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Abstract
We aimed to identify neuroanatomical regions associated with deficits to the graphemic buffer, a
working memory component of the spelling system that holds the sequence of letter identities
during production. We evaluated 331 patients with left hemisphere ischemic stroke with various
spelling tests and magnetic resonance diffusion-weighted imaging and perfusion-weighted
imaging, within 48 hours of stroke onset. A voxel-wise statistical map showed that ischemia in
voxels in posterior and inferior frontal and parietal cortex, subcortical white matter underlying
prefrontal cortex, lateral occipital gyrus, or caudate was associated with impairment in maintaining
the sequence of letter identities while spelling.

The graphemic buffer is a working memory component of the spelling system that
temporarily holds the sequence of graphemes (abstract letters) during production of letter
shapes for written spelling or letter names for oral spelling1. Selective damage to the
graphemic buffer following brain damage results in a characteristic pattern of errors1. As
damage involves a storage component, errors consist of substitutions, additions, deletions, or
transpositions of single or multiple letters, resulting in phonologically implausible spelling.
In addition, as this storage component is required for all spelling tasks, the same patterns
errors are found across written picture naming and oral and written spelling to dictation.
Furthermore, as the buffer is a working memory mechanism, errors increase as word length
increases. Several patients whose spelling performance appears to reflect selective damage
to the graphemic buffer have been reported1–5. However, neuroanatomical regions critical
to this mechanism have yet to be identified. Examination of lesions in single case studies of
graphemic buffer deficits reveals associated areas of damage in left frontal1,2,4,5 and
parietal1,3,5–9 lobes, and less frequently, temporal 10,11 and occipital8,12 cortex and basal
ganglia6. However, most of these patients had large strokes, and were studied long after
stroke, following the opportunity for extensive reorganization of structure/function
relationships or rehabilitation that modified spelling performance. Previous studies also did
not evaluate patients without graphemic buffer deficits to evaluate the probability of the
lesion causing the deficit.

The current study aimed to identify brain regions where ischemia resulting in tissue
dysfunction is associated with impairments to the graphemic buffer in a relatively large
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number of patients whose spelling performance was indicative of damage or preservation of
the graphemic buffer. Unlike previous studies, we tested patients early after stroke to
determine the status of the buffer before extensive reorganization. We also identified areas
rendered dysfunctional due to hypoperfusion, as well as infarct, because both contribute to
deficits in acute stroke12,13.

Methods
Participants

A consecutive series of 331 right-handed English-speaking patients with acute, left
hemisphere ischemic stroke, without exclusion criteria, were tested within 48 hours of stroke
onset. Exclusion criteria were: known hearing loss or uncorrected visual impairment; history
of dementia, previous symptomatic stroke or other neurological disease; and hemorrhage.

Language Tests
Spelling tests included 58 item oral and written spelling to dictation tasks, involving words
and pseudowords (e.g. torp) and written naming of 17 or 30 line drawings. Patients were
also tested on oral naming, spoken and written word comprehension, repetition, and oral
reading to obtain a broader view of their language processing (see references 12–13 for
description of tasks).

Imaging
Within 24 hours of language testing, patients underwent MRI, including diffusion weighted
imaging (DWI) with apparent diffusion coefficient (ADC) maps, which reveal infarct or
dense ischemia early after onset, perfusion-weighted imaging (PWI, which reveals areas of
hypoperfusion that correspond to dysfunction), Fluid Attenuated Inversion Recovery (to rule
out old infarcts), and T2*-weighted gradient-echo (to rule out hemorrhage). Hypoperfusion
was defined as > 4 sec delay in time to peak (TTP) arrival of contrast, relative to
homologous voxels in the right hemisphere, based on previous studies showing that this
degree of hypoperfusion is associated with clinical deficits, even in the absence of infarct13.

Technicians blinded to language test results outlined areas of tissue dysfunction (dense
ischemia or infarct defined as bright on DWI and dark on ADC maps and/or hypoperfusion
on PWI, as defined above) on the MNI atlas. We did not use ADC or TTP as continuous
measures to relate to continuous measures of graphemic buffer impairment, because the
absolute ADC depends critically on the precise time since stroke onset, which could not be
controlled.

Statistical Analysis
We first identified two groups of subjects: (1) patients with impairment to the graphemic
buffer; and (2) patients with preserved graphemic buffer (see Table 1 for criteria). MRIcroN
(http://www.sph.sc.edu/comd/rorden/mricron) was used to carry out a whole-brain analysis
(by the Liebermeister measure14), and create a voxel-wise statistical map to show voxels
where ischemia (DWI and/or PWI abnormality) was associated with graphemic buffer
impairment. An alpha level of 0.05 after a whole-brain False Discovery Rate (FDR)
correction for multiple comparisons was used to identify significant associations 15.

Results
Twenty-one patients (17 women) had clear evidence of impaired graphemic buffer; 48 (25
men) had evidence for an intact graphemic buffer. In the remaining patients the status of the
graphemic buffer was indeterminate because they met neither criteria for impaired
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graphemic buffer nor criteria for spared graphemic buffer. In most of these cases, there were
too few scorable spelling responses to evaluate the status of the graphemic buffer. There
were no differences across groups in age, education, or mean accuracy rates in oral picture
naming, tactile naming, repetition, or auditory comprehension (Table 2). Those with
graphemic buffer deficits and indeterminate status of the graphemic buffer were
significantly more impaired in all spelling tasks and reading tasks than those with intact
graphemic buffer. This finding is expected because patients with high accuracy in spelling
(and perhaps reading of pseudowords7–8) must have an intact graphemic buffer; those
whose spelling was so impaired that there were too few legible responses to analyze were
considered indeterminate. Some patients with intact graphemic buffer had low accuracy in
spelling, but had damage to other components of spelling, as reflected in different types of
errors, such as semantic paragraphias (e.g. “canoe” spelled bike) or phonologically plausible
errors (e.g. “canoe” spelled kanue). Some patients with impaired graphemic buffer also had
other deficits, such as anomia; but most had relatively spared auditory word comprehension.

Figure 1a shows the overlap of all regions of tissue dysfunction in all 69 patients with or
without deficits. Figure 1b shows the voxels of the MNI atlas where tissue dysfunction
(hypoperfusion and/or dense ischemia or infarct) was associated with a graphemic buffer
deficit compared to no buffer deficit. Specifically, the most strongly associated voxels (Z >
2.34, p < 0.01 FDR), were in precentral and premotor cortex involving Brodmann’s Areas
(BA) 4 and BA 6, and postcentral gyrus involving BAs 2 and 3. Other associated voxels
were in deep subcortical white matter underlying prefrontal cortex (BA 48) and caudate
nucleus. However, no patient with a graphemic buffer deficit had ischemia restricted to
subcortical gray or white matter. Voxels in posterior inferior frontal (BAs 45 and 47), and
lateral occipital (BA 19) gyri were also implicated in graphemic buffer impairments, but less
reliably (Z > 1.73, p < 0.05 FDR).

Discussion
We aimed to identify brain regions where ischemia is associated with a deficit to the
graphemic buffer, a working memory system that holds the sequence of graphemes while
they are processed into letter shapes for written spelling or letter names for oral spelling.
Consistent with regions identified in case studies of patients with selective deficits to the
buffer1–11, the current study identified a network of regions associated with graphemic
buffer deficits including left frontal, parietal, and occipital cortex, in addition to extensive
areas of subcortical white matter and caudate nucleus.

The areas we identified as critical for this component of spelling have also been found to be
engaged in functional neuroimaging studies of spelling, although the specific areas within
frontal and parietal lobes have varied by study and task16–18. Importantly, consistent with
the conceptualization of the buffer as a working memory mechanism, functional
neuroimaging studies have also identified areas within left frontal cortex (inferior frontal
gyrus, precentral gyrus, and dorsolateral prefrontal cortex) and parietal cortex in tasks
involving verbal working memory (see reference 19 for review). Some investigators have
reported activation in occipital cortex associated with visual working memory 20 or a
“visuo-spatial sketchpad”, which might be essential for holding the sequence of graphemes.

Limitations of this study include the relatively small number of spelling tasks and stimuli
that were presented, due to the limited time available for testing in the first 48 hours after
stroke. We were not able to evaluate for effects of regularity, concreteness, and word class
that might signal deficits to additional components of spelling. However, even if our
graphemic buffer patients had additional deficits, they each showed evidence graphemic
buffer impairment. It was necessary to evaluate patients soon after stroke onset, to avoid
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including patients in the “spared graphemic buffer” group who initially had the deficit, but
recovered.

In conclusion, we identified a cortical-subcortical network of areas in left posterior frontal,
parietal, and lateral occipital lobes that are implicated in the graphemic buffer function. We
cannot claim that all of these regions are critical to the network; some areas of ischemia may
be associated with the deficit only because they are frequently ischemic when other regions
that cause the deficit are ischemic. For example, post-central gyrus is not typically engaged
in working memory tasks, and seems less likely than other parietal regions to directly cause
graphemic buffer deficits. Future studies with more patients with and without dysfunction in
each of these regions may reveal which areas are critical. Lesions to at least some of these
regions are likely to result in impairments in maintaining the sequence of letter identities
while spelling.
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Figure 1.
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Table 1
Criteria for Impaired and Preserved Graphemic Buffer

A technician blinded to the imaging results identified whether or not each of the following criteria was met.

A graphemic buffer deficit was defined by meeting all of the following criteria:

1. >75% of errors were phonologically implausible nonwords (e.g. leopard-> leotald) in
dictation tasks and written naming

2. No significant difference (by chi-square) in accuracy rates between tasks or stimuli (words vs
nonwords), comparing subset of items matched in length;

3. A length effect was present on accuracy rates, defined as total error rates on long words (5+
letters) at least 10% greater than short (3–4 letters) words, coupled with an average error rate per
letter in the word that was greater for long than short words. The latter was computed by
identifying the number of incorrect or omitted letters and dividing by the number of letters in the
target for each stimulus. This measure of length effect is important because longer words have a
greater chance of an incorrect letter.

An intact graphemic buffer was defined by meeting either of the following criteria:

1. > 90% errors are real words (visually similar words, semantic errors, and/or morphological
errors); or

2. Normal performance (<10% total errors, based on norms for our stimuli) in spelling
words or pseudowords.
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Table 2

Mean (SD) Demographics and Error Rates on Language Tests

Preserved Graphemic
Buffer (n=48)

Impaired
Graphemic
Buffer (n=21)

Indeterminate
Status of the
Graphemic Buffer

Age in Years 56.7 (15.2) 61.8 (14.0) 59.1 (21.5)

Education in Years 14.0 (2.9) 12.8 (2.3) 11.7 (3.2)

Oral Naming Pictures 11.5 (23.7) 41.7 (40.9) 18.1 (26.2)

Oral Naming: Tactile   9.7(19.3) 35.7 (37.2) 13.6 (23.1)

Oral Reading*   9.2 (17.8) 31.9 (33.6) 27.2 (32.1)

Repetition   9.0 (19.7) 14.1 (19.8) 10.3 (14.6)

Auditory Comprehension   6.1 (12.3) 10.1 (14.5) 13.5 (14.9)

Reading
Comprehension*

  5.1 (9.7) 21.6 (30.2) 30.6 (33.8)

Written Naming
Pictures*

18.1 (23.8) 47.1 (28.1) 62.0 (53.7)

Written Spelling to
Dictation*

14.5 (29.1) 54.5 (29.1) 40.0 (33.4)

Oral Spelling to
Dictation**

21.2 (28.2) 49.6 (19.9) 52.1 (25.7)

*
differences between groups by ANOVA: p <0.02;

**
< 0.01
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