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Abstract

Objective: This study examined lexical and neuroanatomic correlates of reading errors in 

individuals with spatial neglect, defined as a failure to respond to stimuli in the side of space 

opposite a brain lesion, causing functional disability.

Method: One hundred and ten participants with left spatial neglect after right-hemisphere stroke 

read aloud a list of 36 words. Reading errors were scored as “contralesional” (error in the left half 

of the word) or as “other”. The influence of lexical processing on neglect dyslexia was studied 

with a stepwise regression using word frequency, orthographic neighborhood (number of same 

length neighbors that differ by 1 letter), bigram and trigram counts (number of words with the 

same 2- and 3-letter combinations), length, concreteness, and imageability as predictors. MRI/CT 

images of 92 patients were studied in a voxelwise lesion-symptom analysis (VLSM).

Results: Longer length and more trigram neighbors increased, while higher concreteness 

reduced, the rate of contralesional errors. VLSM revealed lesions in the inferior temporal sulcus, 

middle temporal and angular gyri, precuneus, temporal pole, and temporo-parietal white matter 

associated with the rate of contralesional errors.

Conclusions: Orthographic competitors may decrease word salience, while semantic 

concreteness may help constrain the selection of available word options when it is based on 

degraded information from the left side of the word.

Public Significance Statement: Reading impairments arising after stroke represent a 

devastating problem, restricting an individual’s life participation, independence and quality of life. 

In this study, we examined reading impairments in neglect dyslexia, a symptom characterized by 

reading errors in the half of the word opposite a brain lesion. To help improve the current 

understanding of this symptom, we identified specific word characteristics and stroke locations 

that are associated with increased rates of neglect dyslexia reading errors.
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1. Introduction

“My husband suffered right-hemisphere stroke several years ago, which caused 

spatial neglect. Since then, he has had trouble regaining his independence. Once, he 

accidentally walked into the ladies’ room of a restaurant, because he only noticed 

MEN on the sign that read WOMEN. “

-- Episode shared by a caregiver in an interview with 

one of the authors.

Spatial neglect, which can arise after stroke, causes or exacerbates functional disabilities 

(Adair & Barrett, 2008; Chen, Chen, Hreha, Goedert, & Barrett, 2015; Chen, Hreha, Kong, 

& Barrett, 2015). The affected individuals may allocate insufficient attention to the 

contralesional side of space, i.e., the hemi-space contralateral to the lesioned cerebral 

hemisphere; ipsilesional perceptual-attentional deficits and spatial deficits affecting 

representational and motor “aiming” functions, have also been observed (Barrett, 2014; 

Barrett & Burkholder, 2006; Corbetta & Shulman, 2011; Heilman, Watson, & Valenstein, 

2012; Hillis, 2006; Parton, Malhotra, & Husain, 2004; Sacchetti, Goedert, Foundas, & 

Barrett, 2015). As illustrated by the example above, a disabling symptom that is frequently 

associated with spatial neglect is neglect dyslexia (ND) rendering individuals unable to 

complete simple daily activities that require reading (for a comprehensive review of neglect 

dyslexia, see Vallar, Burani, & Arduino, 2010). In the inpatient rehabilitation setting, where 

patients are typically admitted after acute stroke care, approximately 50-70% of individuals 

with right-brain stroke have spatial neglect (Chen, Chen, et al., 2015), and 37.5% of those 

with spatial neglect may have ND (Lee et al., 2009). ND primarily affects contralesional 

stimuli (Vallar et al., 2010) and, thus, presents as reading errors in the left part of horizontal 

letter strings in patients with right brain damage. Two of the most common error types in 

neglect dyslexia are substitution errors, in which a single segment is replaced and word 

length is preserved (e.g., NOVEL instead of LEVEL), and omission errors, in which letters 

in the beginning of a word may be omitted (e.g., reading MEN on a sign that says 

WOMEN). In both error types, up to 60% of errors comprise another word suggesting an 

interaction of linguistic and visuospatial processing (Ptak, Di Pietro, & Schnider, 2012). 

However, the exact contribution of lexical and sub-lexical factors to reading errors in ND is 

still not clear. Further, although it is known that presence of ND is associated with right 

occipito-temporo-parietal lesions (Lee et al., 2009; Ptak et al., 2012), the relationship of 

specific cortical and white matter lesions with the rate of contralesional reading errors in 

ND, while controlling for other types of errors, is still unexamined.

The interaction between linguistic and visuospatial processing was demonstrated in prior 

studies of ND, however these studies emphasized the whole-word level (Arduino, Burani, & 

Vallar, 2002, 2003; Brunn & Farah, 1991; Weinzierl, Kerkhoff, van Eimeren, Keller, & 

Stenneken, 2012). For example, individuals with ND read words more accurately, than 
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nonwords (Brunn & Farah, 1991; Chatterjee, 1995; Frassinetti, Angeli, Meneghello, Avanzi, 

& Ladavas, 2002; Worthington, 1996); high-frequency words more accurately, than low-

frequency words (Arduino et al., 2002; Caramazza & Hillis, 1990b); words with few 

orthographic neighbors (words of the same length, which differ from the target word by a 

single letter) more accurately, than words with many orthographic neighbors (Riddoch, 

Humphreys, Cleton, & Fery, 1990); and regular words better, than irregular words (Hillis & 

Caramazza, 1990; Vallar et al., 2010). Because reading is made possible through activation 

of multiple information processing components, including orthographic, phonological, and 

semantic (Coltheart, Rastle, Perry, Langdon, & Ziegler, 2001; Perry, Ziegler, & Zorzi, 2007; 

Pritchard, Coltheart, Palethorpe, & Castles, 2012; Seidenberg & McClelland, 1989), the 

interaction between visuospatial and linguistic processing likely involves multiple levels 

(e.g., orthographic vs. semantic; lexical vs. sub-lexical). Likewise, different levels of spatial 

processing may be involved (perceptual-attentional, representational, and occulo-motor 

aiming) (Barrett & Burkholder, 2006; Fortis, Goedert, & Barrett, 2011). Furthermore, the 

particular effects of the interaction between visuospatial and linguistic processing in patients 

with spatial neglect may depend on the degree of the spatial cognitive impairment (Arduino 

et al., 2002; Brunn & Farah, 1991).

Several models have been put forward to unify the cognitive mechanisms of reading and 

visuospatial processing observed in patterns of ND reading errors (Anderson, 1999; Brunn 

& Farah, 1991; Caramazza & Hillis, 1990a; Hillis & Caramazza, 1995; Mozer & Behrmann, 

1990). For example, a cognitive model by Brunn and Farah (1991) proposes that the 

distribution of spatial attention during reading is not all-or-none in spatial neglect. 

According to Brunn and Farah (1991), “fully attended, high-quality stimulus information 

from the ipsilesional side of the letter string, and partially attended, low-quality stimulus 

information from the contralesional side of the letter string may be sufficient to allow the 

reading process to begin.” (p.71, Brunn & Farah, 1991). The early partial encoding of a 

letter string leads to partial but sufficient evidence for the presence of a word, which in turn, 

causes further reallocation of attention to the entire letter string, facilitating word reading. 

Thus, these authors suggest that the influence of visuospatial and linguistic processing may 

be reciprocal and that the severity of perceptual-attentional spatial processing deficits may 

account for ND errors (Caramazza & Hillis, 1990a; Haywood & Coltheart, 2000; Hillis & 

Caramazza, 1995; Hillis, Newhart, Heidler, Marsh, et al., 2005; Vallar et al., 2010). 

However, to account for the full extent of the available reading data in ND, a model may 

require specification of an interactive word recognition process (Harm & Seidenberg, 2004; 

McClelland & Rumelhart, 1981), with excitatory and inhibitory connections among lexical 

and sub-lexical processing components. For example, the computational model MORSEL 

(Mozer & Behrmann, 1990) proposes that after information about the word’s visual features 

is filtered by an attentional module, it is relayed to a network for detecting spatially invariant 

(e.g., with respect to size or position) representations. This network activates letter clusters, 

and is connected to a set of lexico-semantic units, which can boost activation of whole 

words. This model architecture can explain why real words are read more accurately than 

nonwords and why high-frequency words are read more accurately than low-frequency 

words. Not only can it explain some of the available ND reading data, it can also help make 

novel predictions about behavioral and neural phenomena observed in ND. For example, 
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interactive activation of letter clusters in the MORSEL model suggests a potential 

mechanism for the influence of sub-lexical orthographic units (e.g., 2-letter bigrams and 3-

letter trigrams) on word activation, which has yet to be demonstrated in ND patients. The 

model also predicts through connectivity of letter clusters to lexico-semantic units, that 

semantic variables can influence reading accuracy in ND. Although semantic variables, such 

as imageability (how easily a word brings an image to mind) and concreteness have only 

been investigated in single case studies (Nichelli, Venneri, Pentore, & Cubelli, 1993; 

Riddoch et al., 1990), a fully interactive account of visuospatial and semantic processing 

would predict that semantic variables should affect reading accuracy among all neglect 

patients. Furthermore, the hierarchical architecture of the MORSEL model is consistent with 

the involvement of distinct neuroanatomical components, where damage may produce 

impaired reading performance. However, the role of these neuroanatomic correlates still 

needs to be clarified with respect to their specific role in the interaction between visuospatial 

and linguistic processing.

Thus, the present study has two objectives: 1) To investigate linguistic factors modulating 

ND-related reading errors, in order to generate novel hypotheses about the role of sub-

lexical processing, and 2) to identify the neuroanatomical correlates of ND reading errors. In 

the first objective, we built our thinking on previous case studies (Hillis & Caramazza, 1990; 

Riddoch et al., 1990), with the goal of evaluating whether the models created in these cases 

would inform our analysis of reading performance in a cohort of 110 individuals with spatial 

neglect after right-hemisphere stroke, who were tested on a single-word reading task. 

Consistent with prior studies, we hypothesized that word length, an orthographic variable, 

would be positively associated with the rate of left-sided reading errors. In contrast, we 

expected that word frequency, a variable that may affect both orthographic and semantic 

levels of processing, would be negatively associated with reading errors, and that words with 

higher frequency would be read more accurately. We also, however, wished to learn more 

about lexical-spatial interaction by examining orthographic competitors. Previous case 

studies showed that a word’s orthographic neighborhood density (or the number of same 

length words, which differ from the target word by a single letter) affected the rate of 

contralesional reading errors (Arguin & Bub, 2010; Riddoch et al., 1990). However, no 

study to date examined sub-lexical orthographic competitors (at the level of 2- and 3-letter 

clusters). We hypothesized that reading words with more orthographic competitors would 

increase the rate of left-sided reading errors by interfering with selection of the appropriate 

orthographic form. In line with the predictions of an interactive account of visuospatial and 

linguistic processing, we further hypothesized that semantic concreteness and imageability 

would decrease errors by facilitating the selection of appropriate orthographic and 

phonological representations.

In a second objective of this study, we wished to identify the neuroanatomical correlates of 

contralesional reading errors in ND. Previous studies established that ND is associated with 

right occipito-temporo-parietal lesions (Lee et al., 2009; Ptak et al., 2012), and it is clear that 

ND can be associated with lesions to parts of temporal and parietal cortex traditionally 

implicated in spatial neglect (Mort et al., 2003; Samuelsson, Jensen, Ekholm, Naver, & 

Blomstrand, 1997; Vallar & Perani, 1986). We sought to expand the current understanding of 

ND and, thus, our lesion-symptom analysis included a number of advancements. First, our 
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analyses are based on one of the largest samples of participants with spatial neglect (N=110; 

N=92 with neuroimaging data) currently available in the literature. This sample size 

improved our power to uncover novel lesion-symptom associations. Second, instead of 

dichotomizing participants into groups based on a criterion (Lee et al., 2009; Ptak et al., 

2012), we employed a within-participant design, analyzing continuous error rate data from 

the entire group of participants. This allowed us to establish a more precise link between 

specific brain lesions and the rate of ND reading errors. In contrast, comparing patients with 

and without ND may highlight regions implicated in impaired reading, as well as those 

relating to other types of impairments, which may contribute to, but not directly relate to 

reading error rate. Third, we used voxelwise lesion-symptom mapping (VLSM), enabling us 

to uncover anatomically precise links between brain correlates and patterns of reading 

deficits.

2. Methods

2.1. Participants

The participants in this study took part in ongoing prospective studies of spatial neglect and 

completed a reading assessment described here as part of behavioral assessment at study 

entry. One hundred and ten individuals undergoing inpatient rehabilitation met study 

participation criteria: 1) first stroke with no history of other psychiatric, developmental, or 

neurological conditions, 2) clinically-defined stroke in the right hemisphere, and 3) left-

sided spatial neglect. Participants were diagnosed with spatial neglect if they scored 129 or 

below on the Behavioral Inattention Test – Conventional Subtest (BIT-c) (Halligan et al., 

1990), or above 5 on the Catherine Bergego Scale (CBS) (Azouvi et al., 1996). The CBS 

may be more sensitive to detect spatial neglect than the BIT-c, because it captures additional 

spatial functional disability related to movements and performance (Azouvi et al., 2002; 

Goedert et al., 2012b; Pitteri et al., 2018). Participants were 28 to 90 years old (M = 65, SD 
= 14) and included 42 women (38.2%) and 68 men (61.8%). Eighty participants had visual 

field assessment and 10 of these (12.5%) had left hemianopia. All participants provided a 

written informed consent prior to study participation.

2.2. Materials and Procedures

All procedures were approved by the Kessler Foundation Institutional Review Board. Prior 

to reading assessment, participants were screened for neuropsychological deficits by a 

trained examiner to assess their attention, memory, language, and emotional functioning. 

Spatial neglect was assessed using BIT-c including three cancellation tasks (line, star, and 

letter cancellation), line bisection, and two drawing tasks (figure and shape copying and 

representational drawing) (B. Wilson, Cockburn, & Halligan, 1987). We also assessed 

spatial neglect-related functional performance deficits with the Kessler Foundation Neglect 

Assessment Process (KF-NAP®), a standardized method for administration of the Catherine 

Bergego Scale (Azouvi et al., 1996; CBS). The CBS via KF-NAP assesses spatial neglect 

based on observation of activities of daily living in 10 categories including gaze orientation, 

limb awareness, auditory attention, personal belongings, dressing, grooming, navigation, 

collisions, meals, and cleaning after meals (Chen, Chen, et al., 2015; Chen & Hreha, 2015).
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We assessed reading aloud accuracy using two lists of 36 words. The words consisted of 4, 

6, or 8 letters, comprising 1 to 4 syllables, and ranged in frequency between 1 and 343.87 

instances per million (Medler & Binder, 2005; M. Wilson, 1987). Two lists were used in 

order to increase the overall number of sampled words to 72, while also trying to minimize 

testing time for each individual participant (see Table 1 for a complete list of words). The 

two lists were matched on a number of measures including length, number of syllables, 

frequency, familiarity, imageability, concreteness, position constrained bigram and trigram 

counts, and orthographic neighborhood density (see Table 2 for word characteristics). These 

characteristics were also used in a regression model with the goal to identify which of the 

orthographic and semantic word properties reliably predict the rate of contralesional reading 

errors. The orthographic measures were taken from MCWord database (Medler & Binder, 

2005). Constrained bigram count refers to the number of words that share the same position-

constrained 2-letter combination with the target word (e.g., brisk, brown, break). Similarly, 

constrained trigram count is the number of words that share the same 3-letter combinations 

in the same position with the target word (e.g., submit, subset, subtle). Orthographic 

neighborhood density is the number of orthographic neighbors a word has. An orthographic 

neighbor is a word of the same length that differs from the target word by a single letter. For 

example, breed, dread, and break are orthographic neighbors of the word “bread”. Semantic 

measures were obtained from MRC Psycholinguistic Database (M. Wilson, 1987), and 

included imageability (how easily a word brings an image to mind, e.g., high-imageability – 

red, low-imageability – repertoire), familiarity (how familiar a word is, low-familiarity – 

dove, high-familiarity – door) and concreteness (whether the word represents a concrete 

entity, e.g., concrete – chair, abstract – friendship).

Participants were seated comfortably facing a 17-inch laptop computer. A microphone was 

clipped at the collar of the participant’s shirt. The viewing distance was about 53.5 cm. 

Depending on length, words occupied between 4.3 and 10.1 degrees of visual angle, thus, 

falling entirely within the foveal and parafoveal region. The center of the screen was at the 

participant’s eye level. Words were presented in white on a black background using the 

Microsoft PowerPoint. Each reading trial consisted of, in the following order, a color circle 

at the center of the screen, a word at the center of the screen, and a blank screen. The color 

circle, 0.6 inch in diameter, was used to bring the participant’s attention to the center of the 

screen. Once the participant named the color (blue, yellow, green, or red), the examiner 

pressed a mouse key to present the next slide containing the word. The word was presented 

in lowercase using a 44-point Arial font. A space was inserted between letters; for example, 

the word “lotion” was presented as “l o t i o n”. Letter spacing has previously been shown to 

facilitate reading (Chung, 2002). Once the participant read the word aloud, the examiner 

pressed the mouse key to end the trial by showing the blank black screen. There was no time 

limitation, and the response was not timed.

The participant had two practice trials following the instruction “First, name the color and a 

word will appear. Read the word. Ready?” which was presented on the screen and read by 

the examiner. After the practice trials, the same instruction appeared. The participant then 

proceeded to complete 36 trials. For each stimulus, an experimenter recorded the 

participant’s response verbatim and noted if the item was correct. If participants were unable 

to read a word aloud, they were asked to spell it aloud and the experimenter recorded the 
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spelling (8.89% of all responses). Errors were later coded as contralesional (error in the left 

half of the word) or other (error elsewhere in the word) by three independent coders. Any 

disagreements in coding were resolved through discussion. To facilitate comparison to 

published studies, we identified patients with and without ND. For example, Lee et al. 

(2009) considered patients who made three or more errors on the left side of 25 words 

(>12% of stimuli) as having ND. Using this criterion, we classified participants as having 

ND if they made five or more contralesional errors.

2.3. Lesion Mapping

We had previously obtained, with participants’ authorization, their radiological records and 

brain scans from hospitals where they received acute care for stroke. MRI or CT Images 

were available for 92 of the 110 participants. Lesion mapping was done by hand using 

MRICron (Rorden, Karnath, & Bonilha, 2007). Lesions were visualized and mapped on a 2 

mm3 anatomical template (available in MRICron) by trained staff and inspected by a 

neurologist in a procedure previously described (Chen, Goedert, Shah, Foundas, & Barrett, 

2014). Areas of hyperintensity surrounding the lesion that appeared on Fluid Attenuated 

Inversion Recovery (FLAIR) MRI images, whenever these images were available were 

included in the lesion mask. Additionally, any bilateral, sub-clinical lacunar lesions that 

appeared on multiple anatomical images, and contained more than 15 2mm3 voxels, were 

mapped as part of the lesion mask. No participant had a clinically defined stroke in the left 

hemisphere, based on the inspection of medical records and on the examination of the brain 

scan by a neurologist (AMB).

2.4. Analysis

Behavioral analyses were carried out using SPSS version 21 (IBM Corp. Released 2012. 

IBM SPSS Statistics for Windows, Version 21.0. Armonk, NY: IBM Corp.). Voxelwise 

Lesion Symptom Mapping (VLSM) was carried out using VLSM2 software version 2.55 

(Bates et al., 2003). Binary lesion masks for each participant, coregistered to the anatomical 

template, and behavioral data were entered into the VLSM2 software. Voxels lesioned in at 

least 10 patients were included in the analysis. The rate of contralesional errors, calculated 

as the proportion of words with contralesional errors relative to the total number of words, 

was used as the main predictor of interest. Log lesion volume was used as a co-variate to 

control for the overall stroke severity. We also used the rate of other errors as an additional 

co-variate. This allowed us to control for the common variance in error rate, which was due 

to processing difficulty unrelated to the interaction between reading and spatial processing. 

We used a voxelwise statistical threshold of p < 0.005. This p-value, when combined with a 

high threshold for including voxels lesioned in 10 or more participants, constitutes a strict 

statistical threshold.

3. Results and Discussion

3.1. Participant Characteristics

See Table 3 for detailed characteristics of the patient sample. Based on the criteria outlined 

in the Method section, all 110 participants had spatial neglect according to at least one of the 

tests. Specifically, 89 (81%) participants were identified according to the BIT-c, and 103 
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(97%) participants according to the CBS via KFNAP. In this sample, 27 (24.5%) participants 

made 5 or more contralesional reading errors, and thus identified as having ND. This 

indicates that the prevalence of ND may not be as high as reported previously (37.5%) by 

Lee et al. (2009). However, we did not use phrases or text to assess ND, which may be more 

sensitive to reading deficits in patients with spatial neglect (Galletta, Campanelli, Maul, & 

Barrett, 2014).

3.2. Spatial Neglect Severity and Reading Errors

To replicate the relationship between spatial neglect severity and ND reading errors 

established in prior studies (Beschin et al., 2014; Lee et al., 2009; Ptak et al., 2012), we 

tested if spatial neglect severity predicted the rate of reading errors, separately for 

contralesional and other errors. A multiple regression analysis was used to assess this 

relationship with the BIT-c as a measure of neglect severity, while controlling for days post 

stroke, age, MMSE score, and years of education. Controlling for these confounding 

variables, BIT-c score was a significant predictor of the rate of contralesional reading errors 

(F(3, 106) = 15.38, p < 0.001; BIT: b1 = −0.003, standardized b1 = −0.540, t = −6.58, p < 

0.001). Higher score on the BIT-c (less severe spatial neglect) was associated with fewer 

reading errors. The BIT-c was not a significant predictor of the rate of other reading errors 

(p=.26), which was instead predicted by the MMSE score (F(3, 106) = 3.49, p < 0.01; b1 = 

−0.003, standardized b1 = −0.221 t = −1.99, p < 0.05). Similar results were obtained when 

log lesion volume (a proxy for overall stroke severity) was used as an additional covariate, 

and when only patients without hemianopia were considered. Thus, participants who had 

greater severity of spatial neglect demonstrated a higher rate of contralesional reading errors, 

independent of lesion volume or visual perceptual abnormalities. On the other hand, 

participants who had lower MMSE score showed a higher rate of other reading errors.

Reading might be co-supported by non-spatial right-brain systems, as is oral language 

(Crosson et al., 2009). For this purpose, we examined the rate of contralesional errors in 

spatial neglect patients and correlated it with the rate of other errors (r = .37, p < 0.001). 

This correlation remained significant when controlling for the BIT-c score (r = .29, p < 

0.005) or presence of hemianopia (r = .32, p < 0.005). These correlations suggested that both 

types of reading errors had common variance due to factors other than spatial impairment, 

possibly due to the effect of other right brain systems on impaired reading mechanisms, or 

other factors not yet identified. To identify lesions associated with each type of error, we 

controlled for other reading error rate when examining the neural correlates of contralesional 

error rate, and vice versa.

3.3. Neural Correlates of Contralesional and Other Reading Errors

3.3.1 Contralesional Reading Errors—The lesion coverage map is shown in Figure 

1. Controlling for lesion volume and the rate of other reading errors, contralesional reading 

errors were associated with lesions in several brain areas, including precuneus, thought to be 

involved in visuo-spatial imagery and episodic memory retrieval (Cavanna & Trimble, 

2006), inferior temporal sulcus and temporal pole, thought to support semantic and object-

centered processing (Graves, Desai, Humphries, Seidenberg, & Binder, 2010; Hillis, 

Newhart, Heidler, Barker, et al., 2005; Jackson Ralph, & Pobric, 2015; Lambon Ralph, 
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Pobric, & Jefferies, 2009; Lauro, Tettamanti, Cappa, & Papagno, 2008; Noppeney & Price, 

2002; Price, Moore, Humphreys, & Wise, 1997) (Table 4). While inferior temporal and 

parietal cortex have previously been associated with ND (Lee et al., 2009; Ptak et al., 2012), 

the association of anterior temporal lobe with ND represents a novel finding. Other areas 

implicated in semantic processing, such as the angular gyrus (Binder, Desai, Graves, & 

Conant, 2009; Binder et al., 1997; Price, 2012; Price & Mechelli, 2005) and middle temporal 

gyrus (Tune & Asaridou, 2016), were also identified in this analysis. Consistent with 

previous studies (Lee et al., 2009; Ptak et al., 2012), a large proportion of lesioned voxels 

was found in the right white matter, including inferior and superior longitudinal fasciculi, 

inferior fronto-occipital fasciculus, as well as periventricular white matter affecting posterior 

thalamic radiation (including optic radiation). While lesions to these white matter locations 

have been previously associated with ND, our study also found a novel association with the 

splenium of the corpus callosum. The splenium supports interhemispheric transfer of 

sensory information (Fabri, Pierpaoli, Barbaresi, & Polonara, 2014). A voxelwise T map for 

this analysis is shown in Figure 2A.

3.3.1 Other Reading Errors—Controlling for lesion volume and the rate of 

contralesional reading errors, other reading errors were associated with lesions primarily in 

the right superior parietal lobule (SPL), part of the distributed spatial attention network 

(Corbetta & Shulman, 2002, 2011; Husain & Rorden, 2003; Mesulam, 1981), thought to 

support shifting of spatial attention (Molenberghs, Mesulam, Peeters, & Vandenberghe, 

2007). While the SPL is not typically associated with reading, in previous studies of healthy 

people, it was activated bilaterally in tasks that focused on visual categorization of letter 

strings. It was also less active in people with developmental dyslexia, who did not have a 

brain injury, as compared to typical readers (Lobier, Peyrin, Le Bas, & Valdois, 2012; 

Reilhac, Peyrin, Demonet, & Valdois, 2013). This suggests that the right SPL may play a 

role in orthographic and phonological processing. In addition, parts of the cingulate gyrus, 

inferior frontal, orbital, pre- and postcentral, lateral occipital and inferior parietal cortex 

were involved. Neither pre-, nor postcentral gyrus have previously been implicated in ND 

reading errors. However, right postcentral gyrus was shown to be less active in people with 

developmental dyslexia compared to typical readers (Maisog, Einbinder, Flowers, 

Turkeltaub, & Eden, 2008), while right precentral gyrus was shown to be involved in 

semantic processing of spoken words (Price, 2012). Anterior cingulate gyrus is thought to 

help suppress unintended responses during word retrieval. Frontal orbital cortex is involved 

in learning of object/pattern discriminations, while lateral occipital cortex supports visual 

object recognition (Price, 2012). Lesions also affected subcortical white matter, including 

superior longitudinal fasciculus, the cingulum bundle and inferior fronto-occipital fasciculus 

(see Table 5 for a complete list of areas). Similar lesions in the inferior parietal white matter 

in prior studies were associated with non-spatial reaction time deficits in spatial neglect 

patients (Samuelsson, Hjelmquist, Jensen, Ekholm, & Blomstrand, 1998). A voxelwise T 

map for this analysis is shown in Figure 2B.

3.4. Word Characteristics and Reading Errors

We first explored the pattern of correlations among linguistic properties of each word and 

the corresponding rate of contralesional and other errors averaged across participants. The 
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uncorrected upper triangular of the correlation matrix is presented in Figure 3 for data 

visualization. We also performed multiple comparisons correction for the correlation tests 

that involved the rate of contralesional and the rate of other errors using False Discovery 

Rate (FDR; Benjamini & Hochberg, 1995). The FDR significance level was calculated to be 

q=0.032. The rate of contralesional errors was positively associated with word length (r = 

0.60, p < 0.001, q = 0.004), bigram count (r = 0.51, p < 0.001, q = 0.007), and trigram count 

(r = 0.46, p < 0.001, q = 0.01), suggesting that the rate of errors increased for longer words 

and for words with many orthographic competitors. The rate of contralesional errors was 

negatively correlated with word concreteness (r = −0.36, p < 0.05, q = 0.029) and 

imageability (r = −0.39, p < 0.05, q = 0.021), suggesting that more concrete words that 

easily bring an image to mind yield lower rate of contralesional errors. The rate of other 

errors was positively correlated with length (r = 0.30, p <0.05, q = 0.025), bigram count (r = 

0.42, p <0.001, q = 0.014) and trigram count (r = 0.26, p < 0.05, q = 0.032).

To account for any common variance in the influence of linguistic variables on performance 

we used a stepwise regression analysis to predict the rate of reading errors. We first focused 

on measuring the contribution of orthographic factors. The variables used in this analysis 

were word frequency, orthographic neighborhood density, constrained bigram and trigram 

counts, and word length. Word length and trigram count were significant predictors of 

contralesional errors, F(2, 71) = 23.40, p < 0.001, accounting for 64% of the variance. 

Longer length and greater number of trigram neighbors produced more contralesional errors 

(Figure 4). Bigram count was a significant predictor of other reading errors, F(1, 71) = 

14.72, p < 0.001, accounting for 42% of the variance. We studied the semantic variables, 

concreteness and imageability, in a separate stepwise regression analysis. Among the 

semantic variables, greater rating of word concreteness was associated with a reduced rate of 

contralesional errors, F(1, 36) = 5.31, p < 0.05. The rate of other reading errors was not 

associated with semantic variables. The latter finding is consistent with our lesion-deficit 

analysis, where the rate of contralesional errors was associated with more extensive damage 

to temporo-parietal brain areas thought to subserve semantic processing.

To further understand the observed effects of trigram count and concreteness on 

contralesional reading errors, we tested if neglect severity modulated those effects. We 

created 2 new variables to define the size of both effects. First, a median split was performed 

on the trigram counts and the ratings of concreteness. The trigram count below 7 was 

considered low and above 7 was considered high. The concreteness rating below 449 was 

considered low and a rating above that number was considered high. We then calculated the 

error rate difference for words with high vs. low trigram count and high vs. low 

concreteness. This was done by subtracting the rate of contralesional errors for low from 

high trigram count words and for low from high concreteness words for each participant. 

Thus, the 2 new variables were “trigram effect” (i.e., trigram-based error rate difference) and 

“concreteness effect” (concreteness-based error rate difference). We then conducted two 

separate pairwise correlation analyses across participants for those two variables with the 

BIT-c and KF-NAP scores. Only the trigram effect was associated with spatial neglect 

severity. Specifically, trigram effect was positively correlated with the BIT (r=−0.49) and 

negatively correlated with the CBS via KF-NAP (r=0.33 p<.001). This result suggested that 

patients with more severe spatial neglect (as indicated by lower BIT-c and higher CBS 
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scores) produced more contralesional reading errors in words with many trigram competitors 

(such as reason (really, prison) and system (hostel, mystic), as compared to words with fewer 

trigram competitors (such as hungry and anchor). This result is consistent with the idea that 

the interaction between visuospatial and linguistic processing in patients with spatial neglect 

depends on the degree of spatial impairment, which may be attentional as suggested by 

previous research (Arduino et al., 2002; Brunn & Farah, 1991).

4. General Discussion

In this study, we demonstrate that the rate of neglect dyslexia reading errors varies as a 

function of the word’s lexical and sub-lexical orthographic and lexico-semantic 

characteristics. Consistent with prior studies, we found that the rate of contralesional reading 

errors increased for longer words. We also demonstrate, for the first time, that words with 

more orthographic trigram competitors produce more ND reading errors and that the size of 

the trigram effect correlates with spatial neglect severity. Although semantic variables have 

been examined in past case studies of ND (Arguin & Bub, 2010; Riddoch et al., 1990), our 

study is the first to show that high concreteness reduces the rate of contralesional reading 

errors. Using voxel-wise lesion symptom analysis with continuous error rate data and the 

largest to-date sample of spatial neglect participants, we showed that ND reading errors are 

associated with lesions in the precuneus, temporal pole, inferior temporal sulcus, middle 

temporal gyrus, and angular gyrus. A large proportion of lesions involved the temporo-

parietal white matter, including the splenium of the corpus callosum. Several of these brain 

regions overlap with previously identified lesion correlates of ND (Lee et al., 2009; Ptak et 

al., 2012). However, temporal pole and the splenium have not been previously implicated in 

studies of ND. We next discuss implications of these results in the context of previous work 

in word reading and spatial neglect. Please see Fig. 5 for a graphical representation of our 

reading model discussed below.

4.1. Orthographic Encoding in ND

The left hemisphere’s reading function may be relatively unaffected by word length, and 

capable of parallel letter recognition. This was shown under conditions of free foveal 

reading where the optimal gaze position falls left of the midline (Nazir, 2000). In contrast, 

the right hemisphere may process each additional letter in a serial fashion. For example, 

Lavidor et al. (2001) demonstrated that lexical decisions to briefly presented words (150 ms) 

were slower with each additional letter to the left, but not to the right, of a central fixation. 

Thus, longer words could increase spatial attentional processing demands on the right 

hemisphere during the earliest stages of visual word recognition (letter and word length 

analysis in retinotopic visual areas V1-V4) (Cohen et al., 2003; Mechelli, Friston, & Price, 

2000), where the contralateral hemisphere processes each half of the centrally presented 

word. In this study, participants made more errors on the left side of longer words. It is 

possible that the normally slow serial processing of letters in the right hemisphere was 

exacerbated by spatial neglect. Thus, letters entering the contralesional, neglected, left hemi-

field could have received deficient perceptual-attentional orthographic processing (Brunn & 

Farah, 1991).
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Trigram competitors likely affect the next stage of orthographic processing where 

interhemispheric connectivity is important. In this stage, processing of letter clusters 

continues in the inferior occipitotemporal cortex culminating in the posterior fusiform gyrus, 

where a functionally-defined left visual word form area (VWFA) supports abstract word-

form representations (e.g., apple and apple have the same font-invariant abstract 

representation) (Cohen et al., 2000; Cohen et al., 2002; Dehaene et al., 2004; Glezer, Jiang, 

& Riesenhuber, 2009). Sensitivity to progressively more complex orthographic units (single 

letters, bigrams, trigrams, quadrigrams, etc.) increases along the posterior to anterior axis of 

the left occipitotemporal cortex up to the whole word level in the VWFA (Taylor, Davis, & 

Rastle, 2019; Vinckier et al., 2007). For word segments appearing in the left visual field, 

information is relayed to the left hemisphere through interhemispheric connections in the 

splenium of the corpus callosum and the posterior horns of the lateral ventricles (Cohen et 

al., 2003). In people with spatial neglect, less orthographic information may be available to 

the right fusiform cortex. Furthermore, our lesion-symptom analysis revealed that the 

biggest cluster of lesions associated with ND extended subcortically to the splenium. 

Lesions to the splenium and periventricular white matter may have disrupted the transfer of 

orthographic information from the right fusiform cortex to the left VWFA and this 

undoubtedly increased the likelihood of misreading the left part of the word. This account 

assumes that refixation within a word (i.e., a second fixation where eye gaze is maintained 

on a particular location) does not occur, even when the exposure duration is long enough to 

allow it. This is possible, considering that words were presented such that they fell entirely 

within the foveal and parafoveal region, reducing the likelihood of saccades (Blais et al., 

2009). Supporting the important role of the splenium in reading, Marsh and Hillis (2005) 

reported a reversible reading deficit associated with transient hypoperfusion of this area. 

Splenium lesions can also be associated with chronic spatial neglect (Lunven et al., 2015), 

although many of patients with damage to this region also have cingulate or ventral temporal 

damage based on the arterial perfusion of splenial regions (Kim, 2016).

Words with common trigrams may pose a particular challenge for patients with spatial 

neglect. Trigrams are longer orthographic units, which are more likely to be divided across 

the visual fields, making identification of any particular trigram more difficult. In addition, 

words and their competitors where a trigram occurs entirely in one hemi-field will be 

difficult to disambiguate for a patient with left spatial neglect, who may be less able to use 

information from the left side of the word (e.g. demand vs. strand; preset vs. preach). It is 

not surprising, therefore, that contralesional reading errors were more likely for words with 

higher number of trigram competitors.

4.2. Semantic Processing in ND

Visuospatial processing is necessary for word recognition, because each letter identity has to 

be encoded with its allocentric spatial location. Semantic processing can influence the 

distribution of spatial attention by modulating a word’s salience (Anderson, 1999) or its 

threshold for activation through interactive connections between letter clusters and lexico-

semantic units (Mozer & Behrmann, 1990). For example, attention is captured by real words 

compared to pronounceable but meaningless pseudowords, which is reflected as higher 

reading accuracy for real words among neglect patients (Arduino et al., 2002; Brunn & 
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Farah 1991; Worthington, 1996). Similarly, attention may be captured by real words 

contained within longer words, especially when the longer words are of low frequency, 

supporting interactive co-activation between visuospatial, orthographic, and semantic 

processing (Reinhart et al., 2016). In this study, we expected that semantically rich, concrete 

representations would improve reading in neglect dyslexia. In line with this hypothesis, 

words with high level of concreteness yielded fewer contralesional errors. One potential 

mechanism for this improvement is that words with high level of concreteness may be more 

readily available for access than abstract words. In healthy adults, greater semantic 

concreteness is associated with higher reading accuracy and shorter response time (Balota, 

Cortese, Sergent-Marshall, Spieler, & Yap, 2004; Cortese & Schock, 2013; Strain, Patterson, 

& Seidenberg, 1995; Taylor, Duff, Woollams, Monaghan, & Ricketts, 2015; Yap, Pexman, 

Wellsby, Hargreaves, & Huff, 2012). Similarly, in individuals with spatial neglect, highly 

concrete words may be easier to retrieve especially given an incomplete orthographic 

representation. In addition, some of the ability to read concrete words in spatial neglect may 

rely on the right hemisphere. Observations of split-brain and left hemispherectomy patients 

suggest that the right hemisphere is able to comprehend spoken and written language, and is 

capable of rudimentary production (Searleman, 1977). Consistent with the concreteness 

effect found in this study, some split-brain and left hemispherectomy patients are also able to 

read concrete and high imageability words better than abstract words (Coslett & Saffran, 

1998).

4.3. Neuroanatomical correlates of ND

Our lesion-symptom analysis shows that more than one brain area is associated with ND. We 

found that the splenium, periventricular and temporo-parietal white matter, temporal pole, 

precuneus, angular gyrus, inferior temporal sulcus, and posterior middle temporal gyrus 

were among areas where lesions predicted a greater rate of contralesional errors. In part, 

these findings overlap with the existing literature on the neural substrates of ND. 

Specifically, previous studies also identified the inferior and middle temporal and inferior 

parietal regions, as well as white matter lesions, as important for ND, lending greater 

confidence to this relationship (Beschin, Cisari, Cubelli, & Della Sala, 2014; Lee et al., 

2009; Ptak et al., 2012). Our analysis also yielded new associations, such as the greater rate 

of contralesional reading errors in patients with splenium and temporal pole lesions. While 

the splenium supports interhemispheric connectivity (Fabri et al., 2014), the right temporal 

pole is important for semantic processing (Lambon Ralph et al., 2009), and our findings of 

concreteness effects on the rate of contralesional errors are consistent with this association.

Our findings add more evidence to the literature suggesting the importance of middle and 

inferior temporal and parietal cortices in reading comprehension and in visuospatial 

processing. When recruited on the left side of the brain, these regions were implicated in 

semantic processing (Binder et al., 2009; Binder et al., 1997; Graves, Desai, et al., 2010; 

Price, 2012). Right angular gyrus and precuneus were also active in tasks tapping into 

semantics (Graves, Binder, Desai, Conant, & Seidenberg, 2010). In addition, right temporal 

and inferior parietal regions belong to a network of areas important for spatial attention and 

cognition and are often found to be lesioned in patients with spatial neglect (Chechlacz et 

al., 2012; Karnath, Rorden, & Ticini, 2009; Mort et al., 2003; Ptak & Schnider, 2011; 
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Samuelsson et al., 1998; Samuelsson et al., 1997; Vallar & Perani, 1986). For example, right 

angular and middle temporal gyri lesions are associated with spatial asymmetry in 

performance on the representational drawing task (Kenzie et al., 2015). The important role 

of these areas in both visuospatial and linguistic processing is consistent with our novel 

finding of the influence of semantic variables on ND. While the role of semantics has been 

considered in prior case studies of ND, our study was the first to show that in a large sample 

of spatial neglect participants contralesional reading errors were modulated by the words’ 

semantic properties.

5. Study limitations and future directions

Our study investigated ND in a large group of right-hemisphere stroke survivors with left 

spatial neglect using a single-word reading task. We did not include participants with left-

hemisphere strokes or with ipsilesional spatial neglect. However, it is important to note that 

89% of published case studies show a definite lateral asymmetry in ND to the left side of 

words (Vallar et al., 2010). Nevertheless, future studies should include patients with left-

hemisphere stroke and reading deficit in the right side of words as ND in this group remains 

understudied. In this study, we did not systematically document leukoaraiosis, defined as 

pathologically appearing white matter, because participants’ brain images were obtained 

from different acute care hospitals, which used different scanning sequences. Leukoaraiosis 

is strongly related to ischemic stroke and is associated with worse long-term outcomes and 

cognitive disturbances (Marek, Horyniecki, Fraczek, & Kluczewska, 2018). It would be 

important to include multiple white matter pathology assessments in future work to obtain 

information on the contribution of this pathology to ND.

A limitation of the present study was that all the letters were presented in a typical way (i.e., 

right side up) and in the same location (i.e., aligned with body center at the eye level), 

confounding the body-centered, stimulus-centered, and object-centered reference frames 

(Hillis & Caramazza, 1995; Medina et al., 2009). Moreover, we did not attempt to dissociate 

“Where” spatial perceptual-attentional, spatial representational, or spatial motor-intentional 

“Aiming” processes, or examine other dissociable aspects of the spatial neglect syndrome, to 

understand the mechanisms of visuospatial-linguistic interaction in more detail. Thus, our 

findings may reflect influences of several types of spatial deficits that can produce ND. As 

we review above, we found semantic influences on ND, and associated lesions in brain 

regions important to spatial representation, which suggest that both perceptual-attentional 

“Where” and representational “Where” spatial cognition contribute to ND. Future studies 

should analyze the primary stage of spatial cognitive processing at which our patients had 

deficits, to determine if this supports a spatial representational mechanism of ND (Barrett, 

2014). We also did not assess spatial or spatial-syntactic properties of the words being read 

(Barrett & Craver-Lemley, 2008; Chatterjee, Maher, & Heilman, 1995). In future group 

studies it would be useful to include spatial-syntactic tasks for cross-comparison.

In this study, we characterized people as having spatial neglect using instruments with 

excellent predictive validity to identify functional disability. Spatial motor “Aiming” and 

motor exploratory deficits may be particularly important to real-life behaviors (Barrett & 

Muzaffar, 2014; Goedert et al., 2012a). These deficits may affect oculomotor movements as 
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well as body, limb and head movements (Barrett, 2018). In this study, participants’ eye 

movements were not monitored by an eye tracker. While we expect that our patients had 

directional hypokinesia of leftward scanning and saccades (Primativo et al., 2015), these 

variables were not measured in the present study. Future studies measuring eye movements 

and relating these patterns of eye movements to spatial Aiming bias assessed by other tasks, 

as well as reading errors, can clarify this issue. Also, including specific tasks to evaluate 

non-spatial deficits associated with spatial neglect (Robertson et al., 2001) will help ensure 

that right hemisphere associations with ND are correctly attributed to spatial neglect, versus 

right brain-associated deficits. Lastly, examining the functional impact of reading problems 

on daily life will be very important to bring spatial functional deficits and reading functional 

deficits together in studies of activity and life participation.

6. Conclusions

In this study, we studied reading errors in a large sample of individuals with spatial neglect. 

We demonstrated for the first time that the occurrence of reading errors in the contralesional 

(left) side of words increased with the number of sub-lexical orthographic competitors and 

decreased with word concreteness. Shorter concrete words, with fewer orthographic 

neighbors seem to be optimal for reducing the rates of contralesional reading errors. We 

confirmed the role if inferior parietal and temporal lesions in ND and identified novel lesion 

correlates in the splenium and temporal pole. We argue that disruption of the splenium leads 

to a loss of information from the contralesional side of the word and, thus, produces reading 

errors. Lesions in areas like the temporal pole, which are thought to subserve semantic 

processing, may mediate the observed effect of word concreteness on reading accuracy in 

ND. Future comprehensive models of reading should consider the effects and interactions of 

spatial attention mechanisms and visuospatial processing on reading performance.
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Figure 1. 
Lesion coverage map. Color bar represents lesion overlap among participants (1 – single 

participant, 55 - 55 participants with lesion in the area). Image in neurological convention.
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Figure 2. 
VLSM results. A). Lesions associated with higher contralesional reading errors, controlling 

for rate of other reading errors and log lesion volume. B). Lesions associated with higher 

other error rate, controlling for the rate of contralesional reading errors and log lesion 

volume. T map with voxelwise threshold of p < 0.005. Images in neurological convention.
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Figure 3. 
Bivariate correlations of word properties and reading errors. Correlations not significant at p 

< 0.05 are crossed out. OrthN – orthographic neighborhood density, Conc – concreteness, 

Imag – imageability, Freq – frequency, Bigram – constrained bigram count, Trigram – 

constrained trigram count, length – word length as number of letters, ContraErr – rate of 

contralesional reading errors, OtherErr – rate of other reading errors.
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Figure 4. 
Item-wise multiple regression plot: Increased word length and trigram count amplify 

contralesional reading errors. Three-dimensional plane is superimposed on mean-centered 

regression coefficients to facilitate visualization.
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Figure 5. 
Tentative neurocognitive model of visuospatial and linguistic processing during single word 

reading. See Cohen et al., (2003) for a similar model. Contralateral hemisphere processes 

each half of the centrally presented word through a cascade of activation in the visual areas. 

Activation of bigrams and trigrams (2- and 3-letter clusters) is modulated by inhibition form 

orthographic competitors. Bigram, trigram, and word form information is processed in the 

ventral occipitotemporal cortex up to the level of the left Visual Word Form Area (VWFA). 

For word segments on the left, information is relayed to the left VWFA through 
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interhemispheric connections via the corpus callosum. VWFA projects to brain structures 

involved in phonological and semantic processing. Thus, reading arises as an interactive 

activation of orthographic, phonological and semantic representations in the left hemisphere. 

The right hemisphere homologue of the VWFA supports abstract letter identification and 

higher order association areas in the right hemisphere may support semantic analysis. 

Visuospatial processing interacts with word recognition at each processing level. Arrow 

weight and outline represents the relative role of a given input in the reading process. (STG 

– superior temporal gyrus; ITG – inferior temporal gyrus; MTG – middle temporal gyrus; 

AG – angular gyrus, TP – temporal pole; V1-V4 – primary visual and visual association 

areas).
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Table 1.

Word Lists

List 1 List 2

absent audacity

advice bind

afraid bomb

anchor breath

bend bull

center bush

cold campuses

concerns catalyst

dogmatic catholic

door clip

duck corporal

episodes danger

excess division

fumble dove

gone edit

hungry effort

inferior external

lone headache

matching island

method kite

minister lend

opinions length

poem odor

purposes pirate

riot pope

ruin quaint

ship reason

sketch region

sneeze severe

soothing siblings

straight smartest

system soup

theories stutters

tractors tongue

unit tragic

womb tributes
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Table 2.

Word characteristics.

Measure

List 1 List 2
p value

n Mean (SD) Range n Mean (SD) Range

Length 36 6 (1.66) 4-8 36 6 (1.66) 4-8 0.999

Number of Syllables 36 1.86 (0.68) 1-3 36 1.86 (0.83) 1-4 0.999

Frequency 36 54.71 (84.30) 1-343.87 36 28.60 (42.33) 1-227.56 0.101

Orthographic Neighborhood Density 36 3.31 (4.96) 0-18 36 3.56 (5.22) 0-16 0.836

Constrained Bigram Count 36 97.73 (114.22) 10.33-460.86 36 80.33 (70.00) 2.33-265 0.438

Constrained Trigram Count 36 25.01 (53.94) 1-245.5 36 15.85 (20.43) 0-100.17 0.344

Familiarity 23 529.91 (66.66) 320-630 18 532.11 (50.32) 415-601 0.908

Imageability 23 468.39 (106.27) 300-632 18 498.28 (117.66) 285-643 0.399

Concreteness 21 444.67 (116.34) 291-615 17 478.76 (129.15) 286-634 0.398
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Table 3.

Characteristics of the patient sample.

Measure n Mean SD Range

Age (in years) 110 65.0 14.2 28-90

Education (in year) 110 13.7 3.0 4-21

Lesion Size (in cm3) 92 118.5 114.8 2.1-488.1

Days Post Stroke 110 21.59 20.40 5-209

Boston Naming Test – Short (max score = 15) (Kaplan et al., 1983) 72 12.2 3.0 3-15

Geriatric Depression Scale (max score = 30) (Yesavage et al., 1982) 110 6.9 5.2 0-26

 Depression as indicated by the score on the GDS (>13/30) 15 (14%)

Mini Mental Status Exam (max score = 30) (Folstein et al., 1975) 107 24.5 4.3 9-30

Controlled Oral Word Association Test (Loonstra et al., 2001) 103 22.1 11.6 1-53

Behavioral Inattention Test (Halligan et al., 1990) 110 86.9 42.1 8-145

 Spatial neglect as indicated by the score on the BIT (< 129/146) 89 (81%)

Catherine Bergego Scale via the Kessler Foundation Neglect Assessment Process (Chen et al., 
2015) 106 14.39 7.79 0-30

 Spatial neglect as indicated by the score on the KF-NAP (>5/30) 103 (97%)
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Table 4.

VLSM results: The top 10 significant clusters of lesioned areas associated with higher rate of contralesional 

reading errors. Results thresholded at voxel threshold p < 0.005. Probabilistic anatomical labels are based on 

Harvard-Oxford Cortical Structural Atlas and JHU White-Matter Tractography Atlas available in FSLview.

Cluster Anatomical Region N voxels Peak x Peak y Peak z Max T

1
10% Precuneus Cortex, 8% Supracalcarine Cortex, 2% Cuneal Cortex; 13% 
Forceps major, 2% Inferior Fronto-Occipital Fasciculus R; Splenium of Corpus 
Callosum

9073 25 −55 19 5.44

2 44% Temporal Pole; 1% Inferior Longitudinal Fasciculus R 1928 52 21 −24 4.20

3
39% Lateral Occipital Cortex, superior division, 14% Angular Gyrus, 2% 
Middle Temporal Gyrus, temporooccipital part, 1% Lateral Occipital Cortex, 
inferior division; 2% Superior longitudinal fasciculus R

182 43 −61 22 3.17

4

22% Inferior Temporal Gyrus, posterior division, 20% Middle Temporal 
Gyrus, posterior division, 1% Middle Temporal Gyrus, temporooccipital part; 
1% Superior longitudinal fasciculus (temporal part) R, 1% Superior 
longitudinal fasciculus R

88 57 −27 −15 2.94

5
45% Middle Temporal Gyrus, posterior division, 14% Inferior Temporal 
Gyrus, posterior division, 3% Middle Temporal Gyrus, anterior division, 1% 
Inferior Temporal Gyrus, anterior division

86 62 −17 −22 2.66

6 24% Frontal Orbital Cortex, 17% Temporal Pole, 4% Parahippocampal Gyrus, 
anterior division; 5% Right Amygdala 49 25 8 −22 3.47

7 29% Insular Cortex, 6% Frontal Orbital Cortex, 3% Temporal Pole 42 38 14 −16 3.18

8 19% Intracalcarine Cortex, 1% Cuneal Cortex; 21% Forceps major; 4% 
Inferior Fronto-Occipital Fasciculus R’ 2% Inferior Longitudinal Fasciculus R 38 20 −77 10 2.71

9 100% Right Parietal White Matter; Posterior Corona Radiata 17 20 −47 30 3.35

10 40% Cuneal Cortex, 19% Precuneous Cortex, 3% Supracalcarine Cortex 16 18 −72 26 3.48
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Table 5.

VLSM results: The top 10 significant clusters of lesioned areas associated with higher rate of other reading 

errors. Results thresholded at voxel threshold p < 0.005. Probabilistic anatomical labels are based on Harvard-

Oxford Cortical Structural Atlas and JHU White-Matter Tractography Atlas available in FSLview.

Cluster Anatomical Region N voxels Peak x Peak y Peak z Max T

1 48% Lateral Occipital Cortex, superior division 4335 31 −65 60 4.95

2 7% Cingulate Gyrus, anterior division, 1% Paracingulate Gyrus; 4% Cingulum 
(cingulate gyrus) R 215 14 13 32 3.46

3 39% Frontal Orbital Cortex, 2% Parahippocampal Gyrus, anterior division, 1% 
Temporal Pole, 1% Insular Cortex 37 25 9 −17 3.06

4 55% Frontal Orbital Cortex, 18% Insular Cortex 21 29 16 −18 3.63

5 26% Lateral Occipital Cortex, superior division, 15% Superior Parietal Lobule, 
9% Angular Gyrus; 2% Superior longitudinal fasciculus R 11 31 −58 42 2.90

6 2% Precuneous Cortex; 3% Inferior fronto-occipital fasciculus R, 1% 
Cingulum (hippocampus) R 11 21 −52 32 2.98

7 16% Precentral Gyrus, 1% Cingulate Gyrus, posterior division 10 16 −21 47 2.68

8 32% Lateral Occipital Cortex, superior division, 15% Superior Parietal Lobule, 
10% Angular Gyrus; 2% Superior longitudinal fasciculus R 9 34 −58 44 2.80

9
35% Supramarginal Gyrus, posterior division, 30% Superior Parietal Lobule, 
8% Angular Gyrus, 4% Postcentral Gyrus, 1% Supramarginal Gyrus, anterior 
division; 1% Superior longitudinal fasciculus R

8 42 −41 50 2.74

10 27% Frontal Pole, 12% Frontal Orbital Cortex, 1% Inferior Frontal Gyrus, pars 
triangularis; 3% Inferior fronto-occipital fasciculus R 7 43 37 −9 2.65
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