relative to the regions 

activated by the control group (hot). 

Figure 6 Whole brain activation for Patient 1 (hot) with the distribution of his 

lesion (blue outline). 
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and supramarginal gyrus. Although the supramarginal gyrus peak did not overlap with a cluster 

of activation in the control group, it fell adjacent to the control cluster. 

 Two areas of activation were present in the right parietal and temporal lobes. First, there 

was a region of activation in posterior middle temporal gyrus overlapping with a cluster in the 

control group. Second, there was activation in right supramarginal gyrus, which roughly 

mirrored the cluster of activation in the control group’s right parietal lobe.  

 Within the occipital lobe, there was activation in the left occipital pole (visual association 

area), and on the medial surface of the left fusiform gyrus.  

 Finally, there were two regions of activation in right cerebellum. One cluster fell in the 

posterior dorsal portion of the cerebellum, overlapping the control group activation. The second 

cluster fell in the posterior cerebellum, posterior to the activation in control group. There was no 

activation in any basal ganglia structures. Table 8 lists all significant regions in the whole brain 

activation map of Patient 1. 

Table of whole brain activation pseudowords > symbols for Patient 1, p < 0.005 _glob 

 MNI Coordinates    

Brain Region x y z 

Extent 

(mm3) P value Max T 

Left posterior inferior frontal gyrus    48792 <0.001  

 Pars triangularis -45 30 11   4.48 

 Pars orbitalis -50 26 -8   4.46 

Left medial frontal lobe    32164 <0.001  

 Left pre-supplementary motor area -2 26 51   4.06 

 Left supplementary motor area -5 9 67   4.04 

Left dorsal premotor cortex    28621 <0.001  

 Left dorsal premotor cortex -34 0 63   5.12 

 Left dorsal premotor cortex -45 -6 51   6.32 

Right superior cerebellum 29 -68 -19 26168 <0.001 3.97 

Right parietal lobe    19353 <0.001  
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 Inferior supramarginal gyrus 53 -38 36   4.43 

 Superior supramarginal gyrus 49 -38 54   5.97 

Left temporal/parietal (perilesional)    19353 <0.001  

 Left supramarginal gyrus -62 -42 33   4.5 

 Sylvian fissure  -66 -22 14   4.8 

 Parietal operculum -52 -12 12   5.35 

Left occipital pole -15 -97 -10 17173 <0.001 4.24 

Left pars orbitalis -52 14 20 14447 <0.001 4.41 

Right posterior inferior cerebellum 36 -79 -32 10358 0.003 3.27 

Right posterior middle temporal gyrus 62 -39 -11 9813 0.005 4.54 

Left medial inferior occipital -16 -57 -5 6814 0.04 1.97 

Table 8 Table of whole brain activation for Patient 1. 

 

        SUMMARY 

Overall, Patient 1’s phonological skills were relatively good compared to the other individuals 

with aphasia in this study. He demonstrated a mild lexicality effect in both reading and spelling, 

that was not statistically significant. Nonetheless he exhibited a moderate phonological 

impairment as evidenced by his impaired performance on behavioral tests of phonological 

processing. Although he performed well above chance in the scanner, his phonological 

impairment was evident by both trials of lesser difficulty and poorer accuracy in the pseudoword 

condition relative to control participants and to his own performance in the symbol condition. 

Indeed, the level of difficulty and his accuracy in the symbol condition was on par with the 

control group, and his response times were comparable to the control group in both conditions. 

 This individual’s brain activation showed that he still relied on spared left frontal 

substrates, consistent with the control group’s activation. There may have also been some 

contribution from perilesional cortex in left parietal/temporal regions. Right hemisphere 
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contribution was restricted primarily to right inferior parietal lobule and posterior middle 

temporal gyrus. 

        PATIENT 2 (0184)  

            BEHAVIORAL PERFORMANCE 

Patient 2 had a mild anomic aphasia with an aphasia quotient of 93 on the WAB. He was 

mildly impaired on tests of phonological processing. Specifically, he achieved composite scores 

of 98% on the tests of phonological perception and production, 82% on the tests of phonology-

orthography transcoding, and 71% on phonological manipulation tasks. He read real words with 

98% accuracy versus 60% on pseudowords. Spelling accuracy was 98% for words and 40% for 

pseudowords. His performance on these tasks is displayed (in red) relative to the other 

individuals with aphasia (in gray) in Figure 7 (left). 

In the scanner, Patient 2 was administered 103 trials of each condition across two runs of 

the task. His performance the scanner is shown in Figure 7 (right) in red relative to the other 

Figure 7 Behavioral performance of Patient 2 out of the scanner during behavioral testing (left pane) and during 

functional MRI testing (right pane). Individual patient performance is shown (red) relative to all patients (gray). 

For in-scanner performance (right), the mean and standard deviation of healthy control participant performance 

is also depicted (black). Pro/Per = Production/perception, Trans = Transcoding, Manip = Manipulation, Wd = 

Word, NW = Nonword, Phon = Pseudoword condition, Sym = Symbol condition. 
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patients’ performances (gray) and the mean and standard deviation of healthy control participant 

performance (black). He performed pseudoword trials with an average level of difficulty of 2.61 

(SD = 0.68), with a level of difficulty that was significantly less than the level of difficulty on 

symbol trials, 6.64 (SD = 0.68), ranksum = 5422, Z = -12.64, p < 0.001. Nonetheless, level of 

difficulty was comparable to the control group for both pseudoword trials (t(11) = -1.67, p = 

0.123) and symbol trials (t(11) = 0.91, p = 0.382). 

 He responded to pseudoword trials with 76% accuracy, which was significantly poorer 

than his accuracy of 94% in the symbols condition (p < 0.001, Fisher’s exact test). This was 

worse than the control group on pseudoword trials (t(11) = -2.27, p = 0.045), and at the low end 

of the control group for symbol trials (t(11) = 2.17, p = 0.053). Patient 2’s response times for 

pseudoword and symbol trials were not significantly different, 2227 ms (SD = 581 ms) versus 

2133 ms (SD = 355 ms), t(93.52) = 1.03, p = 0.305. Moreover, his response times were not 

different from the control group for either pseudoword trials (t(11) = 0.26, p = 0.803) or for 

symbol trials (t(11) = -0.87, p = 0.402). 
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            WHOLE BRAIN ANALYSIS 

 On the cortical surface, Patient 2’s lesion 

included inferior parietal cortex and the frontal 

operculum; however, the lesion extended subcortically 

beneath the parietal operculum, superior temporal gyrus, 

and the pars triangularis (see Figure 8). The cortical 

surface was largely spared in these regions. It also spared 

basal ganglia structures. The lesion partially overlapped 

areas engaged by the control group during the 

pseudoword task, including the posterior superior 

temporal gyrus and the inferior portion of the supramarginal/angular gyri. The lesion also 

overlapped with the posterior portion of the posterior inferior frontal gyrus activation in the 

control group corresponding to a peak in pars opercularis. The lesion did not extend dorsally 

enough to overlap with the region of dorsal premotor cortex activated in the controls. 

 As shown in Figure 9, Patient 2 activated large portions of both left and right frontal 

lobes. In the left hemisphere, activation extended to the anterior edge of the lesion, and 

overlapped with regions engaged by the control group including pars triangularis, orbitalis, 

anterior insula, inferior frontal junction, and the dorsal premotor cortex. There was no activation 

in left pars opercularis because this region was damaged. Activation also extended dorsally into 

posterior middle and superior frontal gyrus/sulcus, beyond where controls showed activation. 

Activation also extended anteriorly into the lateral prefrontal cortex, and to the anterior superior 

frontal sulcus. There was also a region of activation in ventral precentral gyrus which was 

weakly evident in the control group. Although the lesion encompassed the white matter deep to 

this area, activation fell in the residual superficial cortex. 

Figure 8 Distribution of Patient 2’s lesion 

(blue outline) relative to regions activated 

by the control group (hot). 
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 In the right frontal lobe, activation extended through superior frontal gyrus/sulcus, and 

into posterior middle frontal gyrus, mirroring this patient’s left hemisphere activation. Activation 

extended ventrally into the right inferior frontal junction, the right pars opercularis, triangularis, 

orbitalis, and anterior insula, all homotopic to the control group’s left activation. Activation also 

extended into the right lateral prefrontal cortex, mirroring the anterior extension in this patient’s 

left hemisphere. 

 On the medial surface of the frontal lobes, activation encompassed bilateral pre-

supplementary motor area and supplementary motor area, overlapping with regions activated by 

the control group. 

In the left parietal lobe, the patient activated the supramarginal gyrus, intraparietal sulcus, and 

angular gyrus.  

Activation in 

the 

supramarginal 

gyrus 

overlapped 

closely with 

the control 

group, and extended more posteriorly. In the right parietal lobe, this activation was mirrored in 

the angular gyrus, intraparietal sulcus, and supramarginal gyrus, extending ventrally toward the 

posterior ascending ramus of the Sylvian fissure. Despite extending farther posteriorly and 

ventrally, this right hemisphere parietal activation overlapped with the control group activation.   

 In the left temporal lobe, there was perilesional activation in the posterior superior 

Figure 9 Whole brain activation for Patient 2 (hot), with extent of lesion on the cortical surface 

(solid blue) and the extent subcortically (dotted blue). 
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temporal and middle temporal gyri that roughly overlapped with the control group’s activation 

there. Although cortical damage extended subcortically beneath this activation, the activation fell 

in the cortex superficial to the lesion. As in the control group, activation extended ventrally into 

the fusiform gyrus, but the fusiform peak in this patient fell anterior to that of the control group.  

 In the right temporal lobe, activation was also present in the posterior superior and 

middle temporal gyri. It overlapped with control group’s activation, but extended farther 

anteriorly and posteriorly than in the control group. 

 In addition to the cortical activation, this individual robustly activated bilateral basal 

ganglia and bilateral cerebellum similar to controls. Finally, there was activation in a number of 

regions not evident in the control group, including bilateral occipital poles, and the right medial 

precuneus.  A full list of significant regions on the whole brain analysis are listed in Table 9. 

Table of whole brain activation pseudowords > symbols for Patient 2, p < 0.005  

 MNI Coordinates    

Brain Region x y z 

Extent 

(mm3) P value Max T 

Bilateral frontal, left temporal, parietal    1613399 <.001  

 Left lvOT -53 -37 -13   5.91 

 Left posterior middle temporal gyrus -49 -47 3   13.39 

 Left superior temporal sulcus -63 -30 6   8.07 

 Left supramarginal gyrus -66 -32 26   11.66 

 Left ventral post-central gyrus -57 -15 23   25.88 

 Left dorsal central sulcus -54 -6 43   18.9 

 Left dorsal premotor cortex -49 3 47   18.16 

 Left posterior superior frontal sulcus -27 8 50   9.64 

 Left anterior superior frontal sulcus -26 45 28   14.85 

 Left pars triangularis -48 35 17   18.55 

 Left pars orbitalis -43 43 1   17.69 
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 Left posterior inferior frontal sulcus -45 26 30   14.69 

 Left anterior insula -32 22 -4   7.47 

 Left ventral prefrontal -23 32 -12   10.52 

 Left anterior prefrontal -35 57 9   14.56 

 Left pre-supplementary motor area -4 18 46   17.82 

 Left supplementary motor area -5 2 64   24.13 

 Right pre-supplementary motor area 8 26 45   10.13 

 Right supplementary motor area 5 1 63   16.05 

 Left basal ganglia -20 -6 15   11.32 

 Right basal ganglia 20 9 -4   7.78 

 Right anterior prefrontal 32 58 7   7.42 

 Right anterior insula 50 18 -2   9.6 

 Right posterior superior frontal gyrus/sulcus 37 25 47   10.73 

 Right dorsal premotor 52 2 47   23.21 

 Right pars opercularis 60 9 18   20.97 

 Right pars orbitalis 43 50 -10   6.6 

 Right pars triangularis 53 36 12   10.12 

 Right posterior middle frontal gyrus 41 31 39   12.3 

 Right ventral post-central gyrus 60 -14 19   8.78 

 Right posterior superior temporal gyrus 61 -23 4   7.5 

 Right posterior middle temporal gyrus 59 -43 -10   9.47 

Bilateral cerebellum, left occipital pole    453845 <.001  

 Left superior cerebellum -21 -60 -23   11.14 

 Left inferior cerebellum -33 -69 -41   11.05 

 Right superior cerebellum 32 -67 -24   13.5 

 Right inferior cerebellum 32 -64 -39   8.31 

 Left occipital pole -18 -99 0    

Right parietal lobe    134654 <.001  

 Right supramarginal gyrus 51 -33 31   8.8 

 Right supramarginal gyrus 51 -40 48   11.72 

 Right intraparietal sulcus/angular gyrus 37 -60 53   12.44 

Left parietal lobe    88588 <.001  

 Left supramarginal gyrus -49 -41 53   11.69 



54 

 

  

 Left intraparietal sulcus/angular gyrus -29 -53 48   12.29 

Right posterior cingulate 6 -60 44 14719 0.024 5.74 

Right occipital pole 27 -95 0 13901 0.032 7.64 

Right anterior fusiform 44 -22 -25 13356 0.039 4.26 

Table 9 Table of whole brain activation for Patient 2. 

        SUMMARY 

 Patient 2’s phonological impairment was on the milder end of the spectrum relative to the 

individuals with aphasia in this study. He exhibited a significant lexicality effect in reading and 

spelling, consistent with phonological alexia/agraphia. Despite phonological perception and 

production skills near ceiling, his phonological transcoding and manipulation skills were mild-to-

moderately impaired as evidenced by his performance on behavioral testing. In the scanner his 

phonological impairment was evident by trials of significantly lesser level of difficulty and 

poorer accuracy in the pseudoword condition relative to the symbol condition. The mild nature 

of his deficit was evident in that the pseudoword trials were as difficult at those completed by the 

controls. Nonetheless, he was less accurate on pseudoword trials than the control group. His 

performance in the symbol condition was on par with the control group both in terms of trial 

difficulty, accuracy, and response time. 

 Patient 2’s lesion included both anterior and posterior perisylvian cortex. Although it 

extended subcortically into posterior inferior frontal gyrus, it only caused cortical damage to the 

pars opercularis, which the patient robustly activated in the right hemisphere. Moreover, the 

cortical extent of the posterior perisylvian damaged was limited such that temporal lobe and 

parietal lobe were engaged similarly to the control group. 

 There was also more widespread activation in the right frontal lobe than in the control 

group. There were also differences in lvOT, with this individual activating fusiform gyrus in a 
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region not engaged by the control group. There was also recruitment of dorsolateral prefrontal 

cortex (bilateral middle/superior frontal gyrus/sulci), which may relate to engagement of 

additional non-linguistic executive functions. 

        PATIENT 3 (0190) 

            BEHAVIORAL PERFORMANCE 

Patient 3 had an aphasia quotient of 81.1 on the WAB, with a profile of anomic aphasia. 

His phonological impairment was evident as task demands increased. Specifically, he achieved a 

score of 96% on the composite of tests of phonological perception and production, 77% on the 

composite of tests of phonology-orthography transcoding, and 54% on a composite of 

phonological manipulation tasks. He read real words with 100% accuracy and read pseudowords 

words with 70% accuracy. He spelled real words with 88% accuracy and spelled pseudowords 

with 20% accuracy. His performance on these tasks is displayed (in red) relative to the other 

individuals with aphasia (in gray) in Figure 10 (left). 

Figure 10 Behavioral performance of Patient 3 out of the scanner during behavioral testing (left pane) and 

during functional MRI testing (right pane). Individual patient performance is shown (red) relative to all patients 

(gray). For in-scanner performance (right), the mean and standard deviation of healthy control participant 

performance is also depicted (black). Pro/Per = Production/perception, Trans = Transcoding, Manip = 

Manipulation, Wd = Word, NW = Nonword, Phon = Pseudoword condition, Sym = Symbol condition. 
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 Patient 3 completed 93 trials of each condition across two runs of the task. His in-scanner 

performance is shown in Figure 10 (right) in red relative to the other patients’ performances 

(gray) and the mean and standard deviation of healthy control patient performance (black). 

Average level of difficulty for pseudoword trials 1.49 (SD = 0.84), which was significantly lower 

level of difficulty than the average difficulty of 6.2 (SD = 1.04) for symbol trials, ranksum = 

4404, Z = -12.08, p < 0.001.  Not surprisingly, level of difficulty of pseudoword trials was 

significantly easier level of difficulty relative to controls, t(11) = -2.66, p = 0.022. Level of 

difficulty of the symbol trials was no different from the control group, t(11) = 0.39, p = 0.705. 

His level of accuracy was 56% on pseudoword trials, which was just above chance (p = 0.054), 

and was significantly worse than his performance of 91% on symbol trials (p < 0.001, Fisher’s 

exact test). This accuracy level was significantly poorer than the control group for pseudoword 

trials (t(11) = -8.36, p < 0.001), but did not differ from controls on symbol trials (t(11) = 1.30, p 

= 0.220). His response time in the phonological condition was 2415 ms (SD = 656 ms), which 

was not significantly different from his response time of 2545 ms (SD =584 ms) in the symbol 

condition, t(113.64) = -1.13, p = 0.259. His response time was no different from controls in 

either the pseudoword condition (t(11) = 1.08, p = 0.304) or the symbol condition (t(11) = 0.76, 

p = 0.462).  

            WHOLE BRAIN ANALYSIS 

 Patient 3’s lesion was centered on the inferior parietal lobe, and extended subcortically 

beneath Rolandic cortex, spreading into the frontal lobe to encompass pars triangularis and the 

posterior portion of pars opercularis (see Figure 14). The lesion spared the basal ganglia. The 

lesion encroached upon only the most ventral portion of the activation cluster from the control 

group in left supramarginal gyrus, and only the medial portion of the left temporal cluster from 
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controls. The lesion spared the dorsal premotor cluster 

activated by controls, but encompassed almost all of the 

region activated by controls in lateral left frontal lobe.  

 Within the frontal lobe, he did not activate the 

left pars triangularis and opercularis, which were 

activated by controls, due to structural damage (Figure 

12). He did activate inferior frontal gyrus anterior to the 

lesion including pars orbitalis, lateral prefrontal cortex, 

and a region 

on the ventral 

surface of the 

frontal lobe, 

which was not 

evident in the 

control group. 

Activation in 

left frontal lobe extended posterodorsally into the left premotor cortex, which converged with the 

control group’s activation there. There was also activation in the posterior portion of left superior 

frontal sulcus and gyrus, not evident in the control group. 

 Activation in right frontal lobe largely mirrored the left hemisphere activation, with areas 

of activation including the posterior portion of the superior frontal gyrus and sulcus, lateral 

prefrontal cortex, pars orbitalis, and the dorsal premotor cortex. Regions active in right frontal 

lobe that were not active in the left hemisphere (due to missing tissue) included posterior middle 

Figure 11 Distribution of Patient 3's lesion 

(blue outline) relative to the control group 

activation (hot). 

Figure 12 Whole brain activation for Patient 3 (hot), with their lesion distribution (blue 

outline).  
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frontal gyrus, pars opercularis, pars orbitalis, and the insula. With the exception of the posterior 

middle frontal gyrus, which was evident in control group’s left hemisphere activation, each of 

these right hemisphere regions was roughly active in the control group’s right hemisphere. On 

the medial surface of the left and right frontal lobes, he showed activation in pre-supplementary 

motor area and supplementary motor area, exhibiting both peaks similar to the control group.  

 In the left parietal lobe, he showed activation on the dorsal border of his lesion in the 

supramarginal gyrus corresponding to the anterior portion of the region activated in the control 

group. He also showed activation in the right supramarginal and angular gyri which was largely 

homologous to the left hemisphere parietal activation in controls, although it extended more 

posteriorly than in the control group.  

 Patient 3 also showed activation on the ventral border of his lesion in the left posterior 

middle temporal gyrus. Although this activation appeared to be shifted slightly inferiorly due to 

the distribution of the lesion relative to the control activation, much of the cluster overlapped 

with the strongest peaks of the control group’s activation. This activation did not extend 

posteriorly and ventrally into the lvOT as in the control group. However, it did extend anteriorly 

and ventrally into a region at the same z coordinate as in the control group, in the inferior 

temporal/fusiform (MNI = -58, -26, -16), which was evident bilaterally. He also showed right 

hemisphere activation in superior temporal gyrus which corresponded to activation in the control 

group, although the activation in the patient encompassed a relatively larger volume. The ventral 

extension into interior temporal/fusiform gyrus evident in the left hemisphere was also evident 

here.  

 Activation was present in the right head of the caudate, which was highly convergent 

with the control group’s activation there. There was no deep activation in the left hemisphere as 
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in the control group, despite the lesion sparing the basal ganglia. Like the control group, he 

showed a superior peak and an inferior peak of activation in both left and right cerebellum. 

Activation in the right cerebellum also encompassed a region more posterior and lateral to that in 

the control group. Finally, he showed activation in left occipital pole in a region not evident in 

the control group. A list of significant regions on this patient’ whole brain analysis are shown in 

Table 10. 

Table of whole brain activation pseudowords > symbols for Patient 3, p < 0.005  

 MNI Coordinates    

Brain Region x y z 

Extent 

(mm3) P value Max T 

Left, right dorsal frontal    193804 <0.001  

 Left pre-supplementary motor area -5 29 43   6.56 

 Left supplementary motor area -2 -9 67   13.16 

 Left superior frontal gyrus/sulcus -22 21 60   6.65 

 Right superior frontal gyrus/sulcus 27 5 66   3.26 

Right middle and inferior frontal gyrus    155916 <0.001  

 right posterior superior frontal sulcus 30 27 53   3.56 

 right pars opercularis 51 13 1   5.69 

 right pars orbitalis 42 44 -4   5.19 

 right pars triangularis 47 26 18   3.38 

 right prefrontal 34 54 20   6.13 

Right cerebellum 40 -52 -28 120753 <0.001 5.6 

Left pars orbitalis, BA11 -34 47 12 92405 <0.001 8.65 

Right middle temporal gyrus 58 -34 8 52880 <0.001 12.53 

Right parietal    47429 <0.001  

 Right supramarginal gyrus 53 -39 49   8.04 

 Right angular gyrus 52 -51 40   8.79 

 Right posterior angular gyrus 39 -64 48   7.42 

 Left middle temporal gyrus -64 -34 -1 41432 <0.001 11.3 

 Left inferior cerebellum -35 -68 -40 25350 <0.001 4.97 

 Left ventral prefrontal -19 36 -15 21534 <0.001 6.11 
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 Right dorsal premotor 55 -5 45 17173 <0.001 9.28 

Left occipital pole -12 -92 21 13902 <0.001 3.37 

Left dorsal premotor cortex -53 1 41 13629 <0.001 5.89 

Left posterior middle frontal gyrus -44 30 30 12539 0.001 4.34 

Left perilesional supramarginal gyrus -48 -43 42 11994 0.003 5.39 

Left superior cerebellum -35 -52 -26 7905 0.032 4.78 

Right anterior superior frontal sulcus 18 43 35 7360 0.047 3.58 

Right basal ganglia 18 11 13 7360 0.047 2.99 

Table 10 Table of whole brain activation for Patient 3. 

 

        SUMMARY 

 Like Patients 1 and 2, Patient 3’s phonological impairment was in the milder range 

relative to the individuals with aphasia in this study. He exhibited a significant lexicality effect in 

reading and spelling consistent with phonological alexia/agraphia. His phonological skills were 

moderately impaired as evidenced by his performance on behavioral tests of phonological 

processing. In the scanner his phonological impairment was evident by the disparity between his 

performance in the pseudoword condition and the symbol condition. His difficulty level and 

accuracy in the pseudoword condition was significantly worse than the control group and the 

symbol condition. In contrast, his performance in the symbol condition was on par with the 

control group both in terms of trial difficulty, accuracy, and response time. 

 Patient 3’s lesion affected portions of both posterior and anterior perisylvian cortex; 

nonetheless, he was able to engage a network of regions highly similar to the control group in 

both hemispheres. Despite nearby damage, activation was evident in left posterior middle 

temporal gyrus and posterior parietal lobe. The primary regions that failed to activate were the 

posterior inferior frontal gyrus and the lvOT. There was considerable recruitment of bilateral 

superior frontal gyrus/sulcus.  
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        PATIENT 4 (1356) 

            BEHAVIORAL PERFORMANCE 

 

Patient 4 had a profile of Broca’s aphasia with an aphasia quotient of 63 on the WAB. On 

the tests of phonological processing, she achieved composite scores of 80% on the tests of 

phonological perception and production, 56% on phonology-orthography transcoding, and 24% 

on phonological manipulation tasks. She read real words with 63% accuracy and pseudowords 

words with 0% accuracy. She spelled real words with 70% accuracy and pseudowords with 0% 

accuracy. Her performance on these tasks is displayed (in red) relative to the other individuals 

with aphasia (in gray) in Figure 13 (left). 

 

 

Figure 13 Behavioral performance of Patient 4 out of the scanner during behavioral testing (left pane) and during 

functional MRI testing (right pane). Individual patient performance is shown (red) relative to all patients (gray). For 

in-scanner performance (right), the mean and standard deviation of healthy control participant performance is also 

depicted (black). Pro/Per = Production/perception, Trans = Transcoding, Manip = Manipulation, Wd = Word, NW = 

Nonword, Phon = Pseudoword condition, Sym = Symbol condition. 
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In the scanner, she was administered 105 trials of each condition across two runs of the 

task. Her performance is shown in Figure 13 (right) in red relative to the other patients’ 

performances (gray) and the mean and standard deviation of healthy control participant 

performance (black). Average difficulty for pseudoword trials was 4.46 (SD = 1.5), which was 

significantly easier level of difficulty than the level of difficulty of 6.25 (SD = 0.92) for the 

symbol trials, ranksum = 7385, Z = -8.62, p < 0.001. Level of difficulty was comparable to the 

control group for both the pseudoword trials (t(11) = -0.03, p = 0.977) and symbol trials (t(11) = 

0.43, p = 0.677). She responded to pseudoword trials with 82% accuracy, which was 

significantly poorer than her accuracy of 91% on symbol trials (p = 0.32, Fisher’s exact test). 

Nonetheless her performance was well above chance in both the pseudoword condition (p < 

0.001) and symbol condition (p < 0.001) according to binomial tests. Indeed, her accuracy was 

comparable to the control group for both pseudoword trials (t(11) = -0.37, p = 0.721) and symbol 

trials (t(11) = 1.01, p = 0.334). Her response time on pseudoword trials was 2076 ms (SD = 673 

ms), which was no different from her response time of 2164 ms (SD = 431 ms) on symbol trials, 

t(105.72) = -0.87, p = 0.386. Moreover, her response time was comparable to the control group 

in both the pseudoword condition (t(11) = -0.40, p = 0.696) and the symbol condition (t(11) = -

0.75, p = 0.470).  

            WHOLE BRAIN ANALYSIS 

 This patient’s lesion encompassed a large portion of inferior parietal lobe, almost all of 

superior and middle temporal gyri, and posterior inferior frontal gyrus, up to an including a 

portion of pars triangularis. The lesion included the entire region of left temporal activation and 

the anterior portion of the supramarginal/angular gyrus activation in the control group. Although 

the lesion spared the peak in dorsal premotor cortex from the control group, it encompassed 
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regions of control activation in pars opercularis and part of pars triangularis. The lesion spared 

the basal ganglia. 

  Within the left lateral frontal lobe, this individual activated the structurally spared 

anterior portion of pars triangularis and pars orbitalis, overlapping with the anterior extent of the 

control group activation (Figure 17). There was no activation in pars opercularis, the posterior 

portion of pars triangularis, or inferior frontal junction. 

Activation was also evident in the dorsal premotor cortex, 

converging with activation in the control group. Although 

not engaged by the control group, activation extended 

through the posterior portion of the middle and superior 

frontal gyri.  

 In the right frontal lobe, activation was also present 

in the posterior portion of superior and middle frontal gyri. 

There was also activation in the right inferior frontal gyrus, which was roughly convergent with 

the control group activation. Activation here included peaks in lateral prefrontal cortex, pars 

triangularis, and pars orbitalis. There was no activation in right pars opercularis, despite controls 

showing activation here. 

 Like the control participants, Patient 4 showed activation on the medial surface of the 

frontal lobes (see Figure 15). In the left hemisphere, there was a peak in both pre-supplementary 

motor area and supplementary motor area corresponding to the controls. In the right hemisphere, 

there was a peak in pre-supplementary motor area corresponding with controls, but no peak in 

right supplementary motor area as in the control group. 

Figure 14 Lesion distribution for Patient 4 

(blue outline) relative regions activated by 

the control group (hot). 
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 Patient 

4 activated 

inferior parietal 

lobules, 

bilaterally, 

with activation 

extending 

through 

supramarginal and angular gyri. In the left hemisphere, a portion of this activation overlapped 

with the region engaged by the control group. There was also a peak in the right hemisphere 

parietal activation homologous to the left hemisphere control activation (MNI = 52, -46, 51). In 

both hemispheres the parietal activation extended more posteriorly than in the control group. In 

right hemisphere there was a region of activation around the right temporoparietooccipital 

junction (MNI = 52, -61, 19).  

 There was no activation in the region of left posterior temporal gyrus activated in 

controls, as this was encompassed by the lesion. However, there was activation just inferior to 

the lesion around the area of lvOT activated by controls. A larger area of activation was also 

evident in fusiform gyrus, medial to the area of lvOT activated in controls. This activation 

extended anteriorly through fusiform gyrus, where it converged with a peak of activation on the 

ventral border of the lesion in mid/anterior inferior temporal gyrus, in a region not active in 

controls. Although there was no activation in the posterior portion of the right temporal lobe, 

there was activation in the right anterior temporal pole not evident in the control group. 

Figure 15 Whole brain activation for Patient 4 (hot) and the distribution of his lesion (blue 

outline).  
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 Patient 4 also showed activation at midline precuneus, in a region not activated in 

controls. Although the patient did not activate the largest area of basal ganglia engaged by 

controls, encompassing the left head of the caudate and putamen, there was activation in left 

globus pallidus, pars interna, which converged with a peak in the controls. The patient showed 

no activation in right basal ganglia. Finally, there was bilateral cerebellar activation similar to 

controls, with a peak in both the inferior and superior portion of each cerebellar hemisphere. A 

full table of significant whole brain activation is shown in Table 11. 

Table of whole brain activation pseudowords > symbols for Patient 4, p < 0.005  

 MNI Coordinates    

Brain Region x y z 

Extent 

(mm3) P value Max T 

Medial frontal lobes, bilateral super frontal gyri    99219 <0.001  

 Left pre-supplementary motor area -5 38 40   5.4 

 Left supplementary motor area -8 24 56   5.85 

 Left posterior superior frontal gyrus -20 30 57   4.22 

 Right posterior superior frontal gyrus 22 27 59   3.59 

Left inferior frontal gyrus    79866 <0.001  

 Left pars triangularis -47 34 10   8.08 

 Left pars orbitalis -44 40 -2   7.56 

Left parietal lobe    73324 <0.001  

 Left supramarginal gyrus -48 -43 49   6.12 

 Left intraparietal sulcus -38 -55 35   6.37 

 Left angular gyrus -39 -66 47   3.69 

Left fusiform gyrus, left basal ganglia    73051 <0.001  

 Left medial temporal lobe -40 -42 -20   14 

 Left basal ganglia -17 -6 -10   8.22 

 Left lvOT -43 -43 -10   8.09 

Right cerebellum 27 -66 -26 64329 <0.001 4.96 

Right inferior frontal gyrus (ventral)    52880 <0.001  

 Right pars triangularis 52 33 17   6.48 
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 Right pars orbitalis 46 32 -8   4.52 

 Right lateral prefrontal 39 49 1   4.13 

Right parietal    46339 <0.001  

 Right supramarginal gyrus 46 -45 40   6.13 

 Right angular gyrus 39 -66 47   5.23 

Left cerebellum -37 -64 -35 42522 <0.001 4.65 

Dorsal precentral/central gyri    41977 <0.001  

 Left posterior superior frontal sulcus -30 11 52   4.79 

 Left dorsal premotor cortex -47 -2 46   3.8 

Right temporo-occipital junction 47 -58 19 22352 <0.001 6.2 

Right posterior superior frontal sulcus 35 14 52 18263 <0.001  

Left anterior cingulate -4 52 10 12811 0.003 2.72 

Right pars triangularis 54 31 16 11176 0.006 4.52 

Midline posterior cingulate -3 -69 44 10903 0.008 4.18 

Right anterior temporal pole 43 19 -30 10631 0.009 4.01 

Table 11 Whole brain activation for Patient 4. 

        SUMMARY 

 Patient 4’s phonological skills were moderate-to-severely impaired as evidenced by her 

performance on behavioral testing, but her pseudoword reading and spelling accuracy was very 

poor. Her phonological impairment fell in the middle range of the group of individuals with 

aphasia in this study. She exhibited a significant lexicality effect in reading and spelling, 

consistent with phonological alexia/agraphia. In the scanner the only hint of her phonological 

impairment was trials of significantly easier level of difficulty and poorer accuracy in the 

pseudoword condition relative to the symbol condition. Yet the control group showed this same 

disparity for level of difficulty and accuracy. Her performance was on par with the control group 

for both the pseudoword and symbol conditions in terms of trial difficulty, accuracy, and 

response time. 
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 Her lesion was largely relegated to posterior perisylvian cortex, and disrupted the 

temporal lobe and pars opercularis activation in the control group. Yet she engaged much of the 

healthy control network outside of the lesion. There was also recruitment of bilateral dorsolateral 

prefrontal cortex (superior frontal gyrus/sulcus), suggesting the engagement of additional 

working memory or executive control. 

        PATIENT 5 (0182)  

            BEHAVIORAL PERFORMANCE 

 Patient 5 had a profile of Broca’s aphasia, with an aphasia quotient of 45 on the WAB. 

He exhibited severely impaired performance on tests of phonological processing. Specifically, he 

achieved a score of 70% on the composite of tests of phonological perception and production, 

35% on the composite of tests of phonology-orthography transcoding, and 17% on a composite 

of 

phonological manipulation tasks. He read real words with 29% accuracy and read pseudowords 

words with 0% accuracy. He spelled real words with 8% accuracy and spelled pseudowords with 

0% accuracy. His performance on these tasks is displayed (in red) relative to the other 

individuals with aphasia (in gray) in Figure 16 (left). 

Figure 16 Behavioral performance of Patient 5 out of the scanner during behavioral testing (left pane) and 

during functional MRI testing (right pane). Individual patient performance is shown (red) relative to all 

patients (gray). For in-scanner performance (right), the mean and standard deviation of healthy control 

participant performance is also depicted (black). Pro/Per = Production/perception, Trans = Transcoding, 

Manip = Manipulation, Wd = Word, NW = Nonword, Phon = Pseudoword condition, Sym = Symbol 

condition. 
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Patient 5 was administered 97 trials of each condition over two runs of the task. His 

performance is shown in Figure 16 (right) in red relative to the other patients’ performances 

(gray) and the mean and standard deviation of healthy control participant performance (black).  

Average difficulty level for the pseudoword trials was 1.42 (SD = 0.68), which was at a 

significantly easier level of difficulty than the symbol trials which were delivered with an 

average difficulty level of 6.4 (SD = 0.95), ranksum = 4764, Z = -12.52, p < 0.001. Level of 

difficulty for the pseudoword condition was significantly easier than for the control group (t(11) 

= -2.72, p = 0.020), but was no different than the control group in the symbol condition (t(11) = 

0.66, p = 0.521). His accuracy on pseudoword trials was 56%, which was just above chance (p = 

0.053), and was significantly poorer than his accuracy of 93% in the symbols condition (p < 

0.001, Fisher’s exact test). Although his accuracy on pseudoword trials was significantly worse 

than the control group (t(11) = -8.44, p < 0.001), his accuracy on the symbol trials was on pars 

with the control group (t(11) = 1.73, p = 0.111). His response time was 2476 ms (SD = 638) for 

the pseudoword trials, which was significantly faster than his response time of 2885 ms (SD = 

517 ms) in the symbol condition, t(110.85) = -3.78, p < 0.001. His response time was on par with 

the control group for pseudoword trials (t(11) = 1.34, p = 0.206) and symbol trials (t(11) = 2.11, 

p = 0.059). 

            WHOLE BRAIN ANALYSIS 

 The lesion in Patient 5 (Figure 17, blue outline) encompassed most of posterior 

perisylvian cortex, including inferior parietal lobe, superior temporal gyrus, and posterior inferior 

frontal gyrus up to and partially including pars opercularis. It extended deep to the cortex and 

included all the underlying white matter. It bordered on the opercular cluster and mid-temporal 

cluster activated by the healthy control group. It overlapped the posterior portion of the left 

supramarginal/angular gyrus activation of the control group. 
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 As with the control group, activation in this individual was most robust in left inferior 

frontal gyrus, encompassing pars opercularis, triangularis, orbitalis, and inferior frontal junction 

(Figure 18). The activation extended posterodorsally into dorsal premotor cortex, overlapping 

with the control group. Although all of these regions closely match the control group, there were 

a number of regions of activation in left frontal lobe not evident in the control group. Most 

notably, activation extended dorsally into posterior portion of middle and superior frontal gyrus 

and anteriorly into left prefrontal cortex. 

 In the right frontal lobe, activation also encompassed in posterior middle and superior 

frontal gyrus/sulcus, mirroring the activation in this individual’s left hemisphere that was not 

evident in the control group. This activation extended ventrally into right pars triangularis, which 

was activation by controls in both hemispheres. There was also activation in right pars orbitalis, 

although to a lesser degree than in the left hemisphere. Finally, there was a small region of 

activation in right dorsal premotor cortex, mirroring a region activated in the left hemisphere by 

both this individual and the control group. 
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 Activation on the medial surface of the frontal lobe was left-lateralized, and extended 

through the entire anterior cingulate, from a region in pre-supplementary motor area overlapping 

with controls to medial prefrontal cortex anterior to the genu.  

 In the left parietal lobe, the patient’s activation 

fell along the posterior boundary of the lesion, and 

encompassed the angular gyrus. This region of activation 

fell posterior to the left parietal region activated in the 

control group. This activation was similar in the right 

parietal lobe, where activation in angular gyrus also fell 

posterior to where the control group activated.  

 In the left temporal lobe, there was activation 

throughout the entire left 

middle temporal gyrus, 

from the anterior 

temporal pole to a region 

in posterior middle 

temporal gyrus 

overlapping with the 

inferior half of the control group’s temporal lobe activation. Despite being structurally spared, 

this individual did not show activation into lvOT like the control group. This individual also 

showed activation in right posterior temporal lobe similar to the controls. There was also a 

cluster of activation in right anterior inferior temporal gyrus that mirrored the anterior extent of 

the individual’s left hemisphere activation. 

Figure 17 Distribution of Patient 5’s lesion 

(blue outline) relative to regions activated 

by the control group (hot). 

Figure 18 Whole brain activation for Patient 5. 
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 On the medial surface of the parietal lobes, there was activation through the left posterior 

cingulate, ending in the precuneus, where activation was also evident in the right hemisphere. 

 In the right occipital lobe there was also activation in higher level visual cortex, 

excluding the calcarine sulcus, but encompassing the midline cuneus/occipital pole and the 

medial surface of the in the posterior lingual gyrus. 

 There was robust activation in the right cerebellum closely overlapping the control group. 

Left cerebellar activation was also present, but it was limited to areas falling posterior to the 

healthy control group. There was no basal ganglia activation in either hemisphere. A full list of 

significant regions on the whole brain analysis for this patient are shown in Table 12. 

Table of whole brain activation pseudowords > symbols for Patient 5, p < 0.005  

 MNI Coordinates    

Brain Region x y z 

Extent 

(mm3) P value Max T 

Left frontal lobe, right superior frontal sulcus    691262 <0.001  

 Left dorsal premotor cortex -37 8 54   10.82 

 Left inferior frontal junction -47 12 36   9.48 

 Left pars opercularis -57 13 13   4.34 

 Left pars triangularis -49 35 6   6.95 

 Left pars orbitalis -36 43 -9   4.11 

 Left BA11 (anterior prefrontal cortex) -33 58 9   9.04 

 Left pre-supplementary motor area -5 41 49   8.21 

 Left anterior cingulate -7 57 30   8.5 

 Right anterior superior frontal sulcus 20 48 31   9.5 

Right cerebellum    147738 <0.001  

 Right lateral cerebellum 46 -66 -33   7.26 

 Right superior cerebellum 31 -72 -24   6.83 

Left middle temporal gyrus/inferior temporal sulcus    124024 <0.001  

 Anterior inferior temporal sulcus -51 -9 -26   6.1 

 Mid-middle temporal gyrus -62 -26 -12   5.81 



72 

 

  

 Posterior middle temporal gyrus -62 -47 -3   8.2 

Left posterior cingulate, bilateral precuneus    98946 <0.001  

 Left posterior cingulate -2 -31 37   7.29 

 Left precuneus -5 -67 41   7.76 

 Right precuneus 11 -73 43   6.42 

Left parietal (perilesional)    55606 <0.001  

 Left supramarginal gyrus -48 -51 34   6.26 

 Left angular gyrus -41 -66 32   6.12 

 Right angular gyrus 51 -60 35 49337 <0.001 7.84 

Posterior middle frontal gyrus 44 21 44 43340 <0.001 7.13 

Left ventral central sulcus (perilesional) -46 -10 41 35981 <0.001 5.7 

Right central sulcus 50 -11 45 25077 <0.001 4.07 

Right pars triangularis 55 27 24 18535 <0.001 4.37 

Right posterior middle temporal gyrus 61 -36 -6 17445 <0.001 7.68 

Anterior inferior temporal gyrus 51 0 -36 16355 <0.001 3.21 

Right pars orbitalis 46 47 -9 15537 <0.001 5.41 

Right occipital pole 16 -91 23 11994 0.002 3.05 

Left cerebellum -27 -72 -30 11721 0.002 4.38 

Left dorsal central sulcus -22 -25 64 8177 0.024 3.8 

Table 12 Table of whole brain activation for Patient 5. 

        SUMMARY 

 Patient 5’s phonological impairment was on the more severe end of the spectrum relative 

to the individuals with aphasia in this study. He exhibited a significant lexicality effect in reading 

consistent with phonological alexia, but his marked spelling impairment reflected global 

agraphia. Despite relatively preserved phonological perception and production skills, his 

phonological transcoding and manipulation skills were severely impaired as evidenced by his 

performance on behavioral testing. In the scanner his phonological impairment was evident by 

the disparity between his performance in the pseudoword condition and the symbol condition. 

His difficulty level and accuracy in the pseudoword condition was significantly worse than both 
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the control group and his performance in the symbol condition. In contrast, his performance in 

the symbol condition was on par with the control group both in terms of trial difficulty, accuracy, 

and response time. 

 Patient 5’s lesion primarily affected posterior perisylvian cortex, disrupting both the left 

posterior temporal lobe and inferior parietal lobule nodes of the healthy phonological network. 

Despite the damage, the individual activated much of the healthy control network bilaterally. 

However, the overall pattern of activation showed some considerable differences from the 

healthy control group. Although there were clusters of activation near the disrupted portions of 

left posterior temporal and parietal lobe, the parietal cluster was displaced posteriorly in the 

angular gyrus relative to the control group in both hemispheres. Of particular note was the 

extensive temporal lobe activation that extended throughout the entire left anterior and mid-

temporal lobe, which was not present in any of the control participants. Right anterior lobe 

activation was also evident. There was also activation in bilateral dorsolateral prefrontal cortex 

(posterior middle and superior frontal cortex, bilaterally), which may reflect the engagement of 

working memory and increased demand on non-linguistic executive function, which may have 

provided some support for phonological processing. 
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        PATIENT 6 (0310) 

            BEHAVIORAL PERFORMANCE 

Patient 6 had an aphasia quotient of 70.7 on the WAB, with a profile of conduction 

aphasia. He exhibited severely impaired performance on tests of phonological processing. 

Specifically, he achieved a score of 66% on the composite of tests of phonological perception 

and production, 34% on the composite of tests of phonology-orthography transcoding, and 20% 

on a composite of phonological manipulation tasks. He read real words with 65% accuracy and 

read pseudowords words with 25% accuracy. He spelled real words with 2% accuracy and 

spelled pseudowords with 0% accuracy. His performance on these tasks is displayed (in red) 

relative to the other individuals with aphasia (in gray) in Figure 19 (left). 

In the scanner, Patient 6 was administered 80 trials of each task condition. His 

performance is shown in Figure 19 (right) in red relative to the other patients’ performances 

(gray) and the mean and standard deviation of healthy control participant performance (black). 

Figure 19 Behavioral performance of Patient 6 out of the scanner during behavioral testing (left pane) and 

during functional MRI testing (right pane). Individual patient performance is shown (red) relative to all patients 

(gray). For in-scanner performance (right), the mean and standard deviation of healthy control participant 

performance is also depicted (black). Pro/Per = Production/perception, Trans = Transcoding, Manip = 

Manipulation, Wd = Word, NW = Nonword, Phon = Pseudoword condition, Sym = Symbol condition. 
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He performed pseudoword trials at an average difficulty level of 1.47 (SD = 0.75), which was 

significantly easier than the symbol trials presented at level 4.3 (SD = 1.5), ranksum = 3545, Z = 

-10.12, p < 0.001. Level of difficulty was easier than for the control group for the pseudoword 

condition (t(11) = -2.67, p = 0.022) but not for the symbol condition (t(11) = -1.94, p = 0.079).  

He performed with 51% accuracy on pseudoword trials, which was no different from 

chance according to a binomial test (p = 0.08), and was significantly worse than the control 

group, t(11) = -9.80, p < 0.001.His accuracy of 83% on symbol trials was significantly better 

than his accuracy on pseudowords (Fisher’s exact test, p <0.001), and was no different than the 

control group, t(11) = -1.49, p = 0.164. His response time for pseudoword trials was 2134 ms 

(SD = 588 ms), which was significantly slower than his response time of 2627 ms (SD = 604) for 

symbol trials, t(84.90) = -3.93, p < 0.001. However, there was no significant difference in 

response time relative to controls for either the pseudoword condition (t(11) = -0.15, p = 0.89) or 

the symbols condition (t(11) = 1.07, p = 0.30). 

            WHOLE BRAIN ANALYSIS 

 Patient 6’s lesion centered on the left temporoparietal junction and encompassed a large 

swath of perisylvian cortex, including the inferior parietal lobule, the posterior portion of 

superior temporal gyrus, and the underlying white matter (see Figure 20, blue outline). The 

lesion spared the left frontal lobe and the left basal ganglia. It encroached on two regions 

activated in the control group. Specifically, the lesion damaged the tissue deep to the area 

activated by the control group in the left supramarginal gyrus, and overlapped with most of the 

cluster activated by the control group in the left posterior middle temporal gyrus cluster. 
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 Although the left inferior frontal gyrus was structurally spared, the patient showed no 

activation in the regions of left inferior frontal gyrus activated by the controls (Figure 21). 

Rather, there was a large region of activation encompassing left mid- and posterior 

middle/superior frontal gyri and sulci. Only a small 

portion of this activation overlapped with the dorsal edge 

of control group’s frontal activation around the inferior 

frontal junction. This activation did not extend posteriorly 

into the dorsal premotor cortex which was activated in 

controls. In right frontal lobe, activation encompassed 

superior frontal gyrus and sulcus. There was no activation 

in the right posterior inferior frontal gyrus as in the control 

group. Although the activation in both left and right 

superior temporal sulci/gyri wrapped onto the medial surface of the frontal lobes, these regions 

doesn’t reach the areas of pre-supplementary motor area and supplementary motor area engaged 

by the controls. 

Figure 20 Distribution of Patient 6’s lesion 

(blue outline) relative to the control group 

activation (hot). 
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 There was no activation in left temporal or parietal lobe which might reflect displaced 

activation approximating the regions damaged by the lesion that were active in controls 

(supramarginal gyrus, posterior temporal, and lvOT). However, there was activation in right 

temporal and parietal lobes. This activation included right posterior superior temporal 

gyrus/sulcus in a region that was homologous to left hemisphere temporal activation in controls. 

However, this activation fell posterior to the right hemisphere posterior superior temporal gyrus 

peak in the control group. Activation here extended dorsally through angular gyrus, where the 

more dorsal edge (MNI = 49, -54, 49) was homologous to a peak of activation in the left 

hemisphere of the control group. This right hemisphere parietal activation also extended into 

posterior angular gyrus, beyond regions activated by the controls. This patient also showed 

activation at 

midline in 

the posterior 

cingulate and 

isthmus. 

There was no 

deep and no 

cerebellar 

activation in this individual. A full list of significant regions of activation in the whole brain 

analysis of this patient is shown in Table 13. 

Table of whole brain activation pseudowords > symbols for Patient 6, p < 0.005  

 MNI Coordinates    

Brain Region x y z 

Extent 

(mm3) P value Max T 

Left posterior middle frontal gyrus    41432 <.001  

Figure 21 Whole brain activation for Patient 6. 
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 left posterior superior frontal sulcus -26 23 50   4.18 

 left inferior frontal junction -44 15 28   4.56 

 posterior middle frontal gyrus -44 11 46   4.66 

Right parietal    19353 <.001  

 posterior angular 48 -65 39   3.17 

 mid-angular 56 -53 33   4.08 

 superior angular 48 -55 51   3.3 

Left superior lateral and medial frontal lobe    18262 <.001  

 Left posterior superior frontal gyrus/sulcus -9 26 60   3.89 

 Left supplementary motor area -2 16 64   3.41 

Right posterior superior frontal gyrus 11 20 61 17717 <.001 4.6 

Table 13 Whole brain activation for Patient 6. 

        SUMMARY 

 Patient 6’s phonological impairment was among the most severe of the individuals with 

aphasia in this study. He exhibited a significant lexicality effect in reading consistent with 

phonological alexia, but a global agraphia precluded the detection of a lexicality effect in 

spelling. His phonological skills were severely impaired as evidenced by his performance on 

behavioral tests of phonological processing. In the scanner his severe phonological impairment 

was evident by the disparity between his performance in the pseudoword condition and the 

symbol condition. His accuracy was at chance in the pseudoword condition even though the 

trials were at the lowest level of difficulty and he took longer to respond than the controls. In 

contrast, his performance in the symbol condition was on par with the control group both in 

terms of trial difficulty, accuracy, and response time. 

 Patient 6’s lesion encompassed posterior perisylvian cortex such that it had considerable 

overlap with the parietal region activated in the control group, and also involved a portion of the 

temporal region active in controls. Despite being structurally spared, this individual did not rely 

on any anterior structures of the healthy network. Rather, there was robust recruitment of left 
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dorsal frontal lobe outside of the healthy network. Within posterior perisylvian cortex, there was 

no perilesional activation that might reflect displaced language regions that were damaged. 

However, there was right hemisphere activation in parietal lobe posterior to the control group’s 

activation. Overall, there was little resemblance to the healthy control network, as activation fell 

outside of the healthy control network. 

        PATIENT 7 (0120) 

            BEHAVIORAL PERFORMANCE 

Patient 7 had a profile of Wernicke’s aphasia, with an aphasia quotient of 61.7 on the 

WAB, with. He exhibited severely impaired performance on tests of phonological processing. 

Specifically, he achieved a score of 80% on the composite of tests of phonological perception 

and production, 34% on the composite of tests of phonology-orthography transcoding, and 16% 

on a composite of phonological manipulation tasks. He read real words with 70% accuracy and 

read pseudowords words with 5% accuracy. He spelled real words with 23% accuracy and 

Figure 22 Behavioral performance of Patient 7 out of the scanner during behavioral testing (left pane) and during 

functional MRI testing (right pane). Individual patient performance is shown (red) relative to all patients (gray). 

For in-scanner performance (right), the mean and standard deviation of healthy control participant performance is 

also depicted (black). Pro/Per = Production/perception, Trans = Transcoding, Manip = Manipulation, Wd = Word, 

NW = Nonword, Phon = Pseudoword condition, Sym = Symbol condition. 
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spelled pseudowords with 0% accuracy. His performance on these tasks is displayed (in red) 

relative to the other individuals with aphasia (in gray) in Figure 26 (left). 

 In the scanner, Patient 7 completed 99 trials of each condition over two runs of the task. 

His performance is shown in Figure 26 (right) in red relative to the other patients’ performances 

(gray) and the mean and standard deviation of healthy control participant performance (black). 

Average level of difficulty for pseudoword trials was 2.1 (SD = 1.19), which was significantly 

easier than average difficulty of 6.23 (SD = 1.28) for the symbol trials, ranksum = 5212, Z = -

11.81, p < 0.001. The difficulty of pseudoword trials was on the low end of the control group 

(t(11) = -2.12, p = 0.058), while level of difficulty for symbol trials was comparable to the 

control group (t(11) = 0.40, p = 0.699). He responded accurately to 70% of pseudoword trials, 

which was significantly poorer than his accuracy of 92% on the symbol trials (p <0.001, Fisher’s 

exact test). His accuracy was well above chance for both the pseudoword trials (p < 0.001) and 

symbol trials (p < 0.001) according to binomial tests. His accuracy was poorer than the control 

group for pseudoword trials (t(11) = -4.12, p = 0.002), but was comparable to the control group’s 

performance on symbol trials (t(11) = 1.46, p = 0.171). Patient 7’s response time to pseudoword 

trials was 2547 ms (SD = 617 ms), which was significantly slower than his response time of 

2247 ms (SD = 386 ms) in the symbol condition, t(102.07) = 3.16, p = 0.002. His response time 

was comparable to the control group for both the pseudoword trials (t(11) = 1.65, p = 0.127) and 

the symbol trials (t(11) = -0.42, p = 0.684). 

            WHOLE BRAIN ANALYSIS 

On the cortical surface Patient 7’s lesion encompassed superior temporal gyrus and 

parietal operculum, but the lesion extended subcortically through the white matter underlying the 

entirety of the superior and middle temporal gyri, inferior parietal lobule, and inferior frontal 
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gyrus (see Figure 28, blue dotted outline). Despite the subcortical extent of the lesion, superficial 

cortex was spared including the pars opercularis, triangularis, and orbitalis, the dorsal premotor 

cortex, and the inferior parietal lobule (see Figure 28, blue solid outline). The lesion also 

encompassed a portion of the basal ganglia, including the putamen. 

 The lesion encompassed the region of posterior superior/middle temporal gyrus activated 

by the control group (Figure 28, hot). However, the lesion spared other areas active by the 

controls including the left supramarginal/angular gyri and, with the exception of the insula and 

pars orbitalis, the left inferior frontal lobe. 

 Despite the subcortical damage, activation in left lateral frontal lobe largely overlapped 

with the control group activation, with peaks in pars opercularis, triangularis, and inferior frontal 

junction (Figure 24). Although it was structurally spared, activation did not extend into the dorsal 

premotor cortex as in the control group. However, there was activation anterior to that region in 

posterior middle frontal gyrus/sulcus, extending into posterior superior frontal sulcus/gyrus. 

Activation also extended anteriorly into lateral pre-

frontal cortex.  

 Within the right frontal lobe, activation was also 

present through the posterior portion of the superior and 

frontal gyri not evident in the control group. In addition, 

there was activation in lateral prefrontal cortex as in the 

left hemisphere. Activation was also present in the 

posterior inferior frontal gyrus, with peaks in pars 

triangularis, opercularis, and orbitalis convergent with 

Figure 23 Distribution of Patient 7's lesion 

(cortical extent blue outline, subcortical 

extent blue dotted line) relative to regions 

activated by the control group (hot). 
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control participant peaks in the right hemisphere or, in the case of the pars orbitalis, homotopic to 

a peak in the left hemisphere of the control group. Activation on the medial surface of the frontal 

lobes was left-lateralized, and included peaks in the left and right pre-supplementary and 

supplementary motor areas overlapping with activation in controls.  

 Patient 7 activated almost the entirety of left inferior parietal lobule, with a peak in 

supramarginal gyrus overlapping with the control activation there. The activation here extended 

more posteriorly than in the control group’s activation, and reached perilesional tissue in the 

most posterior portion of the superior temporal gyrus. This was the only activation in left 

temporal lobe, and fell posteriorly and dorsally to the posterior temporal areas activated by the 

control group, as that region was damaged by the lesion. Despite being structurally spared, there 

was no activation in left lvOT.  

 The parietal lobe activation was mirrored in the right hemisphere, with an anterior peak 

overlapping with the control group’s right supramarginal gyrus peak and a posterior extension 

through angular gyrus that reached farther than in the control group. Although the activation 

extended ventrally, it did not reach the posterior superior temporal gyrus as in the left 

hemisphere. 

However, there 

were two other 

activation peaks in 

the right temporal 

lobe, included one 

in posterior 

superior temporal 
Figure 24 Whole brain activation for Patient 7 (hot), with the distribution of his lesion 

on the cortical surface (solid blue) and the subcortical extent (dotted blue). 
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gyrus/sulcus, overlapping with the control group’s activation, and one at the temporo-occipital 

junction, posterior to the nearby control group activation in posterior middle temporal gyrus. 

 In addition to the cortical activation, this patient showed activation in the right head of 

the caudate, overlapping with the control group. Finally, he also activation bilateral cerebellum, 

though to a lesser extent than the control group. A full list of significant regions on this patient’s 

whole brain analysis is shown in Table 14. 

Table of whole brain activation pseudowords > symbols for Patient 7, p < 0.005  

 MNI Coordinates    

Brain Region x y z 

Extent 

(mm3) P value Max T 

Left lateral, medial, right superior frontal lobe    710343 <0.001  

 Right superior frontal sulcus/gyrus 17 26 59   5.12 

 Right supplementary motor area 10 14 16   5.32 

 Left pre-supplementary motor area -4 33 39   11.26 

 Left pre-supplementary motor area -4 18 51   11.32 

 Left supplementary motor area -3 5 65   12.17 

 Left superior frontal sulcus -17 47 37   8.3 

 Right pars opercularis -39 54 3   8.78 

 Left anterior middle frontal gyrus -39 43 25   6.42 

 Left pars triangularis -51 30 24   5.89 

 Left opercularis -49 13 17   8.66 

 Left inferior frontal junction -51 9 43   8.64 

 Left dorsal premotor cortex -36 8 57    

Right inferior frontal gyrus    144740 <0.001  

 Right pars opercularis 49 17 6   7.13 

 Right pars triangularis 51 36 5   6.09 

 Right pars orbitalis 39 50 -9   7.17 

 Right anterior inferior frontal sulcus 39 49 15   8.36 

Left parietal/occipital lobe    143104 <0.001  

 Left inferior supramarginal gyrus -58 -35 38   5.74 
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 Left superior supramarginal gyrus -46 -46 54   6.87 

 Left angular gyrus -53 -57 35   7.57 

Right parietal/occipital lobe    88043 <0.001  

 Right supramarginal gyrus 51 -46 51   7.24 

 Right angular gyrus 44 -55 48   7.35 

 Right posterior angular 57 -54 31   7.16 

Posterior middle frontal gyrus 37 14 50 27803 <0.001 7.19 

Midline precuneus -2 -62 41 26985 <0.001 7.71 

Left cerebellum -28 -74 -38 16900 <0.001 4.75 

Right cerebellum (lateral) 32 -65 -39 16900 <0.001 5.02 

Right cerebellum (medial) 15 -77 -28 13629 <0.001 6.08 

Right posterior MTG/STS 58 -28 -4 8450 0.015 3.92 

Right head of caudate 16 13 12 7087 0.042 2.76 

Right temporo-occipital junction 58 -56 1 7087 0.042 5.03 

Table 14 Table of whole brain activation for Patient 7. 

        SUMMARY 

 Patient 7’s phonological impairment was relatively severe compared to the other 

individuals with aphasia in this study. He exhibited a significant lexicality effect in reading and 

spelling, consistent with phonological alexia/agraphia. His phonological skills were severely 

impaired as evidenced by his performance on behavioral testing. In the scanner his phonological 

impairment was evident by trials of significantly easier level of difficulty and poorer accuracy in 

the pseudoword condition relative to the symbol condition. Although the difficulty of 

pseudoword trials were on par with the control group, his accuracy was poorer than the control 

group. Her performance was on par with the control group for the symbol condition in terms of 

trial difficulty, accuracy, and response time. 

 Although his activation superficially resembled that of the control group, there were 

some important differences, including lack of activation in the most posterior portion of left 
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inferior frontal gyrus, and considerable recruitment of bilateral middle and superior frontal 

gyri/sulci. 

        PATIENT 8 (0333)  

            BEHAVIORAL PERFORMANCE 

Patient 8 had a profile of anomic aphasia, with an aphasia quotient of 71.5 on the WAB. 

He exhibited severely impaired performance on tests of phonological processing with composite 

scores of 67% tests of phonological perception and production, 33% on tests of phonology-

orthography transcoding, and 12% on phonological manipulation tasks. He read real words with 

78% accuracy and pseudowords with 35% accuracy. He spelled real words with 5% accuracy 

and pseudowords with 0% accuracy. His performance on these tasks is displayed (in red) relative 

to the other individuals with aphasia (in gray) in Figure 30 (left). 

 In the scanner, he was administered 73 trials of each task condition. Level of difficulty 

for his pseudoword trials was 1.26 (SD = 0.5), which was significantly easier than the average 

symbol trial difficulty of 3.68 (SD = 1.95), ranksum = 3428, Z = -8.06, p < 0.001. Level of 

difficult was significantly easier relative to the control group for both the pseudoword condition 

(t(11) = -2.86, p = 0.015) and the symbol condition (t(11) = -2.81, p = 0.017). His performance is 

shown in Figure 30 (right) in red relative to the other patients’ performances (gray) and the mean 

and standard deviation of healthy control participant performance (black). 
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 Patient 8 performed with 56% accuracy in the pseudoword condition, which was above 

chance (p = 0.053), but significantly worse than his accuracy of 79% in the symbol condition 

according to a Fisher’s exact test (p = 0.002). His accuracy was significantly worse than the 

control group in both the pseudoword condition (t(11) = -8.29, p < 0.001) and in the symbol 

condition (t(11) = -2.45, p = 0.032). Patient 8’s average response time for pseudoword trials was 

2333 ms (SD = 652 ms), which was not significantly different from his response time on symbol 

trials (M = 2513 ms, SD = 587 ms), t(97.39) = -1.47, p = 0.146. Moreover, his response time was 

not significant different from that of the control group for either the pseudoword condition (t(11) 

= 0.72, p = 0.486) or the symbol condition (t(11) = 0.63, p = 0.540). 

            WHOLE BRIAN ANALYSIS 

 Patient 8’s lesion encompassed the entirety of the lateral inferior frontal gyrus, up to and 

including a portion of pars orbitalis (Figure 26, blue outline). Residual left inferior frontal 

hemisphere was essentially a wedge corresponding to BA 11, anterior to pars orbitalis. The 

lesion extended deep to the cortex to include the insula, the underlying white matter, and a 

Figure 25. Behavioral performance of Patient 8 out of the scanner during behavioral testing (left pane) and during 

functional MRI testing (right pane). Individual patient performance is shown (red) relative to all patients (gray). For 

in-scanner performance (right), the mean and standard deviation of healthy control participant performance is also 

depicted (black). Pro/Per = Production/perception, Trans = Transcoding, Manip = Manipulation, Wd = Word, NW = 

Nonword, Phon = Pseudoword condition, Sym = Symbol condition. 
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portion of the putamen. The lesion overlapped almost the entirety of the left frontal activation 

observed in the control group. It spared the region corresponding to the dorsal premotor cortex 

peak observed in the control group.  

 Because the lesion encompassed most of the left inferior frontal gyrus, this patient was 

not able to activate those frontal regions engaged by controls (Figure 27). Nonetheless, a region 

of perilesional activation was present in the spared lateral 

prefrontal cortex (BA11), anterior to pars orbitalis. 

Despite it being structurally spared, there was no 

activation in the left dorsal premotor cortex peak evident 

in the control group. There was no activation in right 

frontal lobe.  

 There was no activation in the left parietal lobe 

regions engaged by controls, despite it being structurally 

spared. There was 

activation in left 

posterior middle 

temporal gyrus, 

just posterior to 

the peak of the 

control group’s 

activation. 

However, this region of activation did not extend ventrally into lvOT as in the control group.

 Significant activation was evident in a number of regions not present in the control group, 

Figure 26 Distribution of Patient 8’s lesion 

(blue outline) relative to the control group 

(hot). 

Figure 27 Whole brain activation for Patient 8 (hot) with the distribution of his lesion (blue 

outline). 
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including left occipital pole, right medial surface of the fusiform gyrus, and superior right 

cerebellum. Activation was also evident on the medial surface of the posterior and occipital 

lobes, with a peak in left and right precuneus and a peak in left posterior cingulate. A complete 

list of significant whole-brain activation for Patient 8 is shown in Table 15. 

Table of whole brain activation pseudowords > symbols for Patient 8, p < 0.005 _glob 

 MNI Coordinates    

Brain Region x y z 

Extent 

(mm3) P value Max T 

Precuneus, post cingulate    31346 < 0.001  

 Left precuneus -2 -76 38   2.91 

 Right precuneus 9 -76 36   3.49 

 Left posterior cingulate -4 -53 36   4.36 

Right medial fusiform, cerebellum    9268 0.009  

 Right medial fusiform gyrus 14 -73 -7   4.08 

 Right superior cerebellum 15 -83 -24   3.11 

Left lateral prefrontal/ BA11, anterior SFS -27 50 -2 8177 0.019 3.37 

Left post middle temporal gyrus -54 -51 4 8177 0.019 5.56 

Left occipital pole -14 -94 21 7087 0.041 4.43 

Table 15 Whole-brain activation for Patient 8 

        SUMMARY 

 Overall, Patient 8 had a phonological impairment that was among the most severe of the 

individuals with aphasia in this study. He had phonological alexia with global agraphia, and his 

phonological skills were severely impaired. In the scanner he performed trials of easier difficulty 

less accurately relative to the control group, but his engagement in the task was evident by 

above-chance performance in both task conditions. His phonological deficit was evident by even 

poorer accuracy and trials of easier difficulty in the pseudoword condition. His response time 

was on par with the control group. 

 This individual was the only person with aphasia in this study with a lesion that was 
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restricted to anterior perisylvian cortex. It entirely overlapped with the left frontal regions 

engaged by the control group. Unlike the other patients in this study, he showed little overall 

activation throughout the brain that was specific to the pseudoword task. The only regions 

engaged that were part of the control network included the spared perilesional pars orbitalis and 

the left posterior middle temporal gyrus. Overall, the regions engaged suggest a breakdown of 

the entire phonological network.  

    SYNTHESIS OF INDIVIDUAL PATIENT FINDINGS  

In order to examine the activation patterns of the individuals with aphasia relative to one 

another, a composite figure was generated showing the left and right hemisphere renderings for 

each patient, ordered by behavioral performance on phonological processing tasks (see Figure 

28). For each individual, the figure also shows regions of activation (hot), lesion distribution 
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(blue outline), and the healthy control network for 

context (green outline).Within the spread of 

behavioral performance on the phonological battery, 

three individuals performed fairly well (Patients 1-3), 

one individual performed moderately well (Patient 

4), and four others performed more poorly (Patients 

5-8).  

Patients 1 and 2, whose frontal lobes were 

spared, had the strongest residual phonological skills, 

and had frontal lobe activation that was highly 

consistent with the control group. The next two 

highest performing individuals (Patients 3-4) had 

frontal lobe damage, but they showed perilesional 

activation in the residual tissue of the inferior frontal 

gyrus that overlapped with that of control 

participants. In the left parietal lobe (supramarginal 

gyrus), Patients 2-4 showed activation overlapping 

with controls. Patient 1 showed parietal activation 

displaced ventrally in this region. Patients 1-4 all had 

damage in or around the superior temporal region that 

Figure 28 All eight participants with aphasia ordered by overall 

phonological ability (higher ability at top). Left and right hemisphere 

renderings are shown with individual patient activation (hot), lesion 

distribution (blue outline), and outline of healthy control network 

(green outline).  
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was engaged by the control participants, and activation in that region was variously displaced to 

perilesional tissue in Patients 1-3. Patient 4 had extensive temporal lobe damage and there did 

not appear to be any contribution from that region on the phonological task.  

The four lower-performing individuals were considerably worse on phonological 

transcoding tasks and manipulation tasks than the higher performers. Two of these individuals 

(Patients 5 and 7) showed less consistent engagement of the regions of healthy control network. 

Although they activated frontal and parietal regions, there was less consistent dorsal premotor 

cortex activation. Patients 5 and 7 showed abnormalities in activation in the left superior 

temporal gyrus where the control group activated. Patient 5 showed activation in left temporal 

lobe which extended down to anterior temporal pole. Patient 7 had no activation in left temporal 

lobe. In addition to these alterations to core nodes in the phonological network, some of the most 

severely impaired patients showed a disintegration of the healthy network. Specifically, in 

Patients 6 and 8, the patterns of activation showed little resemblance to the healthy control 

network. Patient 6 had no activation in anterior perisylvian cortex due to posterior perisylvian 

damage. In contrast, Patient 8 had no activation in posterior perisylvian cortex given damage 

limited to frontal perisylvian regions. 

 The pattern of abnormal activation also carried over to right hemisphere in these lower 

performing patients. With the exception of Patient 7’s parietal lobe activation and Patient 5’s 

temporal lobe activation, activation in right hemisphere parietal and temporal regions fell outside 

of the peaks from the control group.  
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    GROUP COMPARISON RESULTS 

Figure 29 shows a comparison of the control group and the patient group during phonological 

processing. Regions 

where activation was 

greater in the control 

group are shown in hot 

colors, while regions 

that activated greater in 

the patient group are 

shown in cool colors. To 

provide context, the 

healthy control network 

is outlined in green. Regions within the healthy control network where both groups showed 

significant activation are highlighted in translucent yellow.  

 As expected, the control group activated a number of regions to a greater extent than the 

patients as a group, primarily within the healthy network identified in controls. The largest 

region was the left frontal lobe, including left dorsal premotor cortex (0-1 individual lesioned), 

and regions of inferior frontal gyrus including inferior frontal junction, pars opercularis, anterior 

insula, and the posterior portion of pars triangularis (3-4 individual lesioned). Regions outside of 

the left frontal lobe that were activated to a greater extent in the control group included left 

posterior superior temporal gyrus (3-7 individual lesioned), left lvOT (lesioned in 0-1 patient), 

and regions of both left and right cerebellum (lesioned in 0 patients).  

Figure 29. Depiction of regions of significant activation in patient and control 

groups coded to show areas of no difference between controls (yellow, transparent) 

within the network engaged by the control group (green outline). Regions of 

greater activation in the control group relative to patient group (hot) and regions of 

greater activation in patient group relative to control group (cool). Note the right 

supramarginal gyrus activation did not meet full cluster correction (green dotted 

outline).  
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Of interest were the regions where there was no significant difference in activation 

between the patients and controls (translucent yellow in Figure 29). This included a subset of the 

healthy phonological network, including pars triangularis (1-3 individuals lesioned) and inferior 

frontal sulcus (0-1 individual lesioned), left premotor cortex (0-1 individual lesioned), left 

inferior parietal lobule (0-4 individuals lesioned), and left cerebellum (0 individuals lesioned). 

There were no significant differences in activation between the two groups in several right 

hemisphere regions including right inferior frontal lobe, right inferior parietal lobule, and right 

posterior superior and middle temporal gyrus, and a portion of right cerebellum. A full list of 

significant clusters significantly more active in the control group than the patient group is shown 

in Table 16. 

Table of regional differences in group contrast of controls > patients, p < 0.005  

 MNI Coordinates    

Brain Region x y z 

Extent 

(mm3) P value Max T 

Left frontal lobe    20088 < 0.001  

 Left dorsal premotor cortex -47 -1 49   3.2 

 Left inferior frontal junction -45 7 23   4.15 

 Left pars opercularis -49 5 22   4.49 

 Left anterior insula -31 19 4   4.42 

 Left pars triangularis -48 29 6   3.84 

Right superior lateral cerebellum 27 -67 -25 2336 < 0.001 4.38 

Left posterior superior temporal gyrus -48 -39 15 1872 0.002 5.49 

Left lvOT -50 -57 -16 1776 0.002 5.21 

Right posteromedial cerebellum 17 -77 -34 2800 < 0.001 4.77 

Table 16 Table of regions activated to a greater extent in the control group than the patient group. 

 

 The patient group activated a number of regions to a greater extent than the control group 

that were distributed throughout both hemispheres. There were a number of peaks on the medial 
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surface of the hemispheres. This included a number of peaks on the medial surface of the left and 

right occipital gyri, a peak in precuneus at midline, and left and right anterior cingulate, greater 

on the right. Greater activation in the patient group was also evident in both left and right 

superior frontal gyri/sulci. In addition, there was greater activation in right angular gyrus, left 

anterior inferior frontal lobe, posterior temporal/fusiform gyrus, and a region in right inferior 

temporal lobe. The right hemisphere angular gyrus region fell just posterior to the left-lateralized 

but bilateral supramarginal gyrus activation in the control group. Similarly, the right posterior 

temporal activation fell posterior to the left-lateralized but bilateral temporal lobe activation in 

the control group. The configuration of these two clusters suggests that they may reflect 

posteriorly expanded regions of nodes activated within the healthy control network. A full list of 

clusters significantly more active in the patient group than the control group is shown in Table 

17. 

Table of regional differences in group contrast of patients > controls, p < 0.005  (heteroskedastic t-test) 

 MNI Coordinates    

Brain Region x y z 

Extent 

(mm3) P value Max T 

Left, right medial occipital lobe    2864 < 0.001  

 Left medial occipital lobe -9 -85 34   4.06 

 Left medial occipital lobe -1 -93 16   3.45 

 Left medial occipital lobe -5 -83 -4   4.15 

 Right medial occipital lobe 9 -88 14   4.28 

Bilateral anterior cingulate gyrus    2256 < 0.001  

 Right anterior cingulate 6 58 26   6.07 

 Left anterior cingulate -6 56 25   2.98 

Right superior frontal gyrus/sulcus 18 30 60 3168 < 0.001 3.92 

Right angular gyrus    1704 0.003  

 Right angular gyrus  53 -63 32   4.87 

 Right angular gyrus 57 -60 24   4.44 



95 

 

  

Left superior frontal gyrus/sulcus -21 48 35 3352 < 0.001 6.09 

Midline posterior precuneus 3 -69 47 1120 0.042 6.02 

Right posterior temporal/fusiform (BA 37) 46 -59 4 2888 < 0.001 4.64 

Right inferior/medial temporal (BA 20) 39 -10 -26 1248 0.023 4.04 

Left anterior inferior frontal sulcus -26 48 4 1112 0.043 4.25 

Left medial lingual gyrus -7 -64 2 3056 < 0.001 4.14 

Table 17. Table of regions activated to a greater extant in the patient group than the control group 

    CORRELATION ANALYSIS RESULTS 

  To identify regions of activation that were related to accurate performance on the pseudoword 

task in the scanner, we conducted a correlation analysis between the in-scanner accuracy on the 

pseudoword task and signal 

change for each patient. As 

depicted in Figure 31, the 

analysis revealed numerous 

significant clusters in both 

hemispheres and the 

cerebellum. In the left 

hemisphere, regions of 

significant correlation 

included anterior 

supramarginal gyrus, falling 

within the healthy control 

network, and intraparietal 

sulcus falling outside of the control network. In the right hemisphere, regions of significant 

correlation all fell adjacent to regions of the healthy control network, with the exception of a 

cluster in right intraparietal sulcus that roughly mirrored the left hemisphere cluster there. 

Significant regions of correlation in the right hemisphere that fell near the control network 

Figure 30 Regions of signal change in the patient group that were significantly 

correlated with phonological performance as quantified by principal component 

analysis (hot) relative to the healthy control network (green outline). Scatterplots 

of signal change versus first principal component score for regions showing a 

significant correlation. 
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included right posterior supramarginal gyrus activated in the control group, right inferior frontal 

gyrus pars triangularis, and right posterior inferior temporal gyrus. There were also clusters in 

the left cerebellum overlapping with and neighboring the healthy control network there. Table 19 

contains a full list of significantly correlated brain regions. 

To identify areas of activation that were related to successful phonological performance, we 

conducted a correlation analysis between the first principal component of behavioral testing 

scores and signal change. This analysis revealed two regions that significantly correlated with 

phonological performance outside the scanner across the patient group. As depicted in Figure 30, 

the correlation analysis revealed only two regions that were engaged during phonological 

processing to a greater extent in patients who were more accurate on behavioral phonological 

processing tasks as quantified by the first component of a principal component analysis. The first 

region fell in left occipital pole. This region fell just posterior to regions encompassed by at least 

one lesion across the patient group. No healthy control participant activated left occipital pole.  

The second significant region fell in the right posterior middle temporal gyrus, overlapping with 

a peak of significant activation engaged by the healthy control group. A list of these clusters is 

shown in Table 18. 

Table of clusters significantly correlated with PC1 of phonological performance, p < 0.005 

 MNI Coordinates    

Brain Region x y z 

Extent 

(mm3) P value Max T 

Left occipital pole -34 -94 -5 488 0.003 5.79 

Posterior middle temporal gyrus 60 -42 -16 584 0.001 5.78 

Table 18 Table of regions of significant correlation with PC1 for the patient group. 

 

 Finally, to identify regions of activation that were related to lexicality effect across the 

patient group, we conducted a correlation analysis between the signal change for each patient 
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and magnitude of lexicality effect for each patient. This analysis revealed no significant clusters 

of activation. 

 

Table of clusters significantly correlated with in-scanner accuracy for the pseudoword condition of the 

scanner task, p < 0.005 

 MNI Coordinates    

Brain Region x y z 

Extent 

(mm3) P value Max T 

Right posterior M/ITG 52 -50 -9 728 < 0.001 8.21 

Left inferior cerebellum -24 -69 -42 1056 < 0.001 9.02 

Left post. intraparietal sulcus -25 -67 38 576 0.001 9.18 

Right post. intraparietal sulcus 26 -62 42 568 0.001 5.83 

Left superior cerebellum -34 -66 -28 376 0.024 7.54 

Right posterior supramarginal gyrus 40 -50 62 784 < 0.001 7.01 

Left anterior supramarginal gyrus -46 -39 54 504 0.003 6.86 

Right post IFG pars triangularis 52 41 13 456 0.006 6.64 

Left posteromedial cerebellum -5 -82 -31 368 0.028 4.49 

Table 19 Table of regions of significant correlation with in-scanner accuracy for the pseudoword condition for the 

patient group. 
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Figure 31 Surface rendering of regions of significant correlation between signal change and in-scanner accuracy on 

the pseudoword fMRI condition (red), relative to the healthy control network (green), with overlap shown in yellow.  

 

DISCUSSION 

 In this study, we used functional MRI to first identify the cortical network subserving 

phonological processing on a pseudoword judgment task in healthy adults. The identified regions 

were highly convergent with portions of the dorsal pathway associated with modern anatomical 

models of speech and language processing (Hickok & Poeppel, 2007), in combination with the 

left supramarginal gyrus which is known to subserve demanding phonological processing and 
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working memory (Buchsbaum & D’Esposito, 2008; Oberhuber et al., 2016; Petersen et al., 

1988). We then examined the activation patterns of eight individuals with aphasia and acquired 

phonological impairment on the same pseudoword judgment task.  

    GROUP ANALYSIS 

 Despite some heterogeneity in our case series, we identified regions that were activated in 

the patient group similar to the controls. We also identified regions that differed between the 

control group and the patient group, which show changes to the healthy phonological network 

that are common across individuals after left perisylvian damage.  

        INTEGRITY OF RESIDUAL PHONOLOGICAL NETWORK 

 Regions that were engaged by the patient group to a similar extent as in the control group 

(i.e. no significant difference) included the anterior portion of left posterior inferior frontal gyrus, 

the left supramarginal gyrus, the supplementary and pre-supplementary motor areas, left 

cerebellum, right hemisphere posterior inferior frontal gyrus, right posterior superior temporal 

gyrus, and right angular/supramarginal gyrus. Together these regions make up a subset of the 

healthy control network, suggesting that in cases of phonological deficits from left middle 

cerebral artery stroke, patients generally continue to rely on residual components of the healthy 

phonological cortical network.  

 The patients showed less activation relative to the control group in a subset of regions in 

the healthy phonological network, including in the posterior portion of the left inferior frontal 

gyrus, posterior middle temporal gyrus, dorsal premotor cortex, and lvOT/fusiform gyrus. 

Reduced signal in some of these areas can be directly attributed to the presence of lesions. 

Specifically, around half of the patients had lesions overlapping the posterior portion of the 

inferior frontal gyrus and the posterior middle temporal gyrus. Thus, it is possible that many 

patients were simply not able to active these regions because of missing tissue.   
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 In addition to regions directly affected by lesions, functional diaschisis was evident as 

reduced engagement of components of the healthy language network largely spared by lesions in 

the patient group (Carrera & Tononi, 2014).  Areas of diaschisis included the dorsal premotor 

cortex and left fusiform gyrus, which were spared in all but one patient, and the right cerebellum 

which was spared in all patients. 

The diaschisis within dorsal premotor cortex suggests that lesions to the language 

network show effects beyond the nodes of the network they directly influence. This regions plays 

a role in mapping phonological codes, which it receives from posterior superior temporal gyrus, 

onto a frontal articulatory network, which includes posterior inferior frontal gyrus (Hickok & 

Poeppel, 2007). These regions were damaged in many of the patients, suggesting that the input to 

or output from the dorsal premotor cortex might be abnormal. Thus, dorsal premotor cortex 

might show less activation due to lack of input from posterior perisylvian regions or less 

metabolic demand due to simply not performing the mapping of phonology onto the structurally 

damaged anterior perisylvian network.  

The lack of activation observed in the left fusiform/lvOT (MNI peak ~ x = -51, y = -53, z 

= -15) possibly results from a loss of structural connectivity with the regions of the dorsal 

pathway in the healthy language network. This interpretation is supported by observations that a 

subsection of the lvOT is structurally connected to left-hemisphere perisylvian regions which 

were damaged in many of the patients, including inferior frontal gyrus and superior temporal 

gyrus (Bouhali et al., 2014, 6th ROI) (Bouhali et al., 2014). With the dorsal pathway regions 

damaged, the left fusiform/lvOT would no longer receive top-down activation from the higher-

level language regions that account for some of its activation during difficult tasks such as 

lexical decision, rhyming, spelling, and the pseudoword judgment condition in this study 
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(Dehaene & Cohen, 2011). Given that lesions to lvOT are associated with impaired lexical 

processing and a profile of surface alexia/agraphia rather than specific phonological deficits 

(Rapcsak et al., 2009), it is unlikely that the diaschisis in this region would carry additional 

functional consequences per se such as further degrading phonological task performance. Despite 

showing functional diaschisis during the phonological task in this study, it is possible that the 

region’s connections from the lvOT to the ventral language pathway were undamaged, leaving it 

functionally intact to support tasks such as irregular word reading/spelling, which directly rely on 

lvOT. Indeed, each of the patients in this study shows better performance on reading and spelling 

of irregular and real words relative to pseudowords. 

 Reduced or absent activation in the cerebellum after left-hemisphere cortical stroke 

typically affects the non-dominant cerebellar hemisphere, leading to the term “crossed cerebellar 

diaschisis.” The phenomenon has been previously described in cases of brain damage and is 

thought to result from disruption to cerebrocerebellar pathways (Di Piero, Chollet, Dolan, 

Thomas, & Frackowiak, 1990).  Although the right cerebellum is not typically included as part of 

the language network, it does show consistent activation during a range of language tasks, 

including the one used in this study. Although reduced cerebellar activation was observed in our 

participants with aphasia, it did not correlate with the degree of phonological impairment in our 

cohort. 

        CORTICAL RECRUITMENT OUTSIDE THE PHONOLOGICAL NETWORK 

 Despite variable lesion distributions and degrees of phonological deficits, the patient 

group also recruited a number of regions outside of the healthy control network. In the left 

hemisphere, the patient group showed recruitment of left anterior inferior frontal sulcus. Within 

the right hemisphere the patients recruited angular gyrus, and posterior temporal/fusiform gyrus. 

There was also bilateral recruitment of superior frontal gyrus/sulcus and anterior cingulate gyrus. 
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Finally, there were multiple peaks of activation on the medial surface of the occipital lobes 

including bilateral cuneus, bilateral midline posterior precuneus, and left lingual gyrus. 

A number the regions recruited by the patient group fell within the bilaterally distributed 

multi-demand networks associated with cognitive control, including left anterior inferior frontal 

sulcus and bilateral superior frontal sulci/gyri (within both dorsal and ventrolateral prefrontal 

cortex), and anterior cingulate gyrus (Fedorenko, 2014; Fedorenko et al., 2013; Vincent et al., 

2008). These regions are not part of the core language network, but rather make up the domain-

general network which co-activates with the language network depending on task demands 

(Fedorenko & Thompson-Schill, 2014). The fact that this network activates on average across 

the patient group suggests that damage to the language network may alter the relationship 

between the core language network and non-linguistic cognitive control networks. These 

findings strongly support the idea that up-regulation of domain-general networks supporting 

cognitive control or attention may be at play in supporting function in chronic aphasia 

(Geranmayeh, Brownsett, & Wise, 2014). Interestingly, engagement of these domain-general 

network did not correlate with degree of performance in the patients with aphasia. Thus, 

upregulation of these networks may simply be a reflection of the increased cognitive effort that is 

necessary to enhance function of the residual language network. It is also possible that such 

correlation was not evident due to the relatively modest sample size of patients in this study. 

 There were two right-hemisphere components of the healthy network engaged by 

controls that showed enlargement in the patient group in the posterior direction to encompass 

more cortex. Specifically, the patient group showed increased activation in right angular gyrus 

and right posterior temporal/fusiform. Although these clusters fell approximately 20 mm 

posterior to the corresponding right-hemisphere peaks of the control group, an examination of 
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individual variability within these regions in the healthy controls revealed that many participants 

exhibited activation that extended posteriorly, nearly abutting the peaks of increased activation in 

the patient group. There are a several potential interpretations of the functional significance of 

the recruitment of right angular gyrus. First, the right parietal lobe has been associated with 

visual working memory (Berryhill & Olson, 2008), suggesting that this region was engaged as a 

compensatory mechanism to employ visual working memory in an attempt to bolster the 

damaged phonological working memory. Although bilateral angular gyrus has not been 

explicitly identified as part of the multi-demand network (Fedorenko & Thompson-Schill, 2014), 

it has been associated with a range of non-linguistic functions including attention/spatial 

cognition (for a review, see Seghier, 2013). The left angular gyrus has also been found to reliably 

engage as an attentional control-related region in research on how the attention systems interact 

with the language system during reading tasks (Ihnen et al., 2015, p. 10). Thus, recruitment of 

right angular gyrus across the patient group may reflect enhancement of a node of a non-

linguistic attention-control network in spared right-hemisphere cortex, if not a reliably identified 

portion of the multi-demand network. 

 In addition to changes in the language network and cognitive network, many patients 

showed recruitment of bilateral cuneus and left lingual gyrus, regions on the medial surface of 

the occipital lobe associated with visual processing. This suggests that, as a group, there was 

enhanced processing of complex visual stimulus characteristics for pseudowords over and above 

false-font symbol strings. Because both pseudowords and symbols strings contained graphemes, 

it is possible that this enhanced processing reflects recruitment of cortex for orthographic 

processing beyond the level of single letters. There was also recruitment of posterior precuneus 

in the patient group. The precuneus is known to contain multiple functional subdivisions, with 
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the most posterior portion associated with higher-order visual processing (Margulies et al., 2009; 

Cavanna, 2006). Indeed, studies of functional connectivity show that the posterior precuneus 

contains reciprocal connections with the cuneus. Together these findings suggest that a typical 

response to damage to the healthy phonological network may be enhancement of visual-

orthographic processing. 

 One important caveat of this group analysis is that the regions identified do not 

necessarily contribute to successful phonological processing. Rather, they simply reflect areas of 

recruitment across the patients. 

    INDIVIDUAL PATIENT PATTERNS 

 Examination of individual patterns of activation relative to the control group revealed an 

interesting trend that some individuals with aphasia who performed the best engaged preserved 

or perilesional frontal regions of the phonological network in concert with posterior perisylvian 

regions corresponding to the healthy control group. However, this qualitative observation was 

not robust enough to show up in the correlation analyses. Poorer performance was associated 

with patterns of activation which deviated from the healthy pattern of activation, with some of 

the most severe patients showing a total disintegration of this network. 

Whereas the group analysis and synthesis of individual patient findings merely identified 

regions of activation in the group and in individuals, it is important to note that these analyses 

did not specifically examine whether a region of activation necessarily helped with phonological 

processing. To identify regions which were associated with phonological processing 

performance, we correlated signal change across the patient group with behavioral phonological 

performance as quantified by 1) behavioral accuracy on the pseudoword task within the scanner 

and 2) the first principal component of phonological test scores outside the scanner. It is 
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important to note that these analyses suffer a major limitation in that there are some critical 

regions that were damaged in some or many of the patients.  

The first correlation analysis identified a number of regions with signal change was 

significantly correlated with accurate performance on the pseudoword task in the scanner. These 

regions fell into three patterns, including the left anterior supramarginal gyrus within the left 

hemisphere healthy control network, bilateral intraparietal sulcus outside of the control network, 

and a network of regions corresponding to the right hemisphere (and left cerebellar) regions 

activated in the healthy control group, which fell homotopic to the typical left hemisphere 

perisylvian language regions.  

Although not explicitly part of modern neuroanatomical models of speech processing 

(Hickok & Poeppel, 2007), the left supramarginal gyrus is a region that has been observed to be 

recruited during demanding phonological processing tasks (Buchsbaum & D’Esposito, 2008; 

Oberhuber et al., 2016; Petersen et al., 1988) such as the pseudoword task in the scanner. The 

fact that this region was the only area within the left-hemisphere language network identified by 

controls which correlated with in-scanner accuracy for phonological processing suggests that it 

plays a special role in enabling successful phonological processing in chronic aphasia and after 

left-hemisphere stroke. Although it has been noted that both left and right supramarginal gyri 

may be important for phonological processing in healthy adults (e.g., Hartwigsen et al., 2010), 

the fact that only left supramarginal gyrus contributed to successful phonological processing in 

this study suggests that the left supramarginal gyrus plays a superior role, especially in the 

context of a damaged system. 
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Bilateral intraparietal sulcus has consistently been associated with the multi-demand 

network (e.g., Fedorenko & Thompson-Schill, 2014), and has been shown to interact with the 

language network to support demanding linguistic tasks (Ihnen et al., 2015). The fact that 

recruitment of bilateral intraparietal sulcus was significantly correlated with accurate 

pseudoword processing in the scanner in the patient group suggests that this portion of the multi-

demand network may have been recruited to support successful language processing. 

The right hemisphere network of regions significantly correlated with successful 

phonological processing in the scanner included right posterior supramarginal gyrus, right 

inferior frontal gyrus pars triangularis, right posterior inferior temporal gyrus, and left 

cerebellum. These right hemisphere regions fall homotopic to the typical left-hemisphere 

language network, and were all found to be active in the healthy control group during 

phonological processing. This finding suggests that up-regulation of the whole right hemisphere 

language network may assist in demanding phonological processing tasks. Because the right 

hemisphere increases were not specific to a particular node of the network, it is unlikely that this 

increased right hemisphere engagement was specific to one domain of language function such as 

phonological processing per se. Rather, the additional right hemisphere activation likely reflects 

recruitment of multiple language processes, assisting with non-phonological linguistic 

dimensions of the task. 

The second correlation analysis, which concerned behavioral performance outside the 

scanner, yielded no regions of significant correlation with phonological performance in the left 

perisylvian cortex known to support phonological processing (Rapcsak et al. 2009; Vigneau et 

al., 2006, 2011). Nonetheless, the analysis of behavioral performance outside the scanner 
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identified two regions that significantly correlated with phonological performance: the right 

posterior middle temporal gyrus and an area near the left occipital pole. 

The significant region of correlation in the right posterior middle temporal gyrus 

overlapped with a peak within the healthy control network that corresponds to a lexical interface 

component proposed by prominent models of language organization. Unlike the dorsal pathway 

underlying phonological processing which is strongly left-lateralized, the lexical interface 

encompasses bilateral posterior middle temporal gyri with only a “weak left-hemisphere bias” 

(Hickok & Poeppel, 2007). These regions constitute the most posterior portion of the ventral 

pathway, and are thought to link phonological and semantic information during language 

processing, and are not likely to contribute to sublexical computations. This region is thought to 

be involved in mapping between phonological representations stored in neighboring superior 

temporal sulcus and widely-distributed semantic representations. It is important to recall that our 

correlation analysis linked signal change in this region to performance on a battery of 

phonological tasks rather than performance on the fMRI pseudoword task in the scanner. 

Although the fMRI task did not involve real words, some of the tasks in our phonological battery 

did involve retrieval/production of or operations upon lexical phonology (e.g., rhyme 

judgment/production, phoneme segmentation/blending in real words, etc.). Thus, this region 

could conceivably provide some lexical phonological support that benefits performance on 

sublexical tasks by via lexical or partial lexical phonology.  

The significant correlation between signal change and phonological performance that was 

near the left occipital pole (BA 18), which is known to be a visual association area in extrastriate 

cortex. This region typically participates in a range of functions including orientation-specific 

and feature-based attention, more general visual attention, and visual memory. Given the 
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systematic recruitment of secondary visual processing regions in the patient group, it is possible 

that activation in this region supports phonological processing by enhancing early visual 

processing via exertion of top-down non-linguistic attentional mechanisms. 

    IMPLICATIONS 

The primary implication of this study is that even when spoken language performance 

shows relatively good recovery, damage to left perisylvian regions limits sublexical skills and the 

ability to perform phonological manipulation tasks. Although these deficits may be most 

apparent in speech sound errors in spoken language, the functional consequences may be most 

notable in more complex communication contexts such as the production of written narratives 

(Beeson et al., 2016). 

This study suggests that the full phonological network is necessary for high-level 

phonological functioning. The clearest support of this idea is found in Patients 6 and 8, who had 

damage restricted to anterior and posterior perisylvian regions, respectively. Despite having 

damage limited to one portion of the phonological network, both of these patients show severe 

behavioral phonological processing deficits.  

In the face of damage to the left-hemisphere language network, it appears that 

phonological processing continues to be supported by residual language regions. Success of 

phonological processing may be influenced by functional participation of the left supramarginal 

gyrus within the healthy control network, engagement of bilateral intraparietal sulci of the 

multiple demand network, and up-regulation a network of right-hemisphere regions homotopic to 

the left-hemisphere language network, which is present in the healthy brain.  

Another take-away point from this study is reinforcement of the idea that the cortical 

extent of a lesion provides an incomplete picture of the damage. For instance, Patients 2 and 5 

had apparently similar lesions, yet their phonological performances were quite different, with the 
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former showing relatively mild impairment, and the latter showing severe impairment. A similar 

observation can be made about Patients 1 and 6. These apparent paradoxes are possibly 

explained by differences in structural and functional connectivity. The fact that there was 

functional diaschisis across much of the patient group indicates that direct cortical damage is 

only the tip of the iceberg when considering the effect of a lesion. Moreover, structural 

connectivity is known to play an important role in disconnection syndromes, and may be at role 

in this study. However, the examination of white matter integrity is beyond the scope of this 

report.  

    CONCLUSION 

 In this study we found that the individuals with damage to critical left perisylvian regions 

appeared to rely on the residual components of the phonological cortical network that was 

documented in healthy controls. Performance was supported by left supramarginal gyrus, and by 

regions outside of the left-hemisphere language network that appear to reflect engagement of a 

multi-demand cognitive control network. Although engagement of a right hemisphere network of 

regions homotopic to left-hemisphere language areas were associated with better phonological 

performance in the scanner, the lack of specificity of activation within this network suggests its 

role was not necessarily in processing sublexical phonology. To our knowledge, this is the first 

group study providing insight regarding the dynamics of reorganization for phonological 

processing, a language domain that is typically thought to be constrained by left-hemisphere 

specialization. Future work will help elaborate on the findings reported here by increasing the 

number of participants and incorporating additional imaging modalities, such as diffusion tensor 

imaging, to examine white matter integrity.  
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