
Behavioral/Cognitive

Localization of Phonological and Semantic Contributions to
Reading

X J. Vivian Dickens,1 X Mackenzie E. Fama,1,3 X Andrew T. DeMarco,1 X Elizabeth H. Lacey,1,2 X Rhonda B. Friedman,1

and X Peter E. Turkeltaub1,2

1Department of Neurology, Georgetown University Medical Center, Washington, District of Columbia 20007, 2Research Division, MedStar National
Rehabilitation Hospital, Washington, District of Columbia 20010, and 3Department of Speech-Language Pathology and Audiology, Towson University,
Towson, Maryland 21252

Reading involves the rapid extraction of sound and meaning from print through a cooperative division of labor between phonological and
lexical–semantic processes. Whereas lesion studies of patients with stereotyped acquired reading deficits contributed to the notion of a
dissociation between phonological and lexical–semantic reading, the neuroanatomical basis for effects of lexicality (word vs pseudo-
word), orthographic regularity (regular vs irregular spelling–sound correspondences), and concreteness (concrete vs abstract meaning)
on reading is underspecified, particularly outside the context of strong behavioral dissociations. Support vector regression lesion–
symptom mapping (LSM) of 73 left hemisphere stroke survivors (male and female human subjects) not preselected for stereotyped
dissociations revealed the differential contributions of specific cortical regions to reading pseudowords (ventral precentral gyrus),
regular words (planum temporale, supramarginal gyrus, ventral precentral and postcentral gyrus, and insula), and concrete words (pars
orbitalis and pars triangularis). Consistent with the primary systems view of reading being parasitic on language-general circuitry, our
multivariate LSM analyses revealed that phonological decoding depends on perisylvian areas subserving sound–motor integration and
that semantic effects on reading depend on frontal cortex subserving control over concrete semantic representations that aid phonolog-
ical access from print. As the first study to localize the differential cortical contributions to reading pseudowords, regular words, and
concrete words in stroke survivors with variable reading abilities, our results provide important information on the neurobiological basis
of reading and highlight the insights attainable through multivariate, process-based approaches to alexia.
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Introduction
Localization of components of the reading network is a matter of
longstanding investigation (Dejerine, 1892). Seminal studies of

patients with alexia, an acquired disorder of reading, contributed
to the positing of at least two reading mechanisms: a phonologi-
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Significance Statement

Whereas fMRI evidence for neuroanatomical dissociations between phonological and lexical–semantic reading is abundant,
evidence from modern lesion studies establishing the differential contributions of specific brain regions to specific reading
processes is lacking. Our application of multivariate lesion–symptom mapping revealed that effects of lexicality, orthographic
regularity, and concreteness on reading differentially depend on areas subserving auditory–motor integration and semantic
control. Phonological decoding of print relies on a dorsal perisylvian network supporting auditory and articulatory representa-
tions, with unfamiliar words relying especially on articulatory mapping. In tandem with this dorsal decoding system, anterior
inferior frontal gyrus may coordinate control over concrete semantic representations that support mapping of print to sound,
which is a novel potential mechanism for semantic influences on reading.
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cal procedure through which sound is decoded from print and a
lexical–semantic procedure through which whole-word knowl-
edge is accessed (Marshall and Newcombe, 1973; Coltheart et al.,
1980; Patterson et al., 1985). Impairments in phonological and
lexical–semantic reading processes manifest as dissociable defi-
cits observed in alexia syndromes, which are defined by the type
of words the patient reads inaccurately. In the case of the nonvi-
sual “central” alexias (i.e., phonological, surface, and deep alexia;
Coslett and Turkeltaub, 2016), the dimensions of lexicality (word
vs pseudoword), orthographic regularity (regular vs irregular
grapheme–phoneme correspondences), and concreteness (con-
crete vs abstract meaning) are defining. Localization of neural
contributions to phonological and lexical–semantic reading re-
main unclear, especially outside the context of strong alexic dis-
sociations, and the degree to which reading depends on the more
general, or “primary,” systems of phonology and semantics is
debated (Woollams, 2014).

An effect of lexicality in which pseudowords are read less ac-
curately than real words defines phonological alexia (Beauvois
and Dérouesné, 1979). Whereas phonological and lexical–se-
mantic processing support real words, novel letter strings (e.g.,
“t–w– u–v”) lack lexical–semantic support and rely on direct
phonological decoding. Attempts to identify a critical lesion site
for phonological alexia have yielded inconsistent results through-
out perisylvian cortex (Lambon Ralph and Graham, 2000; Rapc-
sak et al., 2009; Ripamonti et al., 2014).

Deep alexia may be thought of as a severe form of phonolog-
ical alexia with concomitant semantic impairment (Friedman,
1996). An effect of concreteness in which words with abstract
meanings are read less accurately than words with referents
highly available to the senses is thus characteristic of deep alexia
and, in some cases, phonological alexia (Friedman, 2002). Exam-
ination of acquired concreteness effects in reading are limited to
lesion-syndrome studies of phonological/deep alexia, with le-
sioned left insula being implicated in a nonstatistical subtraction
analysis of 10 phonological alexics (Ripamonti et al., 2014).
Within the broader semantic cognition literature, EEG (Adorni
and Proverbio, 2012), fMRI (Binder et al., 2009; Wang et al.,
2010), PET (Binder et al., 2009; Wang et al., 2010), and lesion
studies (Warrington, 1981; Loiselle et al., 2012; Joubert et al.,
2017) suggest dissociable systems for abstract and concrete con-
cepts, with abstract and concrete concepts perhaps relying more
on verbal perisylvian and perceptual extrasylvian regions, respec-
tively (Binder et al., 2009). Importantly, for the goals of the cur-
rent study, the neural basis for the concrete word advantage in
reading is unknown.

Surface alexia is defined by an effect of regularity in which
words with irregular grapheme–phoneme correspondences (e.g.,
“yacht”) are read less accurately than words with regular corre-
spondences and pseudowords (Marshall and Newcombe, 1973).
Typical grapheme–phoneme correspondences yield incorrect
pronunciations of irregular words (i.e., regularization errors).
Thus, access to whole-word knowledge either at the level of the
orthographic word form or lexical semantics is thought of as

being especially critical for reading irregular words. Surface alexia
is associated with semantic dementia, a disorder characterized by
gradual temporal lobe atrophy (Woollams et al., 2007), and is less
common in individuals with focal lesions. Whereas there is lesion
evidence for lexical–semantic processing contributing more to
reading irregular words (Woollams et al., 2007), there is no com-
plementary lesion evidence for phonological decoding contribut-
ing more to reading regular words.

Overall, previous lesion studies of alexia have pursued
syndrome-based localization in which lesions are analyzed in re-
lation to categorical diagnoses based on clustering of behavioral
deficits. Despite its merits, this approach precludes examination
of the full spectrum of reading performance and lesion– behavior
associations in the broader patient population. This study aimed
to identify the differential contributions of brain areas to reading
words that vary in lexicality, regularity, and concreteness through
multivariate lesion–symptom mapping (LSM) in left hemisphere
stroke survivors not preselected for alexia.

Materials and Methods
Participants
Participants were 73 native English-speaking adults (spoken since age
�5) with chronic left hemisphere ischemic or hemorrhagic stroke (Table
1). All participants were drawn from a larger study investigating the brain
basis of aphasia recovery and had at least 10 years of education and
adequate vision with correction and hearing. Exclusion criteria were a
history of stroke outside the left hemisphere, significant brain injury, or
other significant neurological and psychiatric disorder. All participants
performed the pseudoword reading task and a subset of 48 also per-
formed the regular/irregular and concrete/abstract word reading tasks.
In order to characterize the general language abilities of participants,
Table 1 also provides performance on the Philadelphia Naming Test
(Roach et al., 1996), the Yes/No Questions Auditory Verbal Comprehen-
sion subtest of the Western Aphasia Battery–Revised (Kertesz, 2006), and
the mean length of utterance (MLU) on a picture description task. The
Georgetown University Institutional Review Board approved the study
protocol and all participants gave written informed consent.

Experimental design and statistical analysis
Oral reading battery. Participants completed a battery in which they read
aloud words that varied along the dimensions of lexicality, orthographic
regularity, and concreteness. There were three pairs of matched lists:
pseudowords and regularly spelled real words, regular words and irreg-
ular words, and concrete words and abstract words (Table 2). The word/
pseudoword list consisted of 20 pairs of monosyllabic strings of three or
four letters to minimize articulatory complexity, with pseudowords dif-
fering from the matched regular words by one letter. The regular/irreg-
ular word list consisted of 15 word pairs selected from PALPA 35 (Kay et
al., 1996) and matched on letter length, CELEX log10 word form fre-
quency (Baayen et al., 1995), bigram frequency (Medler and Binder,
2005), and concreteness (Brysbaert et al., 2014). The concrete/abstract
word list consisted of 30 word pairs matched on letter length, log10
frequency, and bigram frequency. Each pair of matched lists constituted
its own block in the session. Within a block, an item from the matched
lists was presented pseudorandomly at the center of fixation on a com-
puter screen in Calibri font (size 44) via PowerPoint. Each item was cued
by a beep and participants had 10 s to read the item aloud and end the

Table 1. Participant demographic and clinical data

Analysis group Age Education Gender Chronicity PNT WAB Yes/No MLU*

Lexicality (n � 73) 59.38 (9.67) 16.05 (2.98) 32 F, 41 M 44.46 (46.76) 34.1 (21.2) 54.9 (6.3) 4.3 (2.4)
Regularity and concreteness (n � 48) 60.10 (9.77) 16.42 (3.09) 16 F, 32 M 51.54 (50.67) 33.4 (21.5) 55.1 (5.4) 4.2 (2.6)

Values are shown as means (SD). The lexicality group completed the word/pseudoword reading task. The regularity and concreteness group completed the regular/irregular and concrete/abstract reading tasks. Age and education are in
years. Poststroke chronicity is in months. PNT is the Philadelphia Naming Test raw score out of 60 (Roach et al., 1996). WAB Yes/No represents the raw score out of 60 on the Yes/No Questions Auditory Verbal Comprehension subtest of the
Western Aphasia Battery–Revised (Kertesz, 2006). MLU is the mean length of utterance on a picture description task.

*MLU data not available for two participants in regularity/concreteness group and for nine in the lexicality group.
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trial via a key press. Responses were recorded digitally, scored online, and
rescored offline as either correct (1) or incorrect (0) based on the first
complete response. Overall accuracy scores in reading aloud each of the
six item categories served as the behavioral outcomes of interest.

Image acquisition. Participants completed a single scanning session in
the Center for Functional and Molecular Imaging at Georgetown Uni-
versity. Images were acquired on a 3 T Siemens Trio scanner using a
12-channel head coil. For each patient, a high-resolution T1-weighted
magnetization prepared rapid gradient echo (MPRAGE) sequence was
acquired with the following parameters: 176 sagittal slices; slice thick-
ness � 1 mm, field of view (FOV) 250 � 250 mm; matrix � 256 � 256;
repetition time (TR) � 1900 ms; echo time (TE) � 2.52 ms; inversion
time (TI) � 900 ms; flip angle � 9°, voxel size � 1 � 1 � 1 mm.
Additionally, a T2-weighted sampling perfection with application opti-
mized contrasts using different flip angle evolution (SPACE) sequence
was acquired with the following parameters: 176 sagittal slices; slice
thickness � 1.25 mm, FOV � 240 � 240 mm; matrix � 384 � 384; TR �
3200 ms; echo train length � 145, variable TE; variable flip angle, voxel
size � 0.625 � 0.625 � 1.25 mm.

Lesion tracing and normalization. Lesion masks were manually seg-
mented on each participant’s MPRAGE using ITK-SNAP software
(Yushkevich et al., 2006; http://www.itksnap.org/) by P.E.T., a board-
certified neurologist. T2-weighted structural images were referenced for
additional sensitivity to white matter lesions within the vascular distri-
bution of the stroke. Native space MPRAGEs and lesion tracings were
warped to MNI space using the Clinical Toolbox Older Adult Template
as the target template (Rorden et al., 2012) via a custom pipeline. First,
brain parenchyma was extracted from each native space image by apply-
ing a mask intended to minimize the clipping of gray matter edges. The
initial mask was generated by combining the lesion tracing image (bina-
rized) with white and gray matter tissue probability maps generated by
the unified segmentation procedure in SPM12 (https://www.fil.ion.
ucl.ac.uk/spm/software/spm12/) applied to the original native space im-
age, cost function masked with the lesion tracing. The resulting mask was
blurred and inverted to remove nonbrain tissue from the image. The
resulting brain extracted image was then normalized using Advanced
Normalization Tools software (ANTs; http://stnava.github.io/ANTs/;
Avants et al., 2011). Lesion masking was used at each step of the ANTs
process. After bias field correction was applied, normalization proceeded
using a typical ANTs procedure, including a rigid transform step, an
affine transform step, and a nonlinear SyN step. Next, the output of this
initial ANTs warp was recursively submitted to three additional applica-
tions of the SyN step. Finally, the resulting linear (rigid and affine) and
four nonlinear warp fields were concatenated and the original native
space MPRAGE and lesion tracings were transformed to the template
space using BSpline interpolation. This iterative application of nonlinear
warping was intended to improve normalization of expanded ventricles
and displaced deep structures in individuals with large lesions. The nor-
malized lesion tracings were finally downsampled to 2.5 mm 3.

Multivariate LSM. We applied a multivariate LSM technique called
support vector regression LSM (SVR-LSM) (Zhang et al., 2014) to local-
ize brain areas that contribute to phonological and lexical–semantic
reading processes. Given the nonrandom nature of lesion distributions
and the resultant autocorrelation of voxel lesion status, univariate meth-
ods such as voxel-based LSM (VLSM) (Bates et al., 2003) are vulnerable
to mislocalization, especially when multiple brain areas support the pro-
cess of interest (Mah et al., 2014). In this study, consideration of lesion
covariance is particularly important because reading relies on a distrib-

uted network of coordinated regions (Turkeltaub et al., 2002; Price,
2012). SVR-LSM considers the lesion status of all voxels in a single re-
gression model and is less vulnerable to lesion mislocalization and more
sensitive to nonlinear relationships (Zhang et al., 2014). We applied
SVR-LSM in MATLAB R2017b via a graphical user interface implemen-
tation developed in our laboratory (DeMarco and Turkeltaub, 2018;
https://github.com/atdemarco/svrlsmgui/). Only voxels lesioned in at
least 10% of participants were included in each analysis. We controlled
for effects of lesion volume on reading accuracy by regressing lesion
volume on both the lesion data and behavioral outcomes of interest, a
method that eliminates lesion volume biases while maintaining sensitiv-
ity to lesion– behavior relationships (DeMarco and Turkeltaub, 2018).
Six one-tailed (negative) SVR-LSM analyses were run to identify lesions
associated with inaccurate reading of pseudowords, real words, regular
words, irregular words, concrete words, and abstract words; accuracy on
the word type of interest served as the dependent variable in each of these
analyses. To isolate the effects of interest in the reading scores, accuracy
on the corresponding control task was covaried with both the reading
score of interest and the lesion data (e.g., for the analysis on concrete
word reading, abstract word reading was included as a covariate to isolate
the effects of high concreteness). Regardless of word type, reading en-
gages similar visual, phonological, semantic, executive, and motor out-
put processes. In a population of stroke survivors not preselected for
alexia syndromes, strong dissociations across tasks are unlikely. Covary-
ing performance on the matched reading task enables estimation of the
typical poststroke relationship between reading pseudowords and real
words, regular and irregular words, and concrete and abstract words and
shows whether deviations from these typical relationships relate to lesion
distribution. In other words, the lesion-symptom mapping analyses
tested whether performance on the word type of interest was worse than
is typical as determined through the relationship with the matched word
type. This approach controls for all the shared processes across word
types—for example, vision and speech production—and isolates the
processes that are differentially important for reading each word type.
Significance was determined using a permutation-based approach in
which the behavioral scores were randomly reassigned to participants
and SVR-�-value maps were generated for each of 10,000 permutations.
SVR-� values were catalogued on a voxelwise basis and thresholded at
p � 0.005 (one-tailed). To correct these maps for multiple comparisons,
a cluster size threshold was applied to achieve a familywise error rate of
0.05 based on the largest cluster in each of the voxelwise thresholded
permutation maps. This permutation approach minimizes the effects of
lesion autocorrelation in LSM analyses (Kimberg et al., 2007). Overall,
clusters identified through SVR-LSM represent lesions that account for
additional variance in performance reading the word type of interest over
and above the variance captured by performance on the control reading
task.

Results
Participants demonstrated a wide range of reading abilities, as
indicated by the large variance relative to total points possible
(Table 3). Figure 1 shows the relationship between paired tasks as
estimated through linear regression. The best-fit lines (Fig. 1) and
the mean difference in performance between paired tasks (Table
3) demonstrate that, on average, participants tended to perform
equally well on regular and irregular words, whereas participants
tended to perform slightly less well on abstract words compared

Table 2. Reading battery characteristics

n
Word Pseudoword Regular Irregular Concrete Abstract
20 20 15 15 30 30

Letter Length 3.5 (0.51) 3.5 (0.51) 5.2 (1.37) 5.13 (1.25) 5.53 (1.38) 5.53 (1.38)
Log10 Freq 1.48 (0.69) N/A 1.27 (0.53) 1.44 (0.55) 1.74 (0.35) 1.94 (0.46)
Bigram Freq 19.57 (15.80) 16.02 (13.39) 15.58 (8.90) 18.74 (9.26) 21.96 (10.66) 23.83 (12.27)
Concreteness 4.33 (0.64) N/A 3.68 (1.21) 4.24 (0.83) 4.76 (0.20) 2.24 (0.55)

Values are shown as means (SD). Log10 freq represents the log10 of the CELEX word form frequency per million (Baayen et al., 1995). Bigram freq represents the unconstrained CELEX bigram frequency in thousands (Medler and Binder, 2005).
Concreteness ratings range from 1–5 and are drawn from Brysbaert et al. (2014).

Dickens et al. • Localization of Reading Processes J. Neurosci., July 3, 2019 • 39(27):5361–5368 • 5363

https://www.fil.ion.ucl.ac.uk/spm/software/spm12/
https://www.fil.ion.ucl.ac.uk/spm/software/spm12/
https://github.com/atdemarco/svrlsmgui/


with concrete words. Most subjects read pseudowords less accu-
rately than the matched real words or were otherwise equally
accurate on both. To determine how general decoding ability
related to effects of regularity and concreteness on reading accu-
racy in the 48 subjects who completed all reading tasks, accuracy
on pseudowords was correlated with the difference in accuracy
between regular and irregular words and concrete and abstract
words. Pseudoword reading accuracy correlated positively with
the difference in accuracy between regular and irregular words
(r � 0.38, p � 0.008). Thus, poorer decoding ability related to less
of an advantage for regular words over irregular words. Pseudo-
word reading accuracy did not correlate with the difference in
accuracy on concrete and abstract words (r � 0.01, p � 0.935).

Because the matched tasks were included as covariates for
LSM, deviations from the relationship between paired tasks (i.e.,
the residuals from the best-fit lines; Fig. 1) reflect the individual
variations in poststroke effects of lexicality, regularity, and con-
creteness. These residuals are the values that were tested for rela-
tionships with lesion distribution during LSM. Specifically, the
SVR-LSM analyses tested whether lesion distribution systemati-
cally related to worse performance on the word type of interest
given its typical relationship with the matched word type (Fig. 1).

Figure 2 shows the lesion overlap maps of the entire partici-
pant pool (Fig. 2A; n � 73) and of the subset who completed the
full reading battery (Fig. 2B; n � 48). These lesion maps demon-
strate broad coverage of frontal, parietal, and superior temporal
areas involved in reading and language processing. Lesion cover-
age in ventral occipitotemporal areas important for reading was
not adequate for inclusion in analyses.

No clusters survived correction for multiple comparisons for
SVR-LSM analyses of inaccurate reading of real words relative to
pseudowords, abstract words relative to concrete words, or irreg-
ular words relative to regular words. SVR-LSM analyses yielded
significant clusters associated with less accurate reading of regu-
lar words and concrete words relative to their matched control
word types, as well as a borderline significant cluster for pseudo-
words (Fig. 3). Lesions to left ventral precentral gyrus related to
less accurate reading of pseudowords (cluster size � 4063 mm 3,
cluster p � 0.051). Lesions to left planum temporale, anterior
supramarginal gyrus, ventral postcentral gyrus, central/posterior
insula, and ventral precentral gyrus related to less accurate read-
ing of regular words (cluster size � 18813 mm 3, cluster p �
0.004); this cluster’s extension into ventral precentral gyrus
nearly fully encompassed the cluster associated with inaccurate
pseudoword reading (note magenta in Fig. 3). The clusters asso-
ciated with inaccurate reading of pseudowords and regular words
extended into the underlying white matter. Lesions to pars or-
bitalis and pars triangularis of left inferior frontal gyrus and left
anterior insula related to less accurate reading of concrete words

(cluster size � 4656 mm 3, p � 0.049). Table 4 summarizes the
size, location, and center of mass of the clusters identified
through SVR-LSM, as well as the maximal amount of lesion over-
lap between subjects within each cluster.

Discussion
The neuroanatomical bases for phonological and semantic con-
tributions to reading are underspecified. Our multivariate LSM
analyses demonstrated the differential contributions of specific
cortical regions to reading words that vary in lexicality, ortho-
graphic regularity, and concreteness. Building on activation stud-
ies suggesting that reading relies on a distributed network
(Turkeltaub et al., 2002; Price, 2012; Martin et al., 2015), our
application of SVR-LSM to a cohort of stroke survivors with
variable reading impairments provides evidence for phonological
decoding of print depending on dorsal perisylvian areas subserv-
ing sound–motor integration (Vigneau et al., 2006; Hickok and
Poeppel, 2007) and for semantic influences on reading depend-
ing on frontal cortex subserving semantic control (Ralph et al.,
2017). Consistent with the primary systems hypothesis that read-
ing is instantiated within the general architecture of phonology
and semantics (Patterson and Ralph, 1999), the perisylvian and
frontal clusters correspond to cortex previously identified
through SVR-LSM as critical for phonological working memory
and word retrieval, respectively (Lacey et al., 2017).

An acquired deficit in reading pseudowords (i.e., phonologi-
cal alexia) has been associated with circumscribed and expansive
lesions throughout perisylvian regions (Lambon Ralph and Gra-
ham, 2000; Rapcsak et al., 2009; Ripamonti et al., 2014) that likely
constitute a network subserving phonology (Vigneau et al.,
2006). Whereas our results implicating cortex associated with
pseudoword reading more than real word reading and regular
word reading more than irregular word reading cannot speak to a
nonlexical mapping procedure specialized for reading (Coltheart
et al., 2001; Nickels et al., 2008), they are consistent with the
primary systems view (Woollams, 2014) of phonological decod-
ing relying on perisylvian circuits subserving articulatory (ventral
precentral gyrus and insula), auditory (planum temporale), and
somatosensory (ventral postcentral and supramarginal gyri) con-
tributions to phonology. Moreover, the finding that lesions to
these perisylvian areas related more to deficits in regular word
reading than deficits in irregular word reading aligns with the
proposal that direct phonological decoding best subserves regu-
lar words (Plaut, 1997). It would thus be expected that poor
general decoding ability, as indexed through pseudoword read-
ing accuracy, would correlate with less of an advantage of regular
words over irregular words; this was indeed the case.

Consideration of the role that the implicated regions play in
both reading and language may elucidate the functional organi-
zation of this dorsal decoding system. First, the relationship of
lesioned ventral precentral gyrus (vPG) with deficits in pseudo-
word reading more than real word reading and in regular word
reading more than irregular word reading supports an important
role for articulatory mapping (Pulvermüller et al., 2006) during
decoding. Involvement of vPG is unlikely to reflect articulatory
complexity given our closely matched control words (Table 2).
Compared with familiar words, pseudowords may tax this de-
coding system and require greater support from articulatory
representations subserved by vPG. Indeed, pseudowords consis-
tently activate left frontal operculum more than words during
reading and spelling (Jobard et al., 2003; DeMarco et al., 2017).
Additionally, real words tend to show no unique activations com-
pared with pseudowords or show activations suggestive of se-

Table 3. Summary of participant performance on reading battery

Effect of
interest Word type

Mean
accuracy (SD)

Mean
difference (SD)

Range of
difference

Lexicality Word 67% (36) 32% (26) �5 to �95%
Pseudoword 35% (35)

Regularity Regular 63% (38) 0% (12) �33 to �27%
Irregular 63% (36)

Concreteness Concrete 67% (39) 2% (8) �27 to �23%
Abstract 65% (39)

Mean difference indicates the average difference in accuracy between words and pseudowords, regular and irreg-
ular words, and concrete and abstract words. Range of difference indicates the minimum and maximum difference
in accuracy between words and pseudowords, regular and irregular words, and concrete and abstract words. A total
of 73 subjects completed the lexicality task; 48 completed the regularity and concreteness tasks.
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mantic engagement (Binder et al., 2009; Price, 2012; Taylor et al.,
2013). Although insular contributions to decoding are unclear,
our reported association of lesioned central/posterior insula with
reduced regular word reading accuracy is consistent with insular
involvement in articulatory control (Dronkers, 1996), sensori-
motor integration (Chang et al., 2013), and reading (Ripamonti
et al., 2014).

The implication of lesioned left planum temporale (PT) with
reduced regular word reading accuracy suggests auditory repre-
sentations contribute to decoding. PT activity relates to sublexi-
cal speech perception (Turkeltaub and Coslett, 2010; Schwartz et
al., 2012; Mirman et al., 2015), letter and speech sound congruity
(van Atteveldt et al., 2004), and literacy acquisition (Dehaene et
al., 2010). PT may also be a substrate for sensory–motor integra-

Figure 1. Relationship between accuracy on paired reading tasks as determined through linear regression. A, Matched real words and pseudowords (n � 73). Participants tended to read
pseudowords less accurately than real words. B, Matched irregular and regular words (n � 48). On average, participants read regular words and irregular words equally well. C, Matched abstract
and concrete words (n � 48). On average, participants read abstract words slightly less accurately than concrete words. The shaded region around the lines of best fit represent the 95% confidence
curves.

Figure 2. Lesion overlap maps. A, Lesion overlap map of lexicality analysis group (n � 73). B, Lesion overlap map of orthographic regularity and concreteness analysis group (n � 48).
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tion in auditory and speech processing (Hickok et al., 2009), with
lesioned PT relating to phonological working memory deficits
and conduction aphasia (Buchsbaum et al., 2011). Thus, PT may
be an essential interface (Dehaene, 2009) between the occipito-
temporal visual word recognition system (Vinckier et al., 2007)
and the dorsal auditory–motor system (Hickok and Poeppel,
2007). The relationship of lesioned anterior supramarginal gyrus
(SMG) with reduced regular word reading accuracy is consistent
with the relationship of SMG density with reading aloud in cen-
tral alexics (Aguilar et al., 2018) and SMG’s role in phonemic
(Turkeltaub and Coslett, 2010; Schwartz et al., 2012) and non-
lexical (Papagno et al., 2017; Savill et al., 2019) order processing.

Together with ventral postcentral gyrus, SMG may underlie so-
matosensory contributions to phonology (Hickok, 2012). Over-
all, these findings point to a decoding procedure emergent from
interactions between left-lateralized auditory, somatosensory,
and articulatory cortex.

The lexical–semantic route is probably the less understood of
the two hypothesized reading pathways. In particular, semantic
influences on reading aloud are controversial (Taylor et al.,
2015), with dual route models holding that the semantic system
is inconsequential for mapping orthography to phonology
(Coltheart et al., 2001; Perry et al., 2007). Previous studies of
normal reading demonstrated an imageability by regularity inter-
action (Strain et al., 1995, 2002; Cortese et al., 1997) such that
mappings to highly imageable concepts support phonological
access from poorly decodable words. Our SVR-LSM result
implicating lesioned left anterior inferior frontal gyrus (IFG),
an area critical for semantic control (Ralph et al., 2017), with
reduced concrete word reading accuracy suggests that seman-
tic effects on reading aloud depend on an intact semantic
control network. The support afforded by high imageability in
accessing lexical phonological representations (Cortese et al.,
1997) may thus at least partially depend on the ability for a
semantic control system centered in left anterior IFG (Ralph et
al., 2017) to select the appropriate concrete semantic repre-
sentation. The implication of lesioned IFG with reduced accu-
racy on concrete words contrasts somewhat with fMRI
evidence suggesting that abstract words tax the semantic con-
trol system (Hoffman et al., 2015a). However, our results
complement studies implicating temporal damage with selec-

Figure 3. SVR-LSM results at voxelwise p � 0.005 and clusterwise FWE p � 0.05, with lesion size regressed out of the behavioral and lesion data. A, Inaccurate pseudoword reading relative to
real word reading localized to left ventral precentral gyrus, shown in red (clusterwise p � 0.051). B, Inaccurate regular word reading relative to irregular word reading localized to a cluster spanning
left planum temporale, supramarginal gyrus, ventral postcentral gyrus, ventral precentral gyrus, and central/posterior insula, shown in blue (clusterwise p � 0.004). C, Inaccurate concrete word
reading relative to abstract word reading localized to lesioned left pars orbitalis and pars triangularis and left anterior insula, shown in green (clusterwise p � 0.049). D, Combined cluster overlays,
with magenta representing the overlap between the regular word and pseudoword clusters within left precentral gyrus. E, 3D rendering of SVR-LSM results. No clusters survived correction for
multiple comparisons for inaccurate reading of real words, abstract words, and irregular words relative to their matched word types.

Table 4. Size and location of SVR-LSM clusters associated with inaccurate reading
of pseudowords, regular words, and concrete words

Word type

Cluster
volume
(mm 3) Center of mass Anatomical sites

Maximal
lesion
overlap (n)

Pseudowords 4063 MNI � �38, �1, 16 Ventral precentral gyrus 35
Regular words 18813 MNI � �44, �11, 14 Planum temporale 30

Supramarginal gyrus
Ventral postcentral gyrus
Ventral precentral gyrus
Central/posterior insula

Concrete words 4656 MNI � �44, 28, �6 Pars triangularis 17
Pars orbitalis
Anterior insula

MNI, Montreal Neurological Institute coordinates. Cluster volume and center of mass were generated through our
SVR-LSM GUI implementation (DeMarco and Turkeltaub, 2018; https://github.com/atdemarco/svrlsmgui/). The
maximal lesion overlap column indicates the largest amount of lesion overlap between subjects within each cluster.
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tive impairment of processing concrete concepts, namely in
patients with anterior temporal atrophy (Bonner et al., 2009;
Joubert et al., 2017) and selective anterior temporal lobe re-
section (Loiselle et al., 2012). Such patients are impaired at the
level of semantic representation, whereas stroke survivors are
often impaired in semantic access (Jefferies and Lambon
Ralph, 2006). Our identification of a lesion site critical for
semantic control as opposed to representation (e.g., anterior
temporal cortex) is expected. Our results suggest that compu-
tational models of reading could benefit from incorporating a
cognitive control system to better account for variability in
naming words of differing semantic content.

It is notable that we did not identify lesions related to the
reading of abstract words more than concrete words. Impaired
reading of abstract words has been noted in the context of signif-
icant phonological processing deficits due to left perisylvian
damage. Impaired phonological decoding may force the patient
to rely on a lexical–semantic route that is ill fitted for supporting
phonological access from words connected to concepts sparsely
represented in extrasylvian association cortex (Friedman, 2002;
Binder et al., 2009). Thus, one might expect that lesions similar to
those identified for regular word and pseudoword reading would
relate to abstract word reading, but we did not find such a rela-
tionship. The null result for abstract words may suggest that,
although the decoding system supports the reading of both ab-
stract and concrete words, the semantic system provides stronger
support for concrete words. Given that we covaried accuracy on
concrete words in the SVR-LSM analysis of abstract words, per-
formance on abstract words may not capture additional unique
variance in lesion– behavior associations. It is important to note
that concrete word reading was modestly affected by anterior
inferior frontal lesions (Fig. 1C, Table 3). This finding is thus of
scientific interest because of implications for the neurobiology of
reading, but may be of limited practical significance to patients or
clinicians.

That lesioned IFG was not associated with inaccurate reading
of irregular words is surprising given fMRI evidence for irregular
words strongly engaging frontal cortex (Mechelli et al., 2005).
However, our null result is consistent with a previous LSM study
of a similar stroke population, which also found no cortex asso-
ciated with accuracy reading irregular words (Binder et al., 2016).
Rather, Binder et al. (2016) implicated posterior middle temporal
gyrus with regularization errors specifically. Within connection-
ist models, low-frequency irregular words are understood as re-
liant on semantics because the phonological route is not
adequately trained to support their pronunciation (Plaut, 1997).
The lack of convergence between fMRI and lesion studies of ir-
regular word reading is notable and future lesion work examining
interactions among frequency, regularity, and individual differ-
ences in semantic reliance (Hoffman et al., 2015b) is necessary to
clarify the anatomical basis of the lexical–semantic route and
surface alexia. Importantly, our lesion coverage of middle tem-
poral gyrus was modest and coverage of the so-called visual word
form area (Cohen et al., 2002) was not adequate for inclusion in
analyses (Fig. 2).

By localizing brain areas that support reading words differen-
tially dependent on phonological and lexical–semantic process-
ing, we aimed to identify brain structures underlying these
reading mechanisms. Our multivariate LSM analyses implicate a
phonological decoding process dependent on dorsal perisylvian
areas subserving sound–motor integration and a semantic con-
trol process dependent on frontal areas that leverage concrete
semantic representations to access phonology from print. Fur-

thermore, our results highlight the promise of process-based
(Binder et al., 2016) as opposed to syndrome-based analyses of
alexia.
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