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A B S T R A C T

The neural basis of reading and writing has been a source of inquiry as well as controversy in the neuroscience
literature. Reading has been associated with both left posterior ventral temporal zones (termed the “visual word
form area”) as well as more dorsal zones, primarily in left parietal cortex. Writing has also been associated with
left parietal cortex, as well as left sensorimotor cortex and prefrontal regions. Typically, the neural basis of
reading and writing are examined in separate studies and/or rely on single case studies exhibiting specific
deficits. Functional neuroimaging studies of reading and writing typically identify a large number of activated
regions but do not necessarily identify the core, critical hubs. Last, due to constraints on the functional imaging
environment, many previous studies have been limited to measuring the brain activity associated with single-
word reading and writing, rather than sentence-level processing. In the current study, the brain correlates of
reading and writing at both the single- and sentence-level were studied in a large sample of 111 individuals with
a history of chronic stroke using voxel-based lesion symptom mapping (VLSM). VLSM provides a whole-brain,
voxel-by-voxel statistical analysis of the role of distinct regions in a particular behavior by comparing perfor-
mance of individuals with and without a lesion at every voxel. Rather than comparing individual cases or small
groups with particular behavioral dissociations in reading and writing, VLSM allowed us to analyze data from a
large, well-characterized sample of stroke patients exhibiting a wide range of reading and writing impairments.
The VLSM analyses revealed that reading was associated with a critical left inferior temporo-occipital focus,
while writing was primarily associated with the left supramarginal gyrus. Separate VLSM analyses of single-word
versus sentence-level reading showed that sentence-level reading was uniquely associated with anterior to mid-
portions of the middle and superior temporal gyri. Both single-word and sentence-level writing overlapped to a
great extent in the left supramarginal gyrus, but sentence-level writing was associated with additional under-
lying white matter pathways such as the internal capsule. These findings suggest that critical aspects of reading
and writing processes diverge, with reading relying critically on the ventral visual recognition stream and
writing relying on a dorsal visuo-spatial-motor stream.

1. Introduction

Reading and writing are relatively recent human developments that
originated several thousand years ago (Powell, 2009). As such, the
human brain did not evolve to support these skills but rather these
abilities had to be built upon pre-existing neural structures (Dehaene,
2009). The precise nature and location of these structures has been a
source of debate in the neuroscience literature (Cohen et al., 2002;
Price and Devlin, 2003). One particular issue in this debate is the extent

to which reading and writing are mediated by overlapping cognitive
and neural processes (Kemmerer, 2014; Tainturier and Rapp, 2003).
Both are complex communicative skills involving the precise co-
ordination of numerous componential processes. Intuitively, one would
expect that some core aspects of these skills would overlap, given their
heavily intertwined content, development, and usage (Lorch, 2013).
Early case studies around the turn of the 20th century by Dejerine and
others highlighted the importance of left posterior cortex in both
reading and writing. Dejerine (1891) claimed that the left angular gyrus
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was a critical word center for both reading and writing based on his
case, Mr. C, who initially had pure alexia (an impairment in reading
without aphasia) followed five years later by a sudden onset of agraphia
(an impairment in writing). At autopsy, however, Dejerine noted two
distinct lesions: An older lesion in left inferior occipito-temporal cortex
and a more recent lesion situated in the angular gyrus/inferior parietal
cortex (Dehaene, 2009; Hanley and Kay, 2003; Marshall and
Newcombe, 1973). Consistent with this case, lesions associated with
pure alexia are commonly localized to left posterior inferior temporal
cortex (Dehaene, 2009). In contrast, lesion sites associated with agra-
phia reported in the literature have been quite varied (Assal et al.,
1970; see Lorch, 2013 for a review) and include left inferior parieto-
occipital cortex (Gerstmann, 1930; Levine et al., 1988), left posterior
parietal cortex (Auerbach and Alexander, 1981), left posterior parieto-
temporal cortex (Kinsbourne and Rosenfield, 1974; Roux et al., 2014),
left posterior middle frontal cortex (Exner, 1881; Roux et al., 2009), as
well as subcortical regions (Laine and Marttila, 1981; Tanridag and
Kirshner, 1985).

Modern imaging has enabled a more detailed analysis of lesions
associated with specific reading and writing impairments, as well as the
networks active in healthy individuals during the execution of these
skills (Dehaene, 2009; Price and Friston, 2002; Price et al., 2003; Price
and Mechelli, 2005; Ripamonti et al., 2014; Turkeltaub et al., 2002).
With respect to reading, a number of both lesion and functional neu-
roimaging studies have pointed to the critical importance of a portion of
left ventral temporo-occipital cortex known as the visual word form
area (Cohen et al., 2000, 2002; Dehaene, 2009; Mani et al., 2008). This
area forms a core part of a larger reading network that has been sug-
gested to comprise occipital cortex for processing printed/written fea-
tures, anterior left temporal cortex for processing meaning, posterior
parietal cortex for top-down attention and serial reading, and left in-
ferior fronto-insular regions for oral reading (Dehaene, 2009; Jobard
et al., 2003; Nakamura et al., 2012; Price, 2012). Other regions have
also been implicated, including the left posterior superior temporal
gyrus, pre-central gyrus (bilaterally), superior temporal sulcus (bilat-
erally), right superior frontal gyrus, and the cerebellum (Mechelli et al.,
2003; Price et al., 2003).

In the modern era, much less attention has been dedicated to
identifying the brain networks associated with writing (also referred
to as spelling in the literature, depending on the task; Kemmerer, 2014;
Lorch, 2013; Rapp and Dufor, 2011; Rapp et al., 2015; Starrfelt and
Shallice, 2014). A recent meta-analysis of 11 functional imaging stu-
dies reported that the most consistent regions associated with writing
were the left inferior temporal cortex, fusiform gyrus, inferior frontal
cortex, and the posterior intraparietal sulcus (though not the angular
gyrus, which has been frequently implicated in lesion studies; Purcell
et al., 2011a). Another meta-analysis by Planton et al. (2013) also
found that the left intraparietal sulcus was a consistent region asso-
ciated with writing, but in addition found that the left middle frontal
gyrus and right cerebellum were involved as well. As with the reading
literature, it is unclear from functional neuroimaging studies which of
these regions within the reading network are most critical to the
process of writing and which are simply recruited as part of the overall
activity.

Most relevant to the current investigation, only a few studies have
attempted to identify the neural basis of both reading and writing in the
same individuals. Tsapkini and Rapp (2010) studied an individual with
a brain tumor who underwent surgical resection of the middle and
anterior left fusiform gyrus and adjacent regions of the inferior tem-
poral gyrus. He subsequently exhibited deficits in orthographic pro-
cessing during reading (mainly reduced speed) and spelling of words
(errors such as writing tipe for type). Philipose et al. (2007) used dif-
fusion- and perfusion-weighted MRI in a large group of acute stroke
patients to identify brain regions critical for (oral) reading and written
spelling of words and pronounceable pseudowords (Philipose et al.,
2007). They found that impairments in reading and writing were most

strongly associated with hypoperfusion and/or infarcts in left posterior
temporal cortex (Brodmann's area (BA) 37), inferior parietal cortex
(predominantly BA 40 but also BA 39 more weakly), and posterior
superior temporal cortex. These regions were implicated in reading and
writing both words and pseudowords.

Functional imaging studies in healthy individuals have also sug-
gested some degree of overlap in the neural correlates of reading and
writing. Rapp and Dufor (2011) and Rapp and Lipka (2011) reported
that the left inferior frontal gyrus was activated in addition to the left
mid-fusiform gyrus in healthy individuals during both reading and
writing. Purcell et al. (2011b) found that both reading and writing re-
lied on common lexical representations in left occipito-temporal cortex.
In that study, writing words (by typing) uniquely activated the inferior
frontal gyrus, middle/superior frontal gyrus, supramarginal gyrus, su-
perior parietal lobe, and fusiform gyrus. A conjunction analysis of
reading and writing revealed an overlap in the left inferior frontal gyrus
and occipito-temporal cortex, with an area in occipito-temporal cortex
lateral and superior to the visual word form area that was uniquely
associated with writing.

Given the mixed findings with respect to the location and overlap
between reading and writing processes in the brain, the main goal of
the current study was to identify regions critical for these two learned
skills in a single group of individuals. The second goal of this study
was to additionally contrast the neural correlates of single-word
versus sentence-level reading and writing, as previous literature has
focused primarily on single words (Perfetti and Bolger, 2004). To
address these goals, we conducted a retrospective, whole-brain ana-
lysis of lesion data from a group of 111 individuals with a history of
left hemisphere stroke using voxel-based lesion symptom mapping
(VLSM). VLSM identifies discrete brain regions that are most critical to
a particular cognitive process on a voxel-by-voxel basis. Participants
were tested and imaged in the chronic stage of recovery, when both
lesion site and behaviors are relatively stable, and we used very
stringent methods for evaluating the significance of regions in the
VLSM analyses so that only the most critical regions would be high-
lighted.

Unlike previous case studies of alexia and agraphia involving single
or small groups of cases, VLSM allowed for the analysis of lesion data
from a large group of individuals who suffered from a range of reading
and writing impairments that could be quantified as continuous per-
formance scores rather than a binary cut-off (e.g., alexic versus not
alexic, agraphic versus not agraphic; Ripamonti et al., 2014). In this
way, VLSM could pinpoint the precise areas that, when damaged, lead
to impaired reading and writing performance. Also, unlike functional
imaging in healthy individuals which identifies all active regions, VLSM
identifies those brain areas that are most critical to the behavior under
study, including both grey and white matter regions. Furthermore, by
studying individuals in the chronic phase of stroke, we were able to
identify brain regions that are so critical to reading and writing, they
are not compensated over time by plastic changes in neighboring or
homologous brain regions.

To our knowledge, this study is the first to use a whole-brain,
voxel-based lesion analysis to compare brain regions associated with
reading and writing in a large cohort of chronic stroke patients.
While we did not have complete lesion coverage of the ventral brain
surface, our analysis did include coverage of ventral occipito-tem-
poral regions previously identified by Dehaene, Cohen and collea-
gues as the visual word form area (Cohen et al., 2002, 2008). Based
on the current literature, our first hypothesis was that both reading
and writing would share common neural substrates in left posterior
occipito-temporal cortex but that writing would show a unique re-
liance on regions in left sensorimotor and parietal cortex. Our second
hypothesis was that, compared to single words, sentence-level
reading and writing would be associated with additional left middle
temporal regions, as well as left inferior frontal regions associated
with working memory.
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2. Methods

2.1. Participants

Language and brain imaging data were retrospectively analyzed
from 111 individuals (28 female) in our database who met the fol-
lowing criteria: History of a single left hemisphere stroke, pre-morbidly
right-handed, English as a first language, chronic phase of stroke (> 6
months), minimum 8th grade education, no other neurologic history,
no severe psychiatric history (e.g., bipolar disorder, schizophrenia),
concurrent brain imaging, no visual agnosia, normal/corrected-to-
normal vision and hearing, and ability to comply with task instructions.
The mean age of the sample was 60.6 years (SD = 11.5, range 31–86),
mean education was 14.8 years (SD = 28.1, range 8–20), and mean
months post-stroke was 49.2 months (SD = 50.1, range 11–271). These
111 participants were selected from the entire database of 601 patients
because they met the above criteria and had been administered the
reading and writing tasks. The primary reasons for exclusion of the
other individuals were: 1) the presence of right hemisphere and/or
multiple strokes, 2) no brain imaging data, and 3) no reading and
writing data.

Based on performance on the Western Aphasia Battery (WAB;
Kertesz, 1982), the participants included 37 individuals with anomic
aphasia, 25 with Broca's aphasia, 5 with conduction aphasia, 2 with
global aphasia, 1 with transcortical sensory aphasia, 12 with Wernicke's
aphasia, and 29 who scored within normal limits (≥ 93.8 out of 100
points). This latter group includes individuals with very mild or no
aphasic symptoms. Therefore, the sample of individuals included in this
study exhibited a wide range of language impairments. There was no
minimum aphasia score required for inclusion in the study, as long as
participants met the inclusion/exclusion criteria described above. There
was also a wide range of reading and writing deficits. Only a single
patient in the sample had a pure alexia, that is, extremely impaired
reading ability with relatively good overall language ability (in the
mildly anomic range) and very little writing impairment. There were six
individuals who exhibited a disproportionate impairment in writing,
with minimal reading impairment and only a mild aphasia.

Although all individuals were pre-morbidly right-handed, some
participants used their left hand for writing due to weakness/paralysis.
However, writing performance was scored on accuracy only, and no
points were deducted for poor penmanship or slowed writing.
Furthermore, as can be seen in the figures below, motor regions were
not the main focus of the VLSM results.

Informed consent was obtained from all study participants, and the
study was carried out in accordance with the Helsinki Declaration and
approved by the VA Northern California Institutional Review Board.

2.2. Materials and procedures

2.2.1. Behavioral tasks
All participants were tested on the WAB, which assesses a number of

speech and language processes, including speech production, auditory
comprehension, repetition, naming, reading, and writing. Standard
administration and scoring was followed as described in the WAB
manual (Kertesz, 1982). The only exception was simplified instructions,
including gestures, to convey instructions to individuals with compre-
hension deficits. Individuals who still could not comply with task in-
structions were discontinued and thus were not included in this ana-
lysis.

For the current study, we analyzed participants’ scores from four
WAB Reading subtests that involve single-word reading and sentence-
level reading. (We excluded reading subtests that require additional
speech and language processes that can confound reading performance,
for example, oral reading and auditory word-matching). The three
single-word reading subtests on the WAB require participants to 1)
point to an actual object that matches a presented word, 2) point to the

picture of an object that matches a presented word, and 3) point to a
word that matches a picture. The sentence-level reading subtest re-
quires participants to read a series of sentences that are missing a final
word (e.g., Farmers often grow wheat, corn, and other grain. They can also
produce____), and point to the word that best completes the sentence (in
this example, coal, tractor, earth, or vegetables). Thus, both the sentence-
level reading subtest and the single-word reading subtests all involve
reading for comprehension.

The Writing section of the WAB comprises seven subtests. In order
to most closely parallel the reading subtests described above, we ana-
lyzed data from two subtests that involved single-word writing
(writing-to-dictation) and sentence-level writing (picture description).
The single-word writing subtest required participants to write dictated
words, consisting of common, high-frequency, concrete nouns similar to
those in the single-word reading subtests described above. Scoring is
based on accuracy (not penmanship), and partial credit is given for
misspellings. The sentence-level writing task required participants to
write a description of a black and white drawing of a picnic scene that
stayed in view as they wrote. As per manual instructions, scoring is
based on the number of sentences and words generated, with partial
credit given for incomplete sentences and single words, and points
deducted for spelling and paraphasic errors. Participants’ writing was
not scored on accuracy (of content), organization, or relevance, and
thus task scores primarily reflected their ability to generate sentences/
words. As described above, participants with visual deficits and/or
agnosia were not included in this study and thus visual perception
impairment was minimized as a potential confound.

2.2.2. Brain imaging and lesion reconstructions
Participants’ lesions were reconstructed from 3D MRI T1 scans or 3D

CT scans when MRI was contraindicated. Imaging was acquired in the
chronic phase of stroke close to the time of testing, so that acute effects
of the stroke had stabilized. For 49 individuals, high-resolution T1-
weighted 3D MRI scans were obtained on a 1.5 T Phillips Eclipse
scanner. T1-weighted images were acquired with a Spoiled Gradient
Recall (SPGR) sequence (TR/TE = 15/4.47ms, FOV = 240mm, 256×
256 imaging matrix, flip angle = 35°, 0.94× 1.3× 0.94mm3 voxels,
212 coronal slices). Participants’ lesions were outlined directly on the
patient's T1 digital MRI image using MRIcro (Rorden and Brett, 2000)
and then registered with the MNI template using the standard nonlinear
spatial normalization procedure from SPM5 (Statistical Parametric
Mapping, Wellcome Trust Centre for Neuroimaging). A cost function
masking procedure was used to avoid distortions due to the presence of
the lesion (Brett et al., 2001). T2 and FLAIR images were yoked to the
T1 images in MRIcro to verify the extent of the lesion.

When 3D digital MRI images were not available, lesions were drawn
from hard-copy CT (n=34) or MRI films (n=28). The CT scanner was
a Siemens Somatom Emotion 16 CT scanner with 3× 3×3mm ima-
ging, and MRI images were collected on the 1.5 T scanner described
above. Lesions were outlined onto an 11-slice, standardized template
(based on the atlas by DeArmond et al., 1989) by a board-certified
neurologist who was blind to participants’ clinical presentation as well
as the predictions of the study. Reliability with this technique has been
previously demonstrated (Friedrich et al., 1998; Knight et al., 1988).
The brain templates were then digitized and non-linearly transformed
into MNI space (Collins et al., 1994) with SPM5. This transformation
was achieved using 50 control point pairs to match anatomical features
on the two templates. Slices were then aligned using a local weighted
mean transformation implemented by the Matlab cpselect, cp2tform and
imtransform image processing toolbox functions.

An overlay map of participants’ lesions is shown in Fig. 1. The
overlay map only includes voxels affected in a minimum of five parti-
cipants in each voxel, consistent with the constraints of the VLSM
analyses (see below). As can be seen, the extent of coverage in the
analyses included much of the left cerebral hemisphere and underlying
white matter. The average lesion volume for the sample was 102.1 cc
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(SD = 85.6, range = 1–421 cc).
We also generated an estimated power map based on a medium

effect size of 0.5 and alpha set at 0.01. As shown in Fig. 2, power ranged
from 0.4 to 1.0 across most of the same brain regions identified by the
lesion overlay map. Brain regions that were not represented by the
overlay and power maps were not included in the predictions for this
study.

2.2.3. VLSM analyses
In order to identify the critical grey and white matter correlates

of reading and writing, participants’ lesion reconstructions and be-
havioral data were analyzed using voxel-based lesion symptom
mapping (VLSM; freely available at https://langneurosci.mc.
vanderbilt.edu/resources.html). In this version of VLSM, linear re-
gression functions are estimated at every voxel, comparing beha-
vioral performance (here, reading and writing scores) in individuals
with and without a lesion in each voxel. Analyses were limited to
those voxels that had at least 5 individuals with a lesion in that voxel
in order to minimize biased regression parameter estimates.
Permutation testing was used to determine the cut-off for a sig-
nificant cluster size, based on 1000 iterations and alpha for the
voxelwise threshold set at 0.05 (see Kimberg et al., 2007). This is a
relatively conservative method to account for the large number of
comparisons made across the brain. In addition, all VLSM analyses
included lesion volume as a covariate. The auditory comprehension
score on the WAB was used as an additional covariate for all VLSM
analyses of writing due to the nature of the instructions in the writing
tasks, particularly writing to dictation. Auditory comprehension on
the WAB is tested by yes/no questions, word recognition, and se-
quential commands. The figures shown below in the results highlight
only those voxels surpassing the significance threshold. Identifica-
tion of the brain regions associated with the significant voxels in
each map was made with the Brodmann, AAL, and Johns Hopkins
white matter atlas templates in MRIcron.

3. Results

3.1. Behavioral findings

Mean performance on the single-word reading subtests was 17.0 out
of a possible 18 points (SD = 3.2, range = 1–18) and 28.2 out of a
possible 40 points (SD = 12.5, range = 0–40) on the sentence-level
reading subtest, reflecting the fact that participants were generally very
good at reading and understanding single words, but considerably less
successful and more variable when they had to read and comprehend
sentences. On the Writing section, participants’ mean performance on
single-word writing was 6.3 out of a possible 10 points (SD= 4.2, range
= 0–10) and 15.8 out of a possible 34 points on sentence-level writing
(SD = 13.9, range = 0–34).

3.2. VLSM findings: overall reading versus writing

To compare brain regions critical for reading versus writing, we ran
a VLSM analysis of the overall Reading score (single-word and sentence-
level reading combined) using the overall Writing score (single-word
and sentence-level writing combined) as a covariate, and vice versa.
These analyses allowed us to visualize critical regions associated with
reading and writing, while minimizing the impact of general processes
common to both. As described above, these analyses also included le-
sion volume and auditory comprehension (for Writing analysis) as
covariates.

Fig. 3 shows the significant regions associated with Reading (in
blue) when the overall Writing score was covaried, and the regions
associated with Writing (in red) when the overall Reading score was
covaried. The critical area for Reading was left occipito-temporal
cortex, with a peak t-value of 7.42 located at the border of the lingual
and fusiform gyri (− 30, − 58, − 2). The other remaining significant
voxels for Reading included adjacent white matter (the optic radiations)
and a few voxels in inferior parietal cortex. The critical areas remaining
for Writing, after covarying the overall Reading score, were primarily

Fig. 1. Lesion overlay map showing the degree of overlap across participants’ lesions, with a minimum of 5 participants’ lesions in each voxel. This 5-patient cut-off
was used in order to reflect the VLSM analyses shown below, which also used this cut-off to minimize spurious results.

Fig. 2. Estimated power map based on a medium effect size and alpha set at 0.01. Legend indicates power range from 0.4 (in black) to 1.0 (in bright red).
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located in the left inferior parietal cortex, namely, the supramarginal
gyrus. There were also significant voxels in superior temporal cortex
including Heschl's gyrus, the angular gyrus, sensorimotor cortex, mid-
frontal cortex, and underlying white matter. The peak t-value of 4.34
was located in the supramarginal gyrus (− 44, − 46, 42). The maximal
additional variance explained by the Writing foci over and above that of
reading and other covariates was 60% at the location of maximal sta-
tistical significance, and was 59% for Reading over and above Writing,
both indicative of moderately-sized peak effects of predictive im-
portance (Abdi, 2010).

3.3. VLSM findings: single-word reading versus sentence-level reading

Since much of the literature on reading and writing/spelling has
focused on single words, it was of interest to map the neural correlates
of single-word and sentence-level processing in both reading and
writing. Fig. 4 shows separate VLSM maps for single-word reading and
sentence-level reading with lesion volume included as a covariate in
both maps. The significant voxels associated with single-word reading
are shown in the red VLSM map, while voxels associated with sentence-
level reading are shown in the green VLSM map. The overlap of the two
VLSM maps is shown in yellow. As described above, only significant
voxels are displayed that exceeded the permutation testing-based
threshold for each respective map. For single-word reading, significant
voxels were located primarily in the left temporo-occipital cortex and
underlying white matter, with some extension into left posterior lateral
temporal and inferior parietal cortex. The largest t-value (8.44) was
centered at the border of the left lingual and fusiform gyri (− 30,− 58,
− 2). Sentence-level reading was also associated with left temporo-
occipital cortex and lateral temporal cortex, but had a more anterior
extension that included significant voxels in the superior portion of the
temporal pole, inferior and posterior insula, and the white matter ad-
jacent to the insula. The peak t-value for sentence-level reading was
4.74, located in the white matter underlying the left middle temporal

gyrus (− 36, − 54, − 2).

3.4. VLSM findings: single-word writing versus sentence-level writing

Next, we ran separate VLSM analyses of single-word writing and
sentence-level writing on the WAB, with lesion volume and auditory
comprehension included as covariates in both analyses. The significant
voxels associated with single-word writing are shown in the red VLSM
map, while voxels associated with sentence-level writing are shown in
the green VLSM map. The overlap of the two VLSM maps is shown in
yellow (see Fig. 5). As can be seen, the majority of significant voxels for
both single-word and sentence-level writing were located primarily in
the left supramarginal gyrus and the underlying white matter. For
single-word writing, the majority of significant voxels were located in
the left supramarginal gyrus with some extension into the angular
gyrus, postcentral gyrus, and Heschl's gyrus. The maximum t-value for
single-word writing was 5.16, located at the border of the supramar-
ginal gyrus and somatosensory cortex (− 50, − 30, 44).

The areas associated with sentence-level writing were similar to
single-word writing, including a large overlapping area primarily in the
left supramarginal gyrus, as well as voxels in the postcentral gyrus and
Heschl's gyrus, but uniquely included underlying white matter regions
corresponding to the corona radiata, external capsule and posterior
limb of the internal capsule. A small percentage of significant voxels
were also present in the white matter underlying parietal cortex, cor-
responding to the location of the posterior/dorsal portion of the su-
perior longitudinal fasciculus. The maximum t-value for sentence-level
writing was 4.47 in the internal capsule (− 28, − 18, 18).

4. Discussion

In the current study, we used a whole-brain, voxel-based, statistical
approach to identify the brain areas critical for reading and writing at
both the single-word and sentence-level. Voxel-based lesion symptom

Fig. 3. VLSM maps showing neural correlates of Reading (in blue) when overall Writing score is included as a covariate, and neural correlates of Writing (in red)
when overall Reading score is used as a covariate.

Fig. 4. VLSM maps of single-word reading (red) and sentence-level reading (green), with yellow indicating regions of overlap. Lesion volume was used as a covariate
in both maps
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mapping (VLSM) allowed us to directly compare these abilities in a
single, large group of well-characterized left hemisphere stroke patients
suffering from a wide range of reading and writing impairments.
Previous findings in smaller case studies and in healthy individuals
have been mixed with respect to the degree to which reading and
writing processes overlap in the brain. We found a robust dissociation
between brain regions underlying these two abilities, with reading as-
sociated primarily with left posterior inferior/ventral temporal cortex
(fusiform/lingual border) and writing associated primarily with left
inferior parietal cortex, specifically the supramarginal gyrus.

The current findings are generally in keeping with a number of
previous studies that have identified posterior ventral temporal cortex
as a critical region for single-word reading. A portion of this region,
sometimes called the visual word form area, has been implicated in a
large number of different reading tasks, involving both words and non-
words (Cohen et al., 2000, 2002; Dehaene, 2009; Mani et al., 2008). In
the current study, the peak voxel associated with reading was at the
fusiform/lingual gyrus border, just superior to the coordinates deli-
neated by Cohen, Dehaene and colleagues for the visual word form
area. Earlier studies of reading reported activation in both the left fu-
siform and lingual gyri (Fiez and Petersen, 1998), consistent with the
current findings. While we did not have complete coverage of the
ventral temporal surface of the brain, due to the nature of our patient
sample and because we limited the VLSM analyses to those voxels with
a minimum of 5 individuals with lesions in each voxel, we did have
lesion coverage in the visual word form area based on coordinates
identified by Cohen, Dehaene and colleagues (e.g., Cohen et al., 2002,
2008). Nonetheless, we repeated the primary analyses of overall
reading and writing with a minimum of 3 (rather than 5) individuals in
each voxel so that the ventral temporal surface was more completely
sampled. The results did not change: The critical region for reading
remained in the same area of the fusiform/lingual border.

Although this left posterior, ventral temporal area has been con-
sistently associated with reading, there is some controversy as to the
specificity of this region as an area devoted to word forms; it has been
argued that this region also subserves other non-reading functions that
involve visual-verbal integration, such as picture naming (Mani et al.,
2008; Price and Devlin, 2003; Price et al., 2006; Vogel et al., 2013). For
example, Binder et al. (2003) noted that left occipito-temporal regions
are activated to a greater extent by object naming than by reading,
suggesting that this region is not specific to orthographic processing but
may “act as an interface in the retrieval of phonology from visual
input.” While we did not directly address this issue of specificity in the
current study, our previous VLSM study of naming identified the left
mid-posterior middle temporal gyrus and underlying white matter as
most critical to picture naming (Baldo et al., 2013). This region is
distinct from the more ventral region associated with single-word
reading in the current study. Further work to directly compare brain
regions associated with these different modalities using matched sti-
muli is ongoing.

Unlike many previous studies of reading, all the tasks in the current
study involved so-called “reading-for-comprehension.” That is,

performance reflected participants’ ability to understand the words they
were reading, rather than simply reading words aloud (which can be
accomplished without any understanding). Our findings for single-word
reading were generally consistent with previous studies demonstrating
the critical nature of the ventral temporo-occipital cortex in reading.
Our inclusion of higher-level sentence reading (for comprehension)
showed additional involvement of more anterior and mid-temporal
regions. These additional left temporal regions are likely associated
with higher-level comprehension required for integrating semantic in-
formation across sentences (Price, 2012).

Our finding that writing is primarily dependent on left parietal
cortex is generally consistent with a subset of findings in the literature
that have reported this region as a critical component of writing and a
cause of agraphia in case studies (Basso et al., 1978; Roeltgen and
Heilman, 1984). There has been less agreement with respect to which
portions of left parietal cortex are most critical, however (Sakurai et al.,
2010). In the current study, the left supramarginal gyrus appeared to
play the most critical role, consistent with a number of studies (e.g.,
Scarone et al., 2009). Similar to other studies that have assessed more
motoric aspects of writing (Planton et al., 2013), we also found a small
cluster of significant voxels in descending motor fibers, namely, the
corona radiata and the posterior limb of the internal capsule (in sen-
tence-level writing). The impact of motor dysfunction was minimized in
our study because participants could use their unaffected left hand to
write when necessary, and the writing subtests were scored only for
content, not penmanship. Writing was also associated with some voxels
in the postcentral gyrus that correspond to the hand area in the current
study, but writing is typically associated with multi-modal brain regions
in left parietal cortex where we found the majority of significant voxels.

Although writing performance was strongly associated with left
parietal cortex in our analyses, there was some concern that we may
have inadvertently factored out some ventral temporal regions by in-
cluding auditory comprehension as a covariate (since some pictures are
used as stimuli to test auditory comprehension). Therefore, we re-ran
the VLSM analysis of the writing scores without auditory comprehen-
sion as a covariate, and it did not alter the left parietal focus for writing.
In addition, we ran a VLSM analysis on the auditory comprehension
score itself, and the significant voxels were primarily in posterior, lat-
eral middle temporal cortex as we have reported elsewhere (Baldo and
Dronkers, 2018), with no significant voxels in ventral temporal/visual
word form regions.

The current findings are not consistent with some previous studies
that have identified left frontal cortex as a critical region involved in
writing (Katanoda et al., 2001; Sugihara et al., 2006; Roux et al., 2010).
This may be due to the fact that, unlike some of these previous studies,
the effects of motor impairment were minimized in the current writing
tasks (as described above) and working memory demands were low.
Also, some previous lesion and imaging studies have implicated left
superior parietal cortex in writing (and sometimes reading; Auerbach
and Alexander, 1981; Menon and Desmond, 2001), but there was no
involvement of this brain region in the current analyses. Rather, we
found that the supramarginal gyrus was most strongly associated with

Fig. 5. VLSM maps of single-word writing (red), sentence-level writing (green), and regions of overlap (yellow). Lesion volume was used as a covariate in both maps.
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writing. The discrepancy may be due to the distinction between a more
inferior (parietal) agraphia in which word/letter knowledge is dis-
rupted versus a more superior (parietal) agraphia that is associated with
an apraxic syndrome (i.e., impaired spatially-guided movements;
Alexander et al., 1992). Last, previous studies have sometimes reported
a role for the visual word form area in writing, but we did not find
evidence of this in the current study.

A unique aspect of the current study was the analysis of both
reading and writing performance in a single, large group of brain-in-
jured individuals. As described above, we found evidence of a strong
dissociation between these processes. A previous study in acute stroke
patients (Philipose et al., 2007) reported common areas of hypoperfu-
sion/infarct for reading and writing in a more posterior region of left
temporo-parietal cortex. That study differed from the current one as it
involved oral reading, included both words and pseudowords, and did
not include sentence-level processing. Perhaps most importantly, our
study differed in that it included only individuals who were many
months and years post-stroke. These differences in study sample pro-
vide important, complementary information. Philipose et al. identified
brain regions involved in reading and writing prior to any plasticity or
reorganization. In contrast, the present study suggests that left posterior
ventral temporal cortex and the supramarginal gyrus are apparently so
critical for reading and writing, respectively, they cannot be compen-
sated for, even after years of recovery.

Another unique aspect of the current study is that we included both
single-word and sentence-level reading and writing. Previous studies in
patients and healthy controls have focused primarily on single-word
reading or writing, which allows for greater control and ability to
manipulate experimental factors, but may not be representative of
reading and writing at the sentence level. As mentioned above, we
found a dissociation between regions associated with single-word
reading and sentence-level reading, as the latter included additional
regions in left anterior to mid-temporal cortex. Sentence-level reading
likely relies on additional lexical-semantic representations and in-
tegration processes along the lateral temporal axis (Noppeney et al.,
2005; Vandenberghe et al., 2002). With respect to writing, the regions
critical for single-word and sentence-level tasks were largely over-
lapping and centered in inferior parietal cortex, although sentence-level
writing was additionally associated with a number of underlying white
matter pathways. More work needs to be done using better-matched
word- and sentence-level stimuli and using sentence-level (or higher)
stimuli that fully evaluate the brain networks involved in real-world
reading and writing tasks.

As a complement to the VLSM analyses reported above, we also
inspected our data for individuals who exhibited disproportionate im-
pairments in reading or writing. There were six individuals who had
relatively pure agraphia (i.e., greatly impaired writing performance
with very mild aphasia and minimal reading impairment) and one in-
dividual with relatively pure alexia (i.e., greatly impaired reading
performance with very mild aphasia and minimal writing impairment).
When we overlaid the lesions from the six agraphic individuals, they
were centered in left inferior parietal cortex, with the greatest area of
overlap in the underlying white matter. None of the six patients’ lesions
extended into the ventral temporal-occipital regions that we found to be
associated with reading. Our single case of pure alexia had a large
posterior cerebral artery stroke that encompassed left posterior ventral/
inferior temporal-occipital cortex (including the lingual and fusiform
gyri) and also extended dorsally into the angular gyrus. Significantly,
the supramarginal gyrus was not affected in this individual, which
likely accounts for her relatively preserved writing skills.

This study examined performance from a large group of individuals
with a range of deficits in order to identify critical regions for reading
and writing using VLSM. This type of large-scale, retrospective analysis
allowed us to identify 111 stroke patients out of a much larger pool who
met strict inclusion/exclusion criteria. Reading and writing perfor-
mance was measured by the WAB, a commonly-used research and

clinical tool, which lends itself to comparing results across studies as
well as providing data relevant to the clinical realm. As much as pos-
sible, we selected WAB reading and writing conditions that had parallel
task demands and used comparable, concrete nouns as stimuli. Also,
unlike some previous studies of reading and writing, we minimized the
potential confound of speech impairments by omitting oral reading and
oral spelling subtests from the analysis. However, in order to amass
data from over 100 patients, we had to rely on a retrospective analysis
that did not include specialized testing with experimentally-matched
stimuli.

Another limitation of the current study is that the use of a stan-
dardized language battery did not allow us to tease apart sub-
components of reading and writing. Writing has been proposed to in-
volve the activation of a generic graphemic representation, conversion
of the orthographic representation into a specific allographic pattern,
and production of the corresponding sequence of graphomotor move-
ments (Bonin et al., 2015; Planton et al., 2013; Rapp and Caramazza,
1997; Roux et al., 2009, 2014; Yuan and Brown, 2015). Results from
the current study likely reflect the first two components, as participants
were mostly at ceiling on separate subtests (not analyzed here) in which
they had to write more automatic sequences like their names. Addi-
tional writing processes were also involved in the written picture de-
scription task as participants wrote sentences to describe a visual scene.
However, since scoring was based on the number of complete sentences
and single words in this task (not on accuracy of perception or com-
pleteness/organization), the VLSM results reflect primarily the ability
to generate written sentences/words.

With respect to reading, the main cognitive subcomponents include
visual processing of the printed or written features, generation and
recognition of the orthographic form, accessing or converting the gra-
phic representation into its phonological form, and the activation and
integration of corresponding semantic representations (Carreiras et al.,
2014; Dehaene and Cohen, 2011; Jobard et al., 2003). The WAB
reading subtests used in the current study likely reflect all of these
processes, with single-word reading more reliant on the first steps and
sentence-level reading more reliant on the latter steps.

The use of VLSM is complementary to other techniques used to
identify brain-behavior correlates. For example, VLSM can identify
brain areas on a voxel-by-voxel basis that are critical for a given
process, based on a continuous measure of impairment severity across
a large sample, while case studies provide the opportunity to do more
detailed testing and better characterize the nature of the processes
subserved by these regions. The current study also complements
smaller group studies that employ rigorously-matched experimental
stimuli in order to tease apart the neural correlates of distinct sub-
components of reading or writing (Rapp et al., 2015). Also com-
plementary, functional imaging studies in healthy individuals and
acute stroke patients provide a snapshot of the larger network of re-
gions recruited during a particular activity. In contrast, VLSM (in
chronic patients) identifies primarily those regions most critical for a
particular task that are not susceptible to plasticity or diaschitic
changes. Another advantage of VLSM is that there is no need to
identify regions of interest a priori and no need to define what is
considered “impaired performance.”

The current study did not make predictions about brain regions
where there was limited lesion coverage, such as the frontal pole, cer-
ebellum, and other subcortical regions such as the basal ganglia. Some
of these regions have been implicated in functional imaging and case
studies, and may become involved when the core network is affected
(Booth et al., 2007; Planton et al., 2013). For example, focal lesions to
the putamen/internal capsule have been associated with impaired
writing ability (Tanridag and Kirshner, 1985), and micrographia is a
common symptom of basal ganglia-related diseases such as Parkinson's
(Marsden and Obeso, 1994). A number of focal cerebellar cases have
been reported that present with an apraxic agraphia (Mariën et al.,
2007; for a review, see De Smet et al., 2011). As described above, this

J.V. Baldo et al. Neuropsychologia xxx (xxxx) xxx–xxx

7



form of agraphia is associated with spatial distortions and poor letter
formation, and has also been associated with left superior parietal
cortex. Apraxic agraphia has also been reported following damage to
the left thalamus (Ohno et al., 2000). Interestingly, while the structural
lesion in this case was focal in the left thalamus, functional imaging
showed reduced activity in both the thalamus and the left dorsolateral
premotor cortex (see also Osawa et al., 2013), illustrating the complex
interactions of a broader network involving both subcortical and cor-
tical regions.

Also, we only analyzed the role of the left hemisphere in reading
and writing due to the availability of predominantly left hemisphere
stroke patients in our participant database. The right hemisphere has
been reported to come online during reading and writing in cases of
injury/dysfunction in the left hemisphere (Cohen et al., 2004;
Coltheart, 2000) and during higher-level discourse processing (similar
to spoken language; St George et al., 1999). Because this was not a
functional imaging study, we were not able to assess the degree to
which this compensation took place in the current sample of chronic
left hemisphere patients, but it may account for some of the observed
variability. For example, one study showed that the right visual word
form area homologue was activated during reading in a child who
underwent resection of the left occipito-temporal region. Similarly,
Tsapkini et al. (2011) showed compensation in bilateral anterior tem-
poral cortex for reading and writing deficits following a left fusiform
resection. Additional combined lesion/functional imaging studies such
as these are needed to provide insight into such complex interactions of
the reading and writing network during the recovery phase of acquired
brain injury.

Another way to think about the dissociation between reading and
writing observed in the current study is that of a functional distinction
between dorsal versus ventral pathways. Such a model has been used to
characterize distinct neural pathways underlying different components
of speech and language, for example, a ventral stream for mapping
sound to meaning and a dorsal stream for mapping sound onto motor
(articulatory) representations (Hickok and Poeppel, 2000, 2004). In an
analogous way, one can think of reading and writing as reliant on these
two functional pathways: Reading is associated with the ventral stream
that extends from posterior/ventral occipito-temporal cortex along the
lateral temporal surface and is critical for visual recognition and se-
mantic integration, while writing is most associated with the dorsal
stream that extends from parietal to frontal cortex and is critical for
visuospatial processing and guided movement (but see Carreiras et al.,
2014; Cohen et al., 2008; Zhou et al., 2016 for discussion of ventral
versus dorsal dissociation in reading alone). In the healthy individual,
these two streams interact, for example, with dorsal stream processes
exerting attentional control over the ventral, perceptual processes, so
that a deficit in visual attention (in the dorsal stream) can lead to basic
reading deficits (Boden and Giaschi, 2007; Lawton and Shelley-
Tremblay, 2017; Vidyasagar and Pammer, 2010).

In summary, the current study used a whole-brain, voxel-based
approach to identify critical brain regions associated with reading and
writing in a large group of over 100 left hemisphere stroke patients. The
focus of the current paper was not to establish the precise location of
the visual word form area based on this sample of chronic lesion pa-
tients (much elegant work has gone into this previously), but rather to
compare/contrast the regions critical for reading versus writing and for
single-word versus sentence processing. We found that the critical brain
regions associated with reading and writing (fusiform-lingual border
and supramarginal gyrus, respectively) were strongly dissociated. This
type of whole-brain, lesion analysis approach has certain advantages
over smaller patient studies and functional imaging in healthy partici-
pants, but there were also limitations due to the retrospective nature of
the approach. Findings from this VLSM study complement data from
other research modalities and further our understanding of the neural
correlates of reading and writing.
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