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Producing written words requires “central” cognitive processes (such as orthographic longterm and working memory) as well as more peripheral processes responsible for generating
the motor actions needed for producing written words in a variety of formats (handwriting,
typing, etc.). In recent years, various functional neuroimaging studies have examined the
neural substrates underlying the central and peripheral processes of written word production. This study provides the ﬁrst quantitative meta-analysis of these studies by applying
activation likelihood estimation (ALE) methods (Turkeltaub et al., 2002). For alphabet languages, we identiﬁed 11 studies (with a total of 17 experimental contrasts) that had been
designed to isolate central and/or peripheral processes of word spelling (total number of
participants = 146). Three ALE meta-analyses were carried out. One involved the complete
set of 17 contrasts; two others were applied to subsets of contrasts to distinguish the
neural substrates of central from peripheral processes. These analyses identiﬁed a network of brain regions reliably associated with the central and peripheral processes of word
spelling. Among the many signiﬁcant results, is the ﬁnding that the regions with the greatest correspondence across studies were in the left inferior temporal/fusiform gyri and left
inferior frontal gyrus. Furthermore, although the angular gyrus (AG) has traditionally been
identiﬁed as a key site within the written word production network, none of the metaanalyses found it to be a consistent site of activation, identifying instead a region just
superior/medial to the left AG in the left posterior intraparietal sulcus. These meta-analyses
and the discussion of results provide a valuable foundation upon which future studies that
examine the neural basis of written word production can build.
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INTRODUCTION
There are a number of reasons why it is important to understand
the neural substrates of written language production. Communicating through written language is critically important to professional success and for effective functioning in everyday life (e.g.,
writing checks, keeping a calendar, taking messages, etc.). In this
regard, its importance has only increased with the rise of electronic
communication (e-mail, internet, texting, etc.). As a result, deﬁcits
of written communication have a very signiﬁcant impact on the
well-being of individuals who suffer from acquired and developmental dysgraphia. Understanding the neural substrates of written
language production is important for developing accurate prognoses and effective remediation of these written language impairments. Furthermore, written language processing is an interesting
domain from a basic neurobiological perspective. Written language is a relatively recent human invention, appearing approximately 5000 years ago and used by only a limited portion of the
human population until very recently. As a result, it is unlikely to
have had an impact on the human genome and, accordingly, there
is unlikely to be a genetic blueprint for the speciﬁc neural circuitry
of written language processing. Nonetheless, with instruction,
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most people learn to comprehend and produce written language
with remarkable ease. Thus, written language offers an opportunity to investigate the brain’s capacity to develop expertise in skills
that are not speciﬁcally biologically predetermined.
While in the past two decades there has been a great deal of
functional neuroimaging research directed at understanding the
brain-basis of written language comprehension (reading), relatively little attention has been directed at investigating written
language production (spelling and writing). Recently, however
there has been an upswing in the number of functional neuroimaging investigations in this domain. The ﬁndings from these
studies, along with those from the more traditional clinical literature examining correlations between lesions and deﬁcits, have
provided important insights into the neurobiology of written
language production. The neuroimaging studies, quite naturally,
differ with regard to a number of variables such as experimental
and control tasks, neuroimaging modalities, etc. This heterogeneity, as well as the current critical mass of functional neuroimaging
studies of spelling, makes this an appropriate moment to attempt
to integrate ﬁndings across studies. In this paper, we report on our
efforts to do so by carrying out a meta-analysis of existing positron
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emission tomography (PET) and functional magnetic resonance
imaging (fMRI) studies of word spelling in alphabetic language
involving adult participants.
Producing written words involves a number of interacting
cognitive processes that have been described in various models
of written language production (Roeltgen and Heilman, 1985;
Rapp and Caramazza, 1997; Rapcsak and Beeson, 2002; Hillis and
Rapp, 2004). Although these cognitive processes are highly integrated, an important distinction is often made between central
and peripheral components (see Figure 1). The different patterns
of impairment that have been observed in cases of acquired dysgraphia subsequent to brain lesions have constituted the major
source of empirical support for the distinctions between central
and peripheral processing components as well as for the more ﬁnegrained distinctions described below and depicted in Figure 1. In
addition, convergent evidence for many of these distinctions has
been conﬁrmed by behavioral studies of spelling and writing in
neurologically healthy participants. While it is outside the scope
of this paper to review these literatures, we refer the interested
reader to various reviews (Ellis, 1979; Burt and Fury, 2000; Burt
and Tate, 2002; Weingarten, 2005).
Spelling typically begins by hearing words (e.g., taking notes
in a lecture, a message over the phone, etc.) or with internally generated word meanings (e.g., writing a letter, a grocery list, etc.). These auditory comprehension and semantic
processes and mechanisms are not speciﬁc to spelling, yet
serve as the basis for the subsequent retrieval or assembly of
spellings. Spelling-speciﬁc, central processes are usually identiﬁed
as: orthographic long-term memory (O-LTM; the orthographic
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lexicon), phoneme–grapheme (PG) conversion, and orthographic
working memory (the graphemic buffer). O-LTM is the store of
the word spellings that an individual is familiar with. As indicated
in Figure 1, information in O-LTM may be retrieved on the basis of
a word’s meaning or, according to some researchers, directly from
a representation of the word’s sound (Patterson, 1986). In addition to retrieval from O-LTM, word spellings may be assembled
from a phonological stimulus via the PG conversion processes that
apply learned information regarding the relationships between
sounds and letters (or other sub-lexical units) to generate plausible spellings for sound strings. For example, the sound stimulus
“wuns” could result in the retrieval of the information O-N-C-E
from O-LTM and/or in the assembly of a plausible spelling such
as W-U-N-S-E from the PG conversion system. The letter representations assembled or retrieved are assumed to be abstract,
lacking format-speciﬁc information (such as shape, size, motor
plan, etc.). The abstract letter strings are then processed by OWM, a limited capacity system responsible for maintaining letter
identity and order information active so that they can be selected
for further processing by peripheral components (Rapp and Kong,
2002; Kan et al., 2006). These central processes interact with one
another, with evidence speciﬁcally supporting bi-directional interactions between O-WM and O-LTM (McCloskey et al., 2006)
and between O-LTM and PG conversion processes (Rapp et al.,
2002).
In terms of peripheral processes, it is generally assumed that
there are multiple stages involved in going from the abstract letters
representations in O-WM to the correct ordering and execution
of the effector-speciﬁc muscle movements required for expressing

FIGURE 1 | A schematic depiction of the cognitive architecture of the written word production system.
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these letters. These peripheral processes generate written language
in the major modalities of oral spelling, written spelling, or typing.
As of yet there is no strong consensus on the characterization of the
multiple peripheral processes, and so we present a general overview
of some of the basic components (Ellis, 1979, 1982; Margolin, 1984;
Ellis and Young, 1988; Rapp and Caramazza, 1997).
While we will not be concerned with oral spelling in this paper
(as there have been no functional neuroimaging studies of oral
spelling), it is worth mentioning the peripheral processes that are
involved in this spelling “format.” On the basis of the information
held in O-WM, the names of letters (e.g., /si//ei//ti/) are retrieved
in their correct order from the phonological LTM store of words
(the phonological lexicon). Subsequently, the phonetic and articulatory planning processes of speech are recruited for the spoken
production of the letter names.
In the case of writing, the speciﬁc letter forms or allographs
must ﬁrst be selected (upper-case, lower case, print, cursive, etc.).
The mechanism responsible for converting the abstract letters held
in O-WM to speciﬁc letter shapes is often referred to as Allographic
or Letter-Shape Conversion. Following Allographic Conversion,
motor plans for producing the letter forms are then assembled by
Graphic Motor Planning processes, specifying such things as the
size and ordering of the strokes. Subsequently, Effector-Speciﬁc
Motor Programming compiles instructions for the speciﬁc limb/s
(e.g., right or left hand, foot, etc.) to be used in carrying out
the motor actions. The programming and execution of effectorspeciﬁc actions is subject to multi-modal feedback during execution (haptic, tactile, visual, etc.). In addition, some researchers have
posited buffers/WM components that are associated with motor
planning and programming components (Ellis and Young, 1988).
Furthermore, the various motor planning processes necessarily
interact with others responsible for certain spatial aspects of the
writing process such as the coordination of the ego-centric and
allo-centric reference frames required for producing the speciﬁc
motor acts in the correct spatial locations.
In contrast to writing, typing requires the generation of a series
of hand and ﬁnger motor commands in standard keyboard space in
order to generate the letters held in O-WM. If we assume an experienced typist, motor plans may be stored and/or pre-compiled not
only for individual letters but also for larger graphemic chunks,
allowing for rapid production of letter sequences. Motor planning in typing is sensitive to the particular sequencing of letters,
with the planning of the timing of hand movements for multiple
letters typically occurring in parallel. As a result, the movements
required to produce each letter are modulated by the immediately preceding and following context; this is sometimes referred
to as co-articulation (West and Sabban, 1982; Salthouse, 1986;
Salthouse and Saults, 1987). The motor programs used in typing
also require parameterization for such things as speed of typing,
size of keyboard, etc. As is the case for writing, the motor planning and execution processes required for typing also interact with
processes that ensure the coordination of the spatial frames of reference required to move the hands and ﬁngers in external keyboard
space.
Handwriting and typing face a number of similar computational demands and, as a result, possibly share processing
components. For example, motor sequences for both typing and
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handwriting have been shown to be similarly inﬂuenced (in terms
of timing of strokes and pauses) by the types of grapheme units
being produced (digraphs, double letters, syllable, and morpheme
boundaries; Weingarten et al., 2004). Some investigators have even
posited that handwriting and typing may share buffering or working memory components (Magrassi et al., 2010). For example,
recent work has reported similar impairments to handwritten and
typed production, but not oral spelling, subsequent to electrical
stimulation to a restricted area of the superior parietal lobe (SPL;
Magrassi et al., 2010).
Turning to the neural correlates of these central and peripheral
components, ﬁndings from numerous studies of acquired dysgraphia subsequent to neural injury (typically stroke, but also
surgical resection and progressive neurological disease) consistently indicate that the central processes of spelling are subserved
by a network of regions including the left fusiform/inferior temporal, middle temporal, superior temporal, inferior frontal, angular,
and supramarginal gyri (Beauvois and Derouesne, 1981; Shallice,
1981; Roeltgen and Heilman, 1984; Kawahata et al., 1988; Rapcsak and Beeson, 2004; Philipose et al., 2007; Rapcsak et al., 2009;
Tsapkini and Rapp, 2010). In the lesion-based literature, peripheral processes have been most consistently associated with a left
frontal–parietal network including, but not limited to, the dorsal
premotor cortex and SPL (Exner, 1881; Ritaccio et al., 1992; Tohgi
et al., 1995; Lubrano et al., 2004; Roux et al., 2009). In addition,
peripheral dysgraphias have been described that are associated
with damage to neural regions involved in general motor processing (not speciﬁcally in written language production) such as
motor cortex, cerebellum, and various sub-cortical structures, e.g.,
caudate, putamen, and thalamus (Tanridag and Kirshner, 1985;
Pramstaller and Marsden, 1996; Denes et al., 2005; Fournier Del
Castillo et al., 2011). Finally, it is worth mentioning that spatial dysgraphias have been associated with some forms of spatial neglect
(e.g., Caramazza and Hillis, 1990).
Although the lesion literature has provided critical information regarding the necessary substrates for written language production, it is subject to the well-known challenges of large and
uncontrolled lesions and concerns regarding functional reorganization. In particular, precise localizations are typically quite
difﬁcult. Thus, lesion studies are well-complemented by functional
neuroimaging techniques in non-impaired, healthy individuals.
This effort has been strengthened in recent years by numerous
fMRI or PET studies that have examined all or some component
processes of written language production.
In general, functional neuroimaging studies of written production can be grouped into two types; those that make use of tasks
that involve only central processing and those that make use of
tasks that combine both central and peripheral processing. For
instance the “central-only” tasks are those that require subjects to
access the spelling of a word, but which do not involve writing
(or typing). The “central + peripheral” tasks on the other hand,
are those that require subjects to write or type words. In studies
using central + peripheral tasks, central and peripheral processing
components can sometimes be distinguished from one another
depending on the additional experimental conditions employed
and the speciﬁc contrasts they afford. We discuss these issues is
more detail in the Section “Methods.”
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With regard to central processes, the neuroimaging literature
has generally supported the ﬁndings of the lesion literature that
the left fusiform/inferior temporal gyrus (ITG), inferior frontal
gyrus (IFG), and supramarginal gyrus (SMG) are associated with
the central processes of spelling. As would be expected, activations in these regions have been reported for tasks involving either
only central processing (Booth et al., 2002, 2004; Rapp and Lipka,
2011), or both central and peripheral processing (Beeson et al.,
2003; Purcell et al., 2011). Interestingly, the few neuroimaging
studies that have examined both reading and spelling within the
same study have identiﬁed overlapping activations in both the
left fusiform/ITG and IFG, suggesting that the these substrates
in particular are important for central processes shared by both
spelling and reading (Purcell et al., 2011; Rapp and Lipka, 2011).
In addition the left SMG has also been associated with central
processes (Petrides et al., 1995; Booth et al., 2002; Beeson et al.,
2003; Purcell et al., 2011). Speciﬁcally, it has primarily been associated with sub-lexical (PG conversion) processing. This association
is supported by the observation of SMG activation in studies
of Japanese Kana writing, which is thought to rely heavily on
PG conversion processing (Katanoda et al., 2001; Sugihara et al.,
2006).
One apparent contradiction between lesion and functional
neuroimaging studies concerns the left angular gyrus (AG).
Although the lesion literature has long suggested it plays a role
in central processes of written production, this region has not
been consistently identiﬁed in the neuroimaging literature. While
some studies have reported activation in this region (Booth et al.,
2002, 2003a), a number of others have not (Beeson et al., 2003;
Purcell et al., 2011). Furthermore, some of the latter studies have
reported clusters in the intraparietal sulcus (IPS) region superior
and medial to the left AG (Beeson et al., 2003; Purcell et al., 2011).
Given the heterogeneity of these ﬁndings, the role of the posterior
parietal cortex in written language production, and in particular
with regard to the central processes, merits more careful scrutiny.
With regard to the peripheral components of written language
production, in the neuroimaging literature these have primarily
been associated with a left dorsal premotor/superior parietal network, as well as with activity in the cerebellum and sub-cortical
structures such as the basal ganglia and thalamus (Menon and
Desmond, 2001; Beeson et al., 2003; Sugihara et al., 2006; Roux
et al., 2009; Purcell et al., 2011). The left dorsal premotor cortex in particular has been considered relevant to writing-speciﬁc
processes involving the generation of graphemic motor commands
(Menon and Desmond, 2001; Beeson et al., 2003). Although some
of the earlier neuroimaging work in this ﬁeld suggested that the
left dorsal premotor region was associated with the generation
of handwriting-speciﬁc graphic motor commands (Beeson et al.,
2003), recent ﬁndings indicate that this general region also plays
a role in the generation of graphic motor commands of typed
production (Purcell et al., 2011).
Although a qualitative narrative summary such as the one
presented above is valuable, it does not allow for a precise localization of the shared activations reported across studies. Metaanalytic methods allow us to address these challenges by quantitatively identifying brain locations that are consistently associated with tasks or cognitive functions of interest. Therefore,
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we applied the activation likelihood estimation (ALE) technique
(GingerALE 2.1a3, BrainMap.org) to the study of written word
production. The ALE technique is a widely used, validated, automated, quantitative method for a voxel-wise meta-analysis of
neuroimaging foci which has been used in a range of cognitive
domains such as reading (Turkeltaub et al., 2002), speech perception (Turkeltaub and Coslett, 2011), and object naming (Price
et al., 2005).
Brieﬂy, the goal of the ALE approach is to estimate, for each
voxel in a normalized brain, the likelihood that it corresponds to
the peak of a signiﬁcant cluster in a task/contrast of interest. The
logic underlying the approach is that, although signiﬁcant activations are reported as discrete X, Y, Z locations, there is uncertainty
regarding their precise location. This uncertainty can be modeled
as a three-dimensional Gaussian probability density distribution
around the activation peaks that have been reported for a study.
By combining the probability distributions corresponding to all
of the signiﬁcant activation peaks from all of the contributing
studies, and then applying appropriate statistical corrections and
thresholds, the ALE algorithm estimates the likelihood that a voxel
corresponds to a location of peak activity in the literature. This
analysis yields “clusters” of signiﬁcant activation likelihood estimates that represent the spatial overlap of peak activity among the
contributing studies.
In this paper, we report on the results of a series of metaanalyses. In the ﬁrst, we applied the ALE algorithm to the ﬁndings
of 11 written language production neuroimaging studies with a
combined total of 17 separate contrasts. We then analyzed two
subsets of the contrasts separately to identify central-only components of the spelling process and central + peripheral components.
Finally, we compared the results of central + peripheral to centralonly ALE analyses in order to identify neural substrates that are
reliably associated with the peripheral processes of written production. In combination, this set of analyses allowed us to identify
the brain regions that are most reliably associated with central and
peripheral written language production processes in alphabetic
writing.

METHODS
SELECTION OF STUDIES

We searched Pubmed and Googlescholar online databases for
studies associated with written language production using keywords “writing,”“handwriting,”“spelling,”“orthographic,”“fMRI,”
“PET,” and “neuroimaging” in relevant combinations. Reference
lists for appropriate publications were also searched for additional studies that could be included. Direct e-mail communication with some researchers also provided additional data sets
for analysis.
We included studies based on the following inclusion criteria: (1) the neuroimaging technique used was fMRI or PET;
(2) subjects were neurologically healthy, right-handed adults; (3)
experiments required participants to generate orthographic lexical and/or sub-lexical representations; (4) studies involved an
alphabetic written language; (5) no visual word or non-word stimuli were presented during the task of interest (in order to allow
us to more clearly distinguish spelling from reading processes);
(6) results were reported in a stereotactic three-dimensional
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coordinate system; (7) the ﬁeld of view covered the whole brain;
(8) analyses were not restricted to regions of interest; (9) a
random-effects analysis was performed.
SELECTION AND CATEGORIZATION OF CONTRASTS

We assigned the selected studies to either central-only (C) or central and peripheral (C + P) categories. More precisely, we placed
the selected contrasts into one of these two categories. This ensured
that the meta-analyses would be based not simply on the characteristics of the experimental tasks, but rather on the cognitive processes that were “isolated” on the basis of the contrast
performed. The C-contrasts were those that predominantly isolated central processing components, whereas the C + P contrasts
were those that included both central and substantive peripheral
processes.
An example of a C contrast is the one reported in Rapp and
Lipka (2011). In this study, the experimental task required subjects to view a letter, listen to an auditorily presented word and
then respond with a button press if the visually presented letter
was in the spelling of the auditorily presented word. This task
requires recruitment of O-LTM, and possibly PG conversion, as
well as O-WM, but does not engage peripheral spelling processes.
The contrasting (baseline) task was a perceptual-motor control
task that allowed for the visual, auditory, motor, and decision
components of the experimental task to be “subtracted out” in
the contrast. An example of a C + P contrast comes from Beeson et al. (2003). In this study, the experimental task required
subjects to think of and handwrite words from a speciﬁc category (e.g., fruits) during a ﬁxed time period. The baseline task
was a circle-drawing task that served to exclude the most general peripheral motor aspects of handwriting, while retaining not
only the central processes but also many of the writing-speciﬁc
peripheral components.
Some of the studies that met the inclusion criteria for the metaanalysis included multiple contrasts. For example, the Beeson et al.
(2003) study, in addition to a word writing task, included a circledrawing task as well as an alphabet writing task. For the latter task,
subjects had to write as much of the alphabet as possible during
a limited time period (comparable to the time period for writing
words). While the word writing vs. circle-drawing contrast provided information regarding both central + peripheral processes,
the word writing vs. alphabet writing contrast served to more
speciﬁcally isolate central processes. In this way, some studies contributed multiple sets of contrasts and their corresponding results
to the meta-analysis.
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The three steps of the ALE analyses are as follows: (1) localization uncertainty is modeled for each focus of activity as a Gaussian,
the width of which is determined from the number of subjects
of the study (Eickhoff et al., 2005); (2) taking the union of the
study-speciﬁc localization probabilities identiﬁed for each voxel
yields the voxel-wise ALE value; (3) signiﬁcance is tested using a
random-effects method with a null hypothesis that the location
of activation in each study is independent of the others (Eickhoff
et al., 2009). The ALE maps generated according to steps 1–3 were
thresholded with a False Discovery Rate of q > 0.05 and clusters
size >100 mm3 . For each of the resulting signiﬁcant clusters, we
additionally considered the number of studies that contributed
to each. We did so by tallying the studies with foci within 2 SD
of localization uncertainty (see Eickhoff et al., 2009). In order to
ensure that the reported results represented coherence across multiple experiments, we eliminated ALE clusters and peaks that were
based on fewer than three different contrasts.
Three ALE analyses were carried out: the “All-Contrasts” analysis included all of the eligible contrasts, the “C-only” analysis
included all eligible C-contrasts and the “C + P” analysis included
all of the eligible C + P contrasts. Additionally, we performed a
subtraction analysis to identify locations where the C + P ALE
values were signiﬁcantly greater than C-only ALE values, thus providing a means for identifying regions associated with peripheral
processing. This subtraction analysis simply subtracts two ALE
maps generated from two different groups of studies. Signiﬁcance
is tested via a permutation method which reassigns the studies
randomly into two groups of the same size as the original ones
over 5000 iterations. The distribution of ALE values in these random ALE subtraction maps provides a null hypothesis for the
signiﬁcance test.
Visualizations of the results were implemented with MRIcron,
using the Colin brain template in MNI space (Holmes et al.,
1998). Surface renderings are maximum intensity projections with
a search depth of 16 mm. Gyral anatomical labels were assigned
based on the automated anatomical labeling (AAL) atlas developed for SPM (Tzourio-Mazoyer et al., 2002). Brodmann areas
(BAs) were identiﬁed from the template developed for MRIcron.
Activation likelihood peaks which were found deep in the gray
matter at the sulcus boundaries between two gyri were assigned
to the appropriate sulcus name. For instance, if the maximum
probability label at a given peak was the SPL and the corresponding cluster was located deep in the gray matter of the IPS (which
deﬁnes the boundary of the AG and the SPL), then a label of superior parietal lobule/intraparietal sulcus (SPL/IPS) was used in the
tables and in the text.

ALE METHODS

The X, Y, Z coordinates of every signiﬁcant peak (or subpeak) for
all eligible contrasts constituted the input to the meta-analysis.
Coordinates that were reported in Talairach space (Talairach
and Tournoux, 1988) were converted to Montreal Neurological Institute (MNI) coordinates (Lancaster et al., 2007). The
ALE meta-analysis was implemented using GingerALE 2.1a3
(www.brainmap.org). A new ALE algorithm was employed which
consists of three steps resulting in an ALE map that is unbiased by
the number of foci or the number of contrasts included from each
study (Turkeltaub et al., 2011).

www.frontiersin.org

RESULTS
IDENTIFICATION OF ELIGIBLE STUDIES/CONTRASTS

A total of 17 experimental contrasts were identiﬁed in 11 different publications which met our inclusion and exclusion criteria for
the All-Contrasts meta-analysis and together represented a total of
146 subjects. All but one study was conducted using fMRI and all
employed block designs except for one which employed an eventrelated design (Cohen et al., 2004). Most studies were conducted
with English speaking participants, with two of the 11 studies performed with French native speakers. The eligible contrasts with a
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brief description of the tasks, the number of subjects, the language
and imaging modality are listed in Table 1.
ANALYSIS 1: ALL-CONTRASTS

As reported in Table 2 and Figure 2A, the ALE analysis identiﬁed
16 signiﬁcant clusters with their corresponding peaks, as well as
six additional signiﬁcant sub-peaks. The peaks correspond to the
voxel with the highest ALE value within a cluster of signiﬁcant
ALE values. Sub-peaks are the non-maximal peaks within clusters
that have higher ALE values than their surrounding voxels. It is

important to emphasize that the results reported in the table and
ﬁgure do not correspond to the activation maps that are typically
reported in functional neuroimaging. Instead, all signiﬁcant voxels identiﬁed by the ALE analysis correspond to locations where,
considering the peak coordinates identiﬁed by the set of eligible
studies, an activation peak is likely to occur.
The ALE locations identiﬁed in the ﬁrst analysis were primarily in the left hemisphere. In the left frontal lobe, the analysis
identiﬁed four ALE clusters with the peaks located in the left posterior IFG, the superior frontal gyrus/sulcus, the supplementary

Table 1 | Meta-analysis dataset.
Reference

Petrides et al.

MRI/PET

PET

Language

English

N

11

Contrast descriptions
Experimental condition

Control condition(s)

ID*

Handwriting: write spoken words

Recall: say aloud previously memorized

1

C+P

2a

C

2b

C

words

(1995)
Booth et al.

Contrast

MRI

English

13

(2002)

Spelling: hear three words, determine if

Rhyming: hear three words, determine if

third word has same rime spelling as

third word rhymes with either of ﬁrst

either of the ﬁrst two (e.g., “hope,”

two (e.g., “has,” “last,” “jazz”)

“colt,” “soap” or “hold,” “plant,” “cold”)
Tones: hear three tones, determine if
pitch of the third tone matches either of
the ﬁrst two
Booth et al.

MRI

English

15

Spelling: same as in Booth et al. (2002)

Tones: same as in Booth et al. (2002)

3

C

MRI

English

12

Handwriting: write words from a given

Drawing: draw continuous circles
Handwriting letters: write alphabet

4a
4b

C+P
C

Naming: subvocally name items from a

4c

C+P

(2003b)
Beeson et al.

semantic category (e.g., animals)

(2003)

semantic category (e.g., animals)
Booth et al.

MRI

English

16

Spelling: same as in Booth et al. (2002)

Tones: same as in Booth et al. (2002)

5

C

MRI

French

17

Orthographic task: determine if the

Phoneme task: determine if a spoken

6

C

spelling of a spoken word has a

word contains a pre-speciﬁed phoneme
7a

C+P

7b

C+P

7c

C+P

8a

C+P

Rest

8b

C+P

Motor: hear word “motor” then type

9

C+P

10

C

11

C+P

(2004)
Cohen et al.
(2004)

descending letter (e.g., “p”)
Cho et al.

MRI

English

15

Handwriting: write names of pictures

Checkerboard: look at visual
checkerboard pattern

(2009)/e-mail

Copy scribbles: copy images by circular,
vertical, or horizontal drawing motions
Picture naming: subvocally name
pictures
Roux et al.

MRI

French

12

Handwriting: write spoken words

Purcell et al.

Repeating: subvocally repeat spoken
words

(2009)/e-mail
MRI

English

17

Typing: type spoken words

pre-practiced sequence, i.e., a;sldkfj on

(2011)

QWERTY keyboard
Rapp and

MRI

English

10

Lipka (2011)
Rapp and

MRI

English

8

Spelling: press button if visually

Case veriﬁcation: press button if visually

presented letter is in the spelling of a

presented letter is upper/lower case;

spoken word

spoken word is ignored

Handwriting: write spoken words

Drawing: draw continuous circles

Dufor (2011)
*The contrast ID letters designate tasks associated with each study. The C + P and C label denotes whether the task involved was either a central + peripheral (C + P)
or central-only (C) task.
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Table 2 | Results for the all-contrasts written production meta-analysis.
Location (Brodmann area)

Extent (mm3 )

Peak MNI

X

Y

Peak TAL

Z

X

Y

ALE value

Contrasts contributing

(×10−3 )

to peaks

2a, 3, 4b, 5

Z

FRONTAL
IFG (9)

3456

−46

16

18

−44

12

21

19.3

IFG (9)

–

−44

6

28

−42

2

29

15.0

2b, 9, 10, 11

Left

SFG/SFS (6)

3720

−22

−8

54

−22

−14

51

20.2

4b, 8a, 9, 11

SMA (6)

–

−4

−10

50

−5

−15

48

15.7

1, 4c, 7a, 11

Left

SMA (6)

1544

−4

22

46

−5

15

47

20.3

2a, 4a, 4b, 5, 9

Left

Left
Right

Precentral gyrus (4)

1120

−36

−24

60

−35

−29

55

15.2

1, 7a, 7c, 8a, 8b

Postcentral gyrus (3)

–

−30

−24

48

−29

−28

44

11.3

4b, 7a, 7c

Insula (13)

1144

42

24

−4

38

21

3

15.2

4a, 4b, 7b, 9

Insula (13)

–

36

26

−8

32

23

0

13.6

4a, 4b, 5, 7b

PARIETAL
Left

SPL/IPS (7)

1128

−32

−46

58

−31

−50

51

12.8

4c, 7a, 7c

Left

SPL/IPS (7)

2840

−30

−60

46

−29

−62

39

25.0

2a, 3, 4a, 4b, 9

Left

SMG (40)

704

−52

−32

34

−50

−34

31

14.4

1, 2b, 7c

TEMPORAL
Left

STG/STS (21)

1512

−60

−12

−2

−57

−12

0

29.5

2a, 3, 5, 9, 11

Right

STG/STS (21)

728

52

−12

−6

47

−13

−2

17.3

2a, 3, 5, 11

OCCIPITOTEMPORAL
Left

ITG (37)

4024

−50

−60

−16

−47

−56

−16

26.5

2a, 2b, 3, 4a, 4b, 7a, 9, 10

FG (37)

–

−44

−56

−12

−42

−53

−12

22.9

2b, 4a, 4b, 6, 7a, 7b, 9, 10

ITG (37)

–

−42

−58

−6

−40

−55

−7

20.3

2b, 4a, 6, 7a, 7b, 11

SUB-CORTICAL
Left

Thalamus

744

−14

−10

Left

Putamen

576

−24

−4

−2

10

−14

−12

12

13.0

7a, 7c, 11

−23

−5

2

15.6

4a, 7a, 7c
1, 4c, 7a, 7c

CEREBELLUM
Right

Cerebellum

552

14

−48

−24

12

−44

−21

16.3

Right

Cerebellum

464

30

−68

−30

27

−63

−28

15.4

2a, 5, 7b

Right

Cerebellum

448

8

−72

−18

6

−67

−18

11.8

7b, 9, 11

motor area (SMA), and the fourth straddling the pre and postcentral gyri. In the parietal lobe there were three clusters: two were
located in the superior parietal lobule and one in the SMG. In
the left temporal lobe there was one cluster in the middle portion
of the superior temporal gyrus/sulcus. In the occipitotemporal
region there was one large cluster that included peaks in the ITG
as well as one in the mid-fusiform gyrus (FG). In addition to these
cortical locations in the left hemisphere, sub-cortical ALE clusters
were identiﬁed in the thalamus and putamen. In the right hemisphere, there was a signiﬁcant cluster in the insula, the posterior
superior temporal gyrus/sulcus as well as three clusters in the right
cerebellum.
ANALYSIS 2: CENTRAL (C)-CONTRASTS

For the C-contrasts analysis, a total of seven contrasts were identiﬁed which met our inclusion and exclusion criteria (Table 1).
These contrasts were derived from six different publications and
represent a total of 83 subjects.
As reported in Table 3 and Figure 2B, the C-contrasts ALE
analysis identiﬁed six signiﬁcant clusters with their corresponding
peaks, and one additional sub-peak. All but one of the clusters
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were in the left hemisphere, and all were cortical. In the left
frontal lobe there were two clusters: one large cluster in the posterior IFG and another in the anterior cingulate cortex. In the
parietal lobe there was a single cluster in the superior parietal
lobule/intraparietal sulcus. In the temporal lobe there was one
cluster in the left superior temporal gyrus/superior temporal sulcus (STG/STS). Finally, in the occipitotemporal area there was
a large cluster in ITG that extended into the FG. In the right
hemisphere, only one ALE cluster was identiﬁed in the superior
temporal gyrus/sulcus.
ANALYSIS 3: CENTRAL + PERIPHERAL (C + P) CONTRASTS

For the C + P Contrasts analysis, a total of 10 experimental contrasts were identiﬁed which met our inclusion and exclusion
criteria (Table 1). These contrasts were derived from 6 different
papers and included a total of 75 subjects.
As reported in Table 3 and Figure 2C, the ALE analysis identiﬁed eight signiﬁcant clusters with their corresponding peaks, and
ﬁve additional sub-peaks. Clusters were primarily in the left hemisphere, with only three right hemisphere clusters. In the left frontal
lobe there was one cluster in the superior frontal gyrus/sulcus
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FIGURE 2 | On the left are ALE meta-analysis results projected on a
standard rendered template brain and on the right are the corresponding
axial slices from z −26 to +64 in 10 mm increments. (A) All-contrasts
meta-analysis included all of the tasks referenced in Table 1. (B)

that extended into the SMA and middle frontal gyrus. Additionally, there was a cluster in the left precentral gyrus that extended
posteriorly into the postcentral gyrus. In the parietal lobe there
was a large cluster in the superior parietal lobule/intraparietal
sulcus. In the occipitotemporal region there was a large cluster
within the FG. Sub-cortically, there was a cluster in the left putamen. In the right hemisphere, two clusters were identiﬁed in the
cerebellum.
ANALYSIS 4: COMPARISON OF C + P VS. C

The subtraction analysis allowed us to identify locations that were
signiﬁcant for the C + P but not the C analysis. The results revealed
three signiﬁcant clusters with their corresponding peaks and three
additional sub-peaks. One cluster was in the left precentral gyrus
and extended into the superior frontal sulcus. A second cluster
was just posterior to the ﬁrst, but in the postcentral gyrus. The
third cluster was in the left anterior IPS extending dorsally into
the superior parietal lobule and ventrally into the SMG (BA40).
(Table 4; Figure 3).
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Central-contrasts meta-analysis included only the tasks that involved central,
but not peripheral written production processes. (C) Central + peripheral
contrast meta-analysis included all of the tasks that involved both central and
peripheral written production processes.

DISCUSSION
This study provides the ﬁrst quantitative meta-analysis of functional neuroimaging studies of written word production. The
analysis is based on 11 studies of alphabetic languages (total
N = 146) consisting of a total of 17 experimental contrasts that
had been designed to isolate the Central or Central + Peripheral
processes of word spelling. Three ALE analyses were carried
out. One involved the complete set of 17 contrasts; two others
were applied to subsets of contrasts with the goal of distinguishing neural substrates supporting Central from Peripheral
processes. In addition a subtraction analysis was performed in
order to directly contrast the two subset analyses to identify areas
associated speciﬁcally with peripheral processes of written word
production.
The ALE analysis that considered the full set of 17 contrasts identiﬁed signiﬁcant activation locations in a distributed set of primarily left hemisphere regions that have been
previously associated with spelling such as the IFG, superior frontal gyrus/superior frontal sulcus (SFG/SFS), SPL/IPS,
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Table 3 | Results for the central and the central + peripheral ALE meta-analyses.
Location (Brodmann area)

Extent (mm3 )

Peak MNI

X

Y

Peak TAL

Z

X

Y

ALE value

Contrasts contributing

(×10−3 )

to peaks

Z

CENTRAL-CONTRASTS
Frontal
Left

IFG (9)

Left

ACC (32)

2064

−46

16

18

−44

12

21

18.8

2a, 3, 4b, 5

920

−6

22

44

−7

15

45

17.5

2a, 4b, 5

1872

−30

−62

44

−29

−63

37

17.9

2a, 3, 4b

Parietal
Left

SPL/IPS (7)

Temporal
Left

STG/STS (22)

976

−62

−12

−3

−58

−12

−1

20.8

2a, 3, 5

Right

STG/STS (22)

872

52

−12

−6

47

−13

−2

15.7

2a, 3, 5

Occipitotemporal
Left

ITG (37)

2360

−52

−58

−16

−49

−54

−16

18.6

2a, 2b, 3, 4b, 10

ITG (37)

–

−46

−56

−12

−44

−53

−12

16.5

2a, 2b, 3, 4b, 6, 10

CENTRAL + PERIPHERAL CONTRASTS
Frontal
Left
Left
Right

SFG/SFS (6)

3992

−22

−8

54

−22

−14

51

18.1

8a, 9, 11

SMA (6)

–

−4

−10

50

−5

−15

48

15.7

1, 4c, 7a, 11

SMA (6)

–

−14

−10

60

−15

−16

57

11.6

4a, 7a, 7c

Precentral gyrus (3)

1552

−36

−24

60

−35

−29

55

15.2

1, 7a, 7c, 8a, 8b

960

42

24

38

21

3

12.5

4a, 7b, 9

Insula (13)

−4

Parietal
Left

SPL (7)

3320

−28

−56

54

−28

−59

47

14.7

4a, 7a, 11

SPL/IPS (7)

–

−30

−66

42

−29

−67

35

10.3

4a, 9, 11

Occipitotemporal
Left

FG (37)

2128

−40

−52

−12

−38

−49

−12

14.3

4a, 7a, 7b, 9

FG (37)

–

−42

−56

−12

−40

−53

−12

14.2

4a, 7a, 7b, 9

−24

−4

−2

−23

−5

2

15.6

4a, 7a, 7c

Sub-cortical
Left

Putamen

920

Cerebellum
Right

Cerebellum

1264

6

−64

−20

5

−60

−19

13.2

4a, 7a, 7c

Right

Cerebellum

–

8

−72

−18

6

−67

−18

11.8

7b, 9, 11

14

−48

−24

12

−44

−21

16.3

1, 4c, 7a, 7c

Cerebellum

776

STG/STS, FG, and ITG. In addition to conﬁrming reports from
the existing lesion and functional neuroimaging literatures, this
analysis provided the most likely speciﬁc location of each of these
sites. Among the results there are two ﬁndings that are particularly
noteworthy. We brieﬂy mention them here and discuss them more
fully below. First, the analysis revealed that the regions with the
highest correspondences across studies were in the left FG/ITG
(observed in 11 of the 17 contrasts) and left IFG (observed in 8 of
the 17 contrasts). Second, although the lesion literature has traditionally identiﬁed the AG as a key site within the written word
production network, the meta-analysis did not identify the AG as
a consistent activation site. Instead, the analysis identiﬁed a region
just superior and medial to the AG in the left posterior IPS.
Additional analyses allowed further clariﬁcation of the functional roles of the identiﬁed regions, in particular whether they
were associated with central vs. peripheral written language
processes. Areas most consistently involved with central processes
were: the left FG/ITG, IFG, and posterior IPS. Peripheral processes,
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as identiﬁed through the subtraction of ALEs, were most robustly
associated with foci within the left SFG/SFS, precentral gyrus, postcentral gyrus and SPL. We discuss these results in the sections
below within the context of both the neuroimaging and lesion literatures on spelling (Figure 1); we also discuss these ﬁndings in
relation to the reading literature when appropriate. This discussion
highlights points of increasing convergence across the various literatures and also identiﬁes controversies and topics to be pursued
in future research.
THE CENTRAL PROCESSES OF SPELLING

Fusiform gyrus/inferior temporal gyrus

One of the most salient and robust ﬁndings of the All-Contrasts
analysis is that the left FG/ITG region (with three separate MNI
peaks at −50, −60, −16; −44, −56, −12; and −42, −58, −6) had
one of the highest ALE values generated in the analysis, as well as
the greatest number (11) of contributing contrasts. Thus, despite
the very considerable diversity in experimental tasks and contrasts,
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this region was consistently identiﬁed as contributing to spelling,
and more speciﬁcally to the central processes in spelling.
In terms of cognitive processes, this region has been most frequently associated with Orthographic LTM. This is supported by
a number of lesion studies (Rapp and Caramazza, 1997; Rapcsak
and Beeson, 2004; Philipose et al., 2007; Tsapkini and Rapp, 2010)
reporting that lesions to this area resulted in the behavioral proﬁle
expected from damage to the Orthographic LTM system. This proﬁle includes difﬁculties in spelling lower frequency irregular words
(i.e., words with atypical PG mappings, e.g., yacht), in the face of
accurate spelling of regular words and pseudowords. Consistent
with the association of this region with Orthographic LTM, recent
fMRI studies have found lexical frequency effects in this region,
with larger BOLD responses observed for low vs. high frequency
words (Rapp and Lipka, 2011; Rapp and Dufor, 2011). Thus,
the lesion and neuroimaging spelling literatures are consistent in
indicating that this region plays some role in Orthographic LTM.
Table 4 | Central + peripheral (C + P) > central (C) contrasts
meta-analysis.
Location

Extent

(Brodmann area)

(mm3 )

Peak MNI

Peak TAL

X

Y

Z

X

Y

Z

−24

−11

64

−24

−17

60

−26

−4

62

−26

−11

59

−39

−27

63

−38

−32

57

−34

−27

58

−33

−32

53

(C + P) > C
Frontal
Left

Precentral

256

gyrus (6)
Left

SFG/SFS (6)

–

Parietal
Left

Postcentral

272

gyrus (3)
Left

Postcentral
gyrus (3)

Left

SPL/IPS (7)

1744

−36

−40

57

−35

−44

51

Left

SPL/IPS (7)

–

−33

−46

53

−32

−49

47

FIGURE 3 | On the left are ALE Meta-analysis results projected on a
standard rendered template brain and on the right are the
corresponding axial slices from z −26 to +64 in 10 mm increments. In
red are the clusters corresponding to the central-contrast analysis. These
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In addition, from the time of the earliest investigations of
written language, the left occipitotemporal cortex has being considered to be critical for reading words (Dejerine, 1892). Since
then, numerous functional neuroimaging and lesion studies have
conﬁrmed the association of the left mid-FG (bordering on the
ITG), with visual word processing in literate individuals (Chialant
and Caramazza, 1998; Cohen et al., 2000, 2002; McCandliss et al.,
2003; Kronbichler et al., 2004; Gaillard et al., 2006; Sheldon
et al., 2008; Dehaene et al., 2010). These ﬁndings are also generally consistent with the visual object processing literature which
includes the left occipitotemporal cortex as part of the ventral
visual system of areas selective to common complex visual objects
such as faces or body parts (Kanwisher et al., 1997; Schwarzlose
et al., 2005). While the speciﬁc role of this region in reading
is debated (Price and Devlin, 2003), there is evidence, similar to that found for spelling, that this region is sensitive to
the lexical frequency of words (Kronbichler et al., 2004) and
it has been designated by some investigators as the storage site
of the orthographic word forms used in reading (Glezer et al.,
2009).
Although ﬁndings from the spelling and reading literatures
suggests that both skills share neural substrates in the left occipitotemporal cortex, this claim is most clearly established by studies
that examine both spelling and reading within the same individuals. In fact, four recent fMRI studies determined that there was
overlapping activation for spelling and reading in the left FG/ITG
(Cho et al., 2009; Purcell et al., 2011; Rapp and Lipka, 2011; Rapp
and Dufor, 2011). These functional neuroimaging ﬁndings are
also supported by studies of acute and chronic lesions reporting
that lesions or hypoperfusion to the left FG/ITG can impair both
spelling and reading in a similar manner (Philipose et al., 2007;
Tsapkini and Rapp, 2010).
In sum, the ﬁnding of overlap within the FG/ITG region
for both reading and spelling in both lesion and neuroimaging
literatures, as well as the sensitivity of the region to word frequency,
are consistent with some role for this region in the Orthographic
LTM system.

clusters correspond to the central processes of written word production. In
blue are the clusters identiﬁed in the (central + peripheral) > central-contrast
analysis. These clusters correspond to peripheral processes of written
production.
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Left inferior frontal gyrus

The overall ALE analysis identiﬁed a high activation likelihood
region within the left IFG (with MNI peaks at: −46, 16, 18 and −44,
6, 28) that was supported by eight contrasts, making this region
the second most consistently observed across studies. The peaks
of this cluster are in the posterior part of the IFG (opercularis),
with the cluster extending into the precentral sulcus. This neuroanatomical region has been referred to by some researchers as
the Inferior Frontal Junction, IFJ (Brass and Von Cramon, 2002;
Brass et al., 2005; Derrfuss et al., 2005).
Damage to this area of cortex is often associated with written
and spoken language deﬁcits which is unsurprising considering
this region is located within the dorsal extent of Broca’s area. More
speciﬁcally, with regard to acquired dysgraphia in acute stroke,
hypoperfusion to the left IFG has been associated with impairments in accessing Orthographic LTM for spelling (Hillis et al.,
2002; Hillis and Rapp, 2004). Also consistent with a role for this
region in Orthographic LTM, Rapp and Dufor (2011) found the
region to be sensitive to word frequency, showing stronger BOLD
response to low vs. high frequency words. However, it should be
noted that there are studies of chronic stroke associating damage to
this region with deﬁcits affecting PG conversion processes (Henry
et al., 2007).
With regard to reading, like the FG/ITG region, the posterior
IFG is often found to be active in studies of reading (e.g., Fiez and
Petersen, 1998; Price, 2000; Turkeltaub et al., 2002; Joubert et al.,
2004; Bolger et al., 2005). Furthermore, three of the neuroimaging studies that have considered both reading and spelling in the
same individuals reported overlap between spelling and reading in
this region (Purcell et al., 2011; Rapp and Lipka, 2011; Rapp and
Dufor, 2011). This latter ﬁnding suggests a role for this region in
the central processes of spelling.
Speciﬁc interpretation of the functional role of the posterior
IFG in spelling is complicated because activations in this general
region are reported in a large number of studies across quite disparate skill domains. For example, Brass and Von Cramon (2002)
suggested that the IFJ is involved in cognitive control (see Rapp and
Lipka, 2011 for discussion in the context of spelling). Worth noting is that even within the All-Contrasts meta-analysis, we found
heterogeneity in this region with six of the contrasts contributing to this area coming from the Central-only group of studies
and only two from the Central + Peripheral group (although the
contrasts in this latter group must also draw on central spelling
processes). This heterogeneity may reﬂect the sensitivity of this
region to the speciﬁc task demands and the particular features of
the tasks used in the contrasts. One interpretation, which falls
generally within a cognitive control account, is that activation
in the left IFG for written language processing is not associated
directly with Orthographic LTM, but rather with the coordination of activity in more posterior regions (i.e., in temporal or
parietal cortex) that are, themselves, more directly involved in processing the stored representations of written language (Mesulam,
1998; Booth et al., 2002; Bitan et al., 2005). This interpretation
suggests that the left IFG/IFJ’s participation in orthographic processing may primarily consist of its contribution to the processes
of orthographic lexical selection and retrieval, rather than storage.
This idea is supported by the ﬁndings in spoken word production
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studies which report that the IFJ/IFG region is associated with
lexical selection in speaking (Martin et al., 1994; ThompsonSchill et al., 1997).This proposal is further elaborated by Kan
and Thompson-Schill (2004) who suggested that biased competition processes (Desimone and Duncan, 1995) draw on this
neuroanatomical region when there is competition for selection
in visual, lexical, or conceptual domains. That is, while storage of
orthographic forms may reside in FG/ITG regions, lexical selection
and the resolution of competition at orthographic, lexical, conceptual and/or phonological levels, in spelling and reading, may rely
on the left IFJ.
The angular gyrus controversy

The left angular gyrus (AG) was one of the ﬁrst regions associated with central processes of spelling and reading (Dejerine,
1892). The region has continued to be associated with literacy and
developmental dyslexia (Horwitz et al., 1998; Rumsey et al., 1999;
Pugh et al., 2000; Carreiras et al., 2009). The speciﬁc function of
this region with regard to reading is unclear, however, with some
researchers positing that it is part of a larger dorsal parietotemporal region which plays a role in grapheme–phoneme conversion in
reading (e.g., Pugh et al., 2000), or that it contributes to lexical processing associated with reading high frequency words (e.g., Joubert
et al., 2004). The function of this region with regard to written production is also unclear. Although the left AG has continued to be
associated with acquired dysgraphia, there is no clear consensus
regarding its functional role in writing. For instance, some studies have linked impairments in irregular word spelling to the left
AG suggesting it is involved in Orthographic LTM (Beauvois and
Derouesne, 1981; Roeltgen and Heilman, 1984), while others have
found it to be associated with deﬁcits to sub-lexical PG conversion
spelling processes (Hillis et al., 2002; Sheldon et al., 2008).
Conﬂicting with the lesion literature ﬁndings, the left AG has
not been clearly identiﬁed in functional neuroimaging studies of
spelling. In particular, Beeson et al. (2003) speciﬁcally examined
the functional activation in a left AG region of interest and found
no signiﬁcant activation for the group analysis, although individual subjects did show some signiﬁcant effects (Beeson et al.,
2003). Interestingly, the left AG has not been consistently identiﬁed in the neuroimaging literature of reading either (e.g., Fiez
and Petersen, 1998; Turkeltaub et al., 2002; Jobard et al., 2003).
Consistent with these previous ﬁndings, the meta-analysis did not
identify any reliable activation peaks in the AG. This conﬁrms that
this region is not reliably identiﬁed in functional neuroimaging
studies of written word production.
It may be useful to consider these inconsistent reports in light
of recent observations that activation in the left AG has been
found in neuroimaging studies involving conceptual or semantic processing (Binder et al., 2009; Graves et al., 2009; Seghier
et al., 2011). While spelling (as indicated in Figure 1) and reading
both engage semantic processes, tasks involving spelling or reading which are not designed to focus the participant’s attention
on the semantic features of the words may not produce sufﬁciently consistent activation in semantically related areas, such as
the AG, to be detected by experimental paradigms/analysis techniques employed. In sum, the inconsistently observed activation
of the AG may be due to low and variable activation of semantic
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processing regions in neuroimaging studies involving spelling or
reading tasks that are not focused on semantic processing.
That said, the All-Contrasts analysis did identify a cluster in
the posterior IPS which is supported by ﬁve experimental contrasts and is located just superior and medial to the left AG, in the
left posterior IPS (MNI peak: −30, −60, 46). It is important to
point out that the posterior IPS is essentially the neuroanatomical
demarcation between the superior parietal lobule and the AG and,
therefore, that the IPS cluster that we report could be considered
to be at the most superior edge of the AG. Importantly, a similar
region was observed in both the C-Contrasts and C + P Contrasts
separately suggesting that this region plays a role in central spelling
processes.
If we consider cognitive processes that have been associated
with the SPL/IPS region speciﬁcally, we ﬁnd that damage to superior parietal cortex, entirely, or largely sparing the AG, has been
associated with spelling deﬁcits, speciﬁcally ones affecting Orthographic WM (Miceli et al., 2004; Buchwald and Rapp, 2009). In
particular, one of the individuals described by Buchwald and Rapp
(2009) had a lesion restricted to the parietal lobe anterior to the
AG. Furthermore, also consistent with a role for this region in
Orthographic WM is the ﬁnding reported by Rapp and Dufor
(2011) of sensitivity of the BOLD response in this area to word
length in written word production.
One way to reconcile the current body of functional neuroimaging and the lesion ﬁndings implicating the left AG, is to
assume that the IPS region is, in fact, the critical region for spelling
and that lesions to the left AG may have also damaged the posterior IPS (e.g., due to the close proximity of these regions) or
connections to the IPS. Still another interpretation is that lesions
which have previously been associated with the left AG have actually affected a portion of the left inferior temporal lobe or FG
that was important for written spelling. This possibility has been
suggested in lesion studies examining deﬁcits in spelling (Rapcsak and Beeson, 2004) as well as reading (Epelbaum et al., 2008).
One ﬁnal possibility is that the AG serves to modulate activity
in areas related to orthographic processing and that it may not
be detectable via classic functional neuroimaging measures utilized in the studies considered in this meta-analysis, but instead
can be observed via anatomical or functional connectivity measures. This is supported by recent work which reported gray matter
increases in the bilateral AG as well as white matter increases in
the splenium of the corpus callosum (which serves to functionally
connect the bilateral angular gyri)were associated with learning to
read and write as an adult (Carreiras et al., 2009). These varied
interpretations indicate that much further research is needed in
order to more clearly discern the relevance of the AG to written
spelling.
Other perisylvian regions: SMG and STG/STS

The remaining left hemisphere cortical sites that were identiﬁed in
the All-Contrasts analysis and that were not attributed to peripheral processes are the mid left STG/STS (MNI peak: −60, −12, −2)
and the SMG (MNI peak: −52, −32, 34). Lesions to either the left
STG/STS or SMG have typically led to impaired written word
production by affecting phonological processing thought to be
associated with the PG conversion system. This type of impairment
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results in difﬁculties in pseudoword spelling with relatively more
intact spelling of both regular and irregular familiar words (Henry
et al., 2007; also see Philipose et al., 2007 for parallel deﬁcits in
spelling and reading pseudowords subsequent to damage to BA40).
Furthermore, the left SMG has been directly implicated in functional neuroimaging studies of Japanese Kana writing (a phonetic
written language system) which is thought to rely heavily on PG
conversion (Katanoda et al., 2001; Sugihara et al., 2006). Analogous
studies in an alphabetic language such as English would involve
pseudoword writing, but to date no such neuroimaging study has
been performed.
With speciﬁc regard to the STG/STS sites, it is worth noting
that this was the one cortical area in which bilateral activation was
observed. Activation in these sites (especially the right hemisphere
location) were supported largely by the speciﬁc contrasts used by
Booth et al. (2002, 2003b, 2004) involving a task that required
subjects to compare the rime spelling of three different auditory
words. This task, unlike many of the others examined, involved
considerable phonological processing and phonological working
memory. In this regard it is worth noting that the mid to posterior
STG/STS region has been associated in both lesion and neuroimaging studies with phonological processing and phonological deﬁcits
(Turkeltaub and Coslett, 2011). Given this, it may not be surprising
that this area is involved in PG conversion processes. The similarity and likely close topographic proximity of regions implicated in
PG conversion and phonological processes more generally, underscores the importance for future work to be speciﬁcally directed at
distinguishing spelling-speciﬁc from more general phonological
processes (e.g., Rapcsak et al., 2009).
THE PERIPHERAL PROCESSES OF SPELLING

A subtraction of the ALE maps of the Central from the Central + Peripheral contrasts was designed to reveal the locations
most likely to have peak activations associated with the peripheral
processes of spelling: those processes that are involved with the
format-speciﬁc production of spelling knowledge (see Figure 1).
It is worth making two points before continuing. First, for almost
all of the contrasts we considered, there were control conditions
designed to “subtract out” the most peripheral aspects of the
motor responses produced in these tasks, with the goal of more
clearly identifying spelling-speciﬁc peripheral processes. Although
these contrast conditions may have been more or less successful in accomplishing this goal, it is for this reason that we will
not focus on identifying or discussing general motor processes
and substrates. Second, although there are empirical and computational reasons to assume that there are multiple components
involved in the peripheral aspects of spelling (as depicted in
Figure 1 and discussed in the Introduction), relatively little work
has been carried out to differentiate them or their neural substrates. Thus, the discussion of the results in this section will be
far more limited than was the discussion of the central processes
of spelling.
The regions identiﬁed as being primarily associated with
peripheral processes were: the left precentral gyrus and SFG/SFS,
the left postcentral gyrus and left SPL/IPS. In addition, there
were other motor related regions, such as the left SMA and
the right cerebellum, that were signiﬁcant in the All-Contrasts
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meta-analysis and were supported by contrasts that involved handwriting or typing output (some of which did not include motor
baselines). All of these areas have been implicated in the lesion
literature as being important for writing. Some have been linked
speciﬁcally to writing such as the left SFG/SFS and the SPL/IPS,
while others have been associated with motor processes more generally, such as the left SMA, left postcentral gyrus and the right
cerebellum (see Gerloff et al. (1997) for discussion regarding the
SMA). In subsequent sections we focus our discussion on the left
SFG/SFS and the SPL/IPS.
The precentral gyrus and superior frontal gyrus/sulcus

The subtraction analysis designed to identify peripheral writing
substrates identiﬁed a high ALE region centered in the left precentral gyrus (MNI peak: −24, −11, 64) and extending anteriorly
into the SFG/SFS (MNI peak: −26, −4, 62).
In the lesion literature, the conversion of graphemic representations to motor commands has been associated with a region
in the left posterior middle frontal gyrus and SFG (BA6) often
referred to in the clinical neuroscience literature as Exner’s area.
For handwriting, this region has primarily been associated with
the translation of orthographic representations into letter shapes
(i.e., allographic processing; Exner, 1881; Ritaccio et al., 1992;
Tohgi et al., 1995; Lubrano et al., 2004). Interestingly a recent
fMRI study of Japanese Kana handwriting identiﬁed a peak in
the left SFS (MNI peak: −28, −9, 54; Sugihara et al., 2006) that is
within 7 mm of the SFS peak identiﬁed in our Central + Peripheral
meta-analysis (MNI peak: −22, −8, 54). These results suggest that
this region may be associated with processes common to both
alphabetic and syllabic writing systems such as Kana. Additionally,
upon further examination of the SFG/SFS peak from the Central + Peripheral analysis from Table 3, we ﬁnd that this peak was
associated with two handwriting tasks and one keyboard typing
study, thus suggesting that it may play a role in the conversion
of graphemic representations to motor commands regardless of
whether the word is handwritten or typed. Based on these ﬁndings
it seems that, although the left SFG/SFS is consistently associated with written motor production, the speciﬁc functional role
of this region in the conversion of graphemes to motor commands needs to be examined further with regard to whether or
not there is speciﬁcity for output modality (i.e., handwriting or
typing).
Another possibility regarding the function of the precentral/SFG/SFS region is that it plays a critical role in Orthographic
WM. This was proposed in a recent fMRI study comparing activations from the spelling of longer as compared to shorter words
(matched for writing times and motor output) which reported
length dependent activation in both the left SFS and SPL (Rapp
and Dufor, 2011). These authors argued that not only was the SFS
ﬁnding indicative of Orthographic WM functions for this frontal
region, but that this claim would explain the ﬁndings that the area
is recruited for spelling across modalities of output (handwriting and typing), as both output formats should rely on a common
Orthographic WM system. Reporting ﬁndings consistent with this
proposal, Cloutman et al. (2009) carried out a study of individuals in the ﬁrst 48 h after left hemisphere stroke onset, with one
group showing clear signs of Orthographic WM impairment while
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the other had graphemic buffer sparing. They found that, among
other regions, the left premotor cortex was reliably associated with
graphemic buffer damage.
The inconsistency that the Rapp and Dufor (2011) proposal
creates is that Orthographic WM is considered to be a component
of central spelling, yet it was identiﬁed by the meta-analysis as
being especially associated with peripheral processes. However, it
is important to note that Orthographic WM is situated at the interface between central and peripheral processing and may actually
interact with peripheral component processes in a manner which
may make it difﬁcult to distinguish between central and peripheral processes that are in the same or neighboring regions. Further
work will need to be done to better characterize the functional
role of the left SFS with regard to its role in Orthographic WM
as compared to the more peripheral processes of written production. In addition, if there turns out to be a reliable relationship
between Orthographic WM and the posterior SPL/IPS regions (as
suggested in an earlier section), the speciﬁc roles of the frontal and
parietal areas in Orthographic WM will also need to be examined.
In that regard it is interesting to note that there have been several proposals of multiple cognitive components of Orthographic
WM, much like the multi-component view of other WM systems
(see Rapp and Kong, 2002; Kan et al., 2006). Presumably, different
components of Orthographic WM would draw on different neural
substrates and may explain the sensitivity of both SFS and SPL to
the length of words being spelled.
Superior parietal lobule

Aside from the generation of graphemic motor commands, writing requires the generation of the correct sequences of motor
commands. The left SPL in particular has been associated with
sequence production in written language. For instance, damage
to left SPL has be associated with apraxic agraphia, a disorder
characterized by deﬁcits in the generation of correct sequences
of movements required for handwriting (Alexander et al., 1992;
Sakurai et al., 2007). In support of these ﬁndings we identiﬁed
a left anterior SPL/IPS cluster which was shown to be associated
with the peripheral but not central processes of written production
(MNI peak: −36, −40, 57). This peak is notably anterior to the one
identiﬁed in the Central-contrasts analysis (MNI peak: −30, −62,
44) which suggests that there may be a distinction between certain
peripheral processes that draw on the more anterior SPL and central processes (e.g., Orthographic WM) that make use of the more
posterior SPL/IPS region.
The left SPL has also been associated with the learning and generation of complex motor sequences (Haaland et al., 2004) as well
as with the integration of the body-schema with allo- and egocentric frames of reference (Neggers et al., 2006). Other work has
shown that the left SPL, in particular the region including the IPS,
is topographically organized such that the more anterior portion
is associated with the coordination of body movements in space
(e.g., grasping and pointing) and the more posterior regions are
associated with calculation and eye saccades (Simon et al., 2002).
Understanding the relationship amongst the cognitive requirements of writing and these other tasks and, in turn, the speciﬁc
neural substrates that support these cognitive processes will be an
important research direction.
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SUMMARY AND CONCLUSION
This study provides the ﬁrst quantitative review and synthesis of
ﬁndings from functional neuroimaging studies of written language
production. The analyses carried out identify a network of left
hemisphere frontal, parietal, and temporal sites that are reliably
and consistently associated with written word production, providing estimates of the most likely locations of peak activations
within these areas. Furthermore, these analyses provide a coherent
assignment of these locations to central or peripheral processes
of spelling. The General Discussion relates these sites to more
speciﬁc cognitive functions by bringing together results from the
lesion and neuroimaging literatures. This study sets the stage for
future research regarding the neural substrates of written word
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