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1  | INTRODUCTION

Experience producing letters through handwriting increases ac-
tivation during letter perception relative to other letter learning 

experiences (e.g. typing; James & Atwood, 2009; James & Engelhardt, 
2012; Kersey & James, 2013). It is not known, however, why hand-
writing has this effect on the neural response during visual process-
ing. One possibility is that performing the motor movements of 
letter production may establish neural representations that influence 
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Abstract
Letter production through handwriting creates visual experiences that may be im-
portant for the development of visual letter perception. We sought to better under-
stand the neural responses to different visual percepts created during handwriting at 
different levels of experience. Three groups of participants, younger children, older 
children, and adults, ranging in age from 4.5 to 22 years old, were presented with dy-
namic and static presentations of their own handwritten letters, static presentations 
of an age-matched control's handwritten letters, and typeface letters during fMRI. 
First, data from each group were analyzed through a series of contrasts designed 
to highlight neural systems that were most sensitive to each visual experience in 
each age group. We found that younger children recruited ventral-temporal cortex 
during perception and this response was associated with the variability present in 
handwritten forms. Older children and adults also recruited ventral-temporal cortex; 
this response, however, was significant for typed letter forms but not variability. The 
adult response to typed letters was more distributed than in the children, including 
ventral-temporal, parietal, and frontal motor cortices. The adult response was also 
significant for one's own handwritten letters in left parietal cortex. Second, we com-
pared responses among age groups. Compared to older children, younger children 
demonstrated a greater fusiform response associated with handwritten form vari-
ability. When compared to adults, younger children demonstrated a greater response 
to this variability in left parietal cortex. Our results suggest that the visual percep-
tion of the variability present in handwritten forms that occurs during handwriting 
may contribute to developmental changes in the neural systems that support letter 
perception.
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subsequent visual processing (James & Atwood, 2009; Kersey & 
James, 2013; Longcamp, Anton, Roth, & Velay, 2003). Another pos-
sibility, and the focus of this work, is that the visual experiences with 
letters created by those motor movements may establish neural rep-
resentations that influence subsequent visual processing.

The visual experiences with letters created during handwrit-
ing can be broken down in at least three ways. First, as a letter is 
produced, children experience a letter unfolding in time, stroke-by-
stroke (dynamic unfolding). Second, children experience the final 
product as a static handwritten letter that varies from one instance 
to the next, thereby exposing their visual system to category vari-
ability (variability of letter form). Third, the static handwritten letter 
was written by their own motor system and may, therefore, contain 
cues for motion that are specific to the person who produced it 
(ownership). The neural response to each of these visual inputs may 
be an important part of why it is that handwriting leads to increases 
in activation during letter perception relative to other letter learn-
ing activities. Typing, for instance, does not generate these three 
visual inputs and is not as effective at increasing activation during 
letter perception as handwriting (James & Atwood, 2009; James & 
Engelhardt, 2012; Kersey & James, 2013).

As a first step in understanding what causal relationship might 
exist between the visual experiences with letters that occur during 
handwriting and the development of neural representation for 
letters, we characterized the neural responses to the different vi-
sual experiences with letters that are created during handwriting 
in children and adults. Our rationale was that the degree to which 
cortical areas responded to each visual experience could be related 
to the sensitivity of those cortical regions to the particular visual 
experience being tested. We expected that sensitivity to each of 
the visual experiences might change as an individual gains experi-
ence with letters. There are currently no studies that have directly 
investigated the neural responses to the aforementioned visual ex-
periences in children. We will, therefore, provide some background 
information on behavioral work in children that suggests that these 
visual experiences are important for the development of letter 
perception. We will also discuss neuroimaging work in adults that 
provides some indication that these visual experiences continue 
to be an important part of the neural representation for letters in 
adulthood.

1.1 | Dynamic unfolding

Children are typically taught to produce letters with particular stroke 
orders—top to bottom and left to right (i.e. for an ‘R’ they are first 
asked to produce the vertical line, then the curve, and then the diag-
onal line), leading to the perception of a letter that unfolds over time, 
stroke by stroke, and in the same stroke order each time. Experience 
producing letters in standard stroke orders gives children knowledge 
concerning how the form is typically produced. These stroke orders 
may become integrated into the representation of a letter and, in 
turn, influence letter perceptual processing. Such a suggestion is in 

line with several works that demonstrated that knowledge of how 
an object typically moves is influential in perceptual judgments 
(Babcock & Freyd, 1988; Freyd, 1983a, 1983b, 1985; Freyd & Finke, 
1984; Orliaguet, Kandel, & Boe, 1997). Stroke orders are, essentially, 
knowledge concerning how a letter typically moves. While we know 
of no work that has looked for stroke-order effects during symbol 
perception in young children, there are two recent works focusing 
on these effects in adults.

Two recent studies have demonstrated stroke-order effects 
during symbol recognition—better recognition for symbols unfold-
ing stroke-by-stroke than letters presented in static, typed form. 
Recognition benefits from stroke-by-stroke unfolding are, impor-
tantly, strongest for stroke orders with which the observer has ex-
perience. In healthy adults trained on novel symbols, recognition for 
the trained symbols was faster and more accurate when symbols 
were presented unfolding in learned compared to unlearned stroke 
orders (Vinci-Booher, Sehgal, & James, 2018). An adult with an ac-
quired, selective impairment in letter identification demonstrated 
higher recognition rates for letters that were presented dynami-
cally unfolding compared to letters presented in static, typed form 
(Schubert, Reilhac, & McCloskey, 2018). The patient's improvements 
were greater for letters presented in a standard stroke order relative 
to a non-standard order (Schubert et al., 2018). Both studies suggest 
that dynamic information about the typical ‘movement’ of a letter is 
a part of letter representation and that it influences letter perceptual 
processing in adults.

The case study provides additional information regarding the 
neural correlates of stroke-order effects on visual recognition. The 
patient had suffered a lesion to left ventral-temporal cortex, an area 
that has traditionally been associated with letter and word percep-
tion (Cohen et al., 2000; Dehaene, Le Clec’H, Poline, Le Bihan, & 
Cohen, 2002; James, James, Jobard, Wong, & Gauthier, 2005). The 
neural correlates of stroke-order effects are, therefore, not likely to 
rely upon letter- and word-selective regions in ventral-temporal cor-
tex. Indeed, the authors of the case study suggest that the observed 
stroke-order effects may have been accomplished by the influence 
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of motor plans in premotor cortex and, perhaps, mediated through 
visual motion processing regions in parietal cortex (Schubert et al., 
2018). The patient's motor and parietal cortices were intact, and 
the patient demonstrated no impairment in letter production. We 
would, therefore, expect that motor and/or visual-motion-related 
regions in parietal cortex might underlie these stroke-order effects.

1.2 | Variability of letterform

Children will experience both visual and motor variability during 
production. There is evidence to suggest that experiencing visual 
variability may be more important for letter recognition than ex-
periencing the motor variability, however. Li and James (2016) di-
rectly addressed the contribution of motor and visual experiences 
with symbols to the development of symbol categorization abilities. 
Five-year-old children learned novel Greek symbols through training 
activities that differed in terms of the motor and visual experiences 
with the symbols. Children who were exposed to visually variable 
exemplars of each Greek symbol category during training (e.g. vis-
ual study of a handwritten symbol produced by themselves or by 
another child or typed symbols presented in different fonts) were 
better able to categorize the symbols than children who were not 
exposed to visual variability. There were, importantly, no differences 
between motor and non-motor conditions or between handwritten 
and variable typed fonts, indicating that the gains in categorization 
after handwriting maybe driven by visual experience with variability 
of the symbols’ forms.

We are aware of no neuroimaging work that has directly ad-
dressed how exposure to visual variability may lead to changes in 
brain function during perception. We are aware of one study, how-
ever, that suggests that a sensitivity to variability might precede 
the establishment of category representations (Emberson, Cannon, 
Palmeri, Richards, & Aslin, 2017). Emberson et al. (2017) used fNIRS 
to assess the presence of repetition suppression effects in infants. 
Although their focus was not on variability, specifically, they report 
that neural activity in occipital cortex was above baseline when in-
fants were visually presented with different category exemplars, but 
not when they were repetitively presented with the same exemplar. 
The same infants did not demonstrate neural adaptation in occipital 
cortex, suggesting that the infants did not yet have adult-like neu-
ral representation for the categories tested (i.e. faces and fruits). 
This study suggests that sensitivity to visual variability in occipital 
cortex may occur before the establishment of adult-like category 
representation.

Although Emberson et al. (2017) were unable to measure activa-
tion in ventral-temporal cortex, it is likely that similar developmen-
tal processes occur in ventral-temporal cortex as in occipital cortex. 
Ventral-temporal cortex is a region that is broadly associated with 
categorization processes for letters (Dufor & Rapp, 2013; James 
et al., 2005; Rothlein & Rapp, 2014) and objects (for review, see Grill-
Spector & Weiner, 2014), and it has also been shown to be more re-
sponsive to handwritten than typed letters in adults (Gauthier et al., 

2000; Vinci-Booher, Cheng, & James, 2019). Category-selective re-
gions in ventral-temporal cortex exhibit reliable repetition suppres-
sion effects in adults (Grill-Spector, Henson, & Martin, 2006). There 
are many ideas about how these category-selective responses de-
velop (Dehaene & Cohen, 2007; Gauthier, 2000; Ishai, Ungerleider, 
Martin, Schouten, & , 1999; Kanwisher, 2000; Saygin et al., 2016). 
We offer the idea, here, that experience with category variability 
might contribute in some way to this developmental trajectory, at 
least for symbols. We would expect that sensitivity to visual variabil-
ity in ventral-temporal cortex may also occur before the establish-
ment of category representation.

1.3 | Ownership

Letters produced by one's self are likely processed differently than 
letters produced by another, provided the owner has had enough ex-
perience with their own handwriting. Adults can readily distinguish 
their own handwritten letter trajectories from those of another 
(Knoblich & Prinz, 2001; Knoblich, Seigerschmidt, Flach, & Prinz, 
2002) as can 10-year-old children (Mattaloni, 2013). Eight-year-old 
children, however, do not demonstrate this ownership effect, sug-
gesting that a certain level of experience with one's own handwrit-
ten forms is important for sensitivity to one's own letters compared 
to another's letters.

Ownership effects may be most strongly related to the motor 
experiences with letters that are created during handwriting and 
not the visual experience alone. Adults make accurate ownership 
judgments for symbols that were learned by producing them with-
out visual feedback (i.e. with their hand, pen, and paper occluded), 
suggesting that the motor experience alone is sufficient for an own-
ership effect (Knoblich & Prinz, 2001). Neuroimaging work also sup-
ports the notion that motor experience underlies ownership effects 
for symbol recognition. Fronto-parietal systems, often associated 
with motor execution and guidance, were more active when adults 
viewed their own handwritten symbol unfold as if it were being 
written compared to viewing another's symbol unfold (Mattaloni, 
2013). Differences in neural processing between handwritten let-
ters produced by one's self and letters produced by another were 
also apparent when the handwritten letters were presented in static, 
non-dynamic form (Sawada, Doi, & Masataka, 2016). Based on these 
results, we would expect to see differences in the neural response 
when viewing one's own versus another's handwritten forms in fron-
to-parietal motor systems. We would expect, further, that this re-
sponse would be most apparent in adults who have a long history of 
experience with their own handwriting.

1.4 | Present study

The purpose of this study was to better understand the differ-
ences in the neural systems that respond to the visual experiences 
created during letter production among children in the very early 
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stages of learning about letters, children in later stages, and in 
literate adults. We focused specifically on the visual experiences 
encountered during letter production discussed above—dynamic 
unfolding, variability, and ownership—and how responses to those 
aspects of letter production might differ at different levels of 
experience.

We presented all participants with different presentations of let-
ters designed to characterize the different visual experiences that 
result from letter production. We also presented participants with 
stereotypical typed letters to identify the neural system that sup-
ports typical letter perception, as in prior work (James, 2010; James 
& Atwood, 2009; James & Engelhardt, 2012; James & Gauthier, 
2006; Kersey & James, 2013; Longcamp et al., 2003). Our analy-
ses identified differences within and between groups in the neural 
response to the different visual experiences that result from letter 
production. Our rationale was that between-group differences in 
activation associated with each visual experience would be related 
to between-group differences in the sensitivity of cortical regions to 
the particular visual experience being tested.

Our predictions were focused, first, on the developmental tra-
jectory of sensitivity to these visual experiences and, second, on 
the brain region that demonstrated sensitivity. We expected that 
sensitivity to dynamic unfolding and to ownership would be more 
evident in the adults than in either child group because adults have 
a long history of experience with symbols’ typical movement trajec-
tory and, more specifically, with one's own movement cues in those 
trajectories. We expected that sensitivity to variability, on the other 
hand, would be more evident in the youngest children than either 
the older children or adults because the youngest children would 
still be learning letter categories. Regarding the brain regions most 
involved in processing these visual experiences, we expected that 
dynamic unfolding would activate motor and/or visual motion pro-
cessing systems, as suggested by Schubert et al. (2018), that vari-
ability of letterform would activate occipital and ventral-temporal 
cortices, as suggested by Emberson et al. (2017) and prior work in 
category-selective repetition suppression in adults (Grill-Spector 
et al., 2006), and that ownership would activate fronto-parietal cor-
tices, as suggested by Mattaloni (2013).

2  | MATERIALS & METHODS

2.1 | Participants

Children (4.5–8.5 years, n = 41) were recruited through an in-house 
database of parents in the local community and through word-
of-mouth. Parents provided written informed consent and were 
compensated with a gift card. Children who were 7 years or older 
provided written informed assent. All children were compensated 
with a small toy or gift card. Adult participants (21–25 years, n = 15) 
were recruited through an in-house database and through word-of-
mouth. Adult participants provided written informed consent and 
were compensated with a gift card. All participants were screened 

for neurological trauma, developmental disorders, and MRI contrain-
dications. All participants were right-handed with English as their na-
tive language.

Four children were excluded due to difficulty following instruc-
tions and/or technical problems with the functioning of the tablet 
(e.g. cable attachment was damaged). Data from one child were lost 
in a technical error from the MRI facility. Four adults and nine chil-
dren were excluded due to an unacceptable amount of motion during 
the MRI scanning procedure (see Neuroimaging Preprocessing). 
We, therefore, obtained useable fMRI data from 11 adults and 27 
children. The 14 youngest children (M = 5.5 years, SD = 0.5 years) 
were assigned to the younger age group and the 13 oldest children 
(M = 7.6 years, SD = 0.5 years) were assigned to the older age group.

2.2 | Design

Participants were presented with letters in four different formats 
during fMRI scanning in a blocked design: Watch Typed Letter, 
Watch Handwritten Other, Watch Handwritten Own, and Watch 
Dynamic Own (see Figure 2). During the Watch Typed Letter condi-
tion, participants passively viewed letters presented on the tablet, 
one letter at a time. During the Watch Handwritten Other condi-
tion, participants passively viewed letters handwritten by an age-
matched control on the tablet, one letter at a time. During the Watch 
Handwritten Own condition, participants passively viewed letters 
handwritten by themselves within the same experimental session. 
During the Watch Dynamic Own condition, participants passively 

F IGURE  1 Experimental setup. Adults and children used the 
same apparatus and special care was taken to ensure the comfort 
of the participants. The MRItab, arm pillow, and Wheaton® 
elastic shoulder immobilizer were adjusted for each participant. 
Subject-specific adjustments ensured that the participants were 
in a comfortable writing position and could see the screen of the 
MRItab



     |  5 of 17VINCI-BOOHER and JAMES

viewed letters handwritten by themselves within the same experi-
mental session unfolding just as it had done when they had produced 
it. There were an additional four blocks in each run that contained 
trials for conditions that focused on the motor aspects of produc-
tion. These four conditions were not the focus of the present study 
and were, therefore, not analyzed.

2.3 | Materials and stimuli

2.3.1 | Apparatus

All stimuli were recorded and presented using the MRItab as dis-
played in Figure 1 (for a full description, see Vinci-Booher, Sturgeon, 
James, & James, 2018). Auditory instructions and letter prompts 
were presented through MR-safe headphones. BoomTM was used 
to enhance audio clarity. An in-house Matlab program using the 
Psychophysics Toolbox extensions interfaced with the MRItab 
and MRI-compatible headphones to record and present all stimuli 
(Brainard, 1997; Pelli, 1997). A Wheaton® elastic shoulder immo-
bilizer and inflatable head immobilization padding were used to re-
strict motion.

2.3.2 | Stimuli

All stimuli were presented in white on a black background. A box 
that subtended 10 by 10 degrees of visual angle was displayed on the 
tablet at all times. A singular dot was presented in the center of the 
screen during the initial and final fixations. Stimuli presented within 
the box changed according to condition.

A set of 12 single upper-case letters of the Roman alphabet 
were selected: A, B, C, D, G, H, J, L, Q, R, U, and Y. Typed letters 
were always presented in 120-point Arial font and subtended 4 by 

4 degrees of visual angle. Stimuli for the Watch Handwritten Other 
condition were recorded from age-matched controls. Stimuli in the 
Watch conditions were previously recorded (within the same exper-
imental session) productions of their own handwritten forms. In the 
Watch Dynamic Own condition, participants viewed their own pre-
viously recorded production of their letter unfolding in real time. In 
the Watch Handwritten Own condition, participants viewed the 
final, static handwritten letter that they produced.

Each block contained six letters. The six letters for each block 
were selected randomly from the full stimulus set at the beginning 
of each run, with the restriction that a particular set may not con-
tain letter names that are easily confused (Conrad, 1964; Hull, 1973). 
Note that in the Watch Handwritten Own and Watch Dynamic 
Own conditions, participants viewed their own handwritten pro-
ductions—recorded on the MRItab just before the scanning session. 
The six letters used for these blocks were necessarily the same set 
of six letters. For this reason, the same set of six letters was also 
displayed in the Watch Handwritten Other and Watch Typed Letter 
conditions.

In all conditions, block instructions and letter names were 
pre-recorded from a female native English speaker and played at the 
beginning of each block and trial, respectively. For the conditions of 
interest in this study, the block instruction was always ‘Watch’.

2.4 | Procedure

2.4.1 | Children

After the consenting process was completed, children were first 
asked to write the 12 single upper-case letters of the Roman al-
phabet to dictation using the MRItab. This step was necessary for 
the collection of handwriting samples and in familiarizing with the 
MRItab. It also served as an additional screening criterion. Only 

F IGURE  2 Stimulation protocol during fMRI scanning. The figure presents a depiction of the blocks within each run and the trials within 
each block. Block orders were pseudo-randomized and counter-balanced across runs. The six letters used for each condition within a run 
were the same set of six letters. Letter orders within a block were randomized. Block instructions and letter names were pre-recorded. Block 
instructions were played at the beginning of each block to alert participants to the task. Letter names were played at the beginning of each 
trial to alert the participant to the letter that they should write or to the letter that would be displayed
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children who produced a form to dictation within 4 s for at least 10 
of the 12 letters were permitted to continue in the study. We did not 
require that their production was accurate or legible.

After a short movie in the MRI simulator, children performed an 
abbreviated version of the stimulation protocol also in the simula-
tor (see Figure 2). If they made an error of any sort (e.g. tracing the 
statically presented letters instead of watching them), they received 
feedback and were asked to try again. Once it was apparent that 
they understood their tasks and if they appeared comfortable in the 
MRI simulator, they continued to the actual MRI environment.

During the initial anatomical scan, children were allowed to 
watch a movie, listen to an audio book, or simply rest. Following the 
anatomical scan, each functional run contained a complete set of ex-
perimental conditions: four perceiving blocks and four motor blocks 
(see Figure 2) and lasted 344 s (5:44 min). The present study focuses 
on the four perceiving blocks. We acquired up to four functional 
runs, depending on the comfort and compliance of the participant. A 
trained research assistant remained in the MRI room with the child 
during all runs to help them remain still and to ensure that they paid 
attention to the tasks. A second trained research assistant observed 
through a video camera placed just outside the bore of the MRI to 
ensure that children were paying attention to the task.

Block orders were pseudo-randomized and counter-balanced 
across participants. Each block within the functional runs contained 
six 4-s trials. Blocks were separated by 14-s inter-block intervals, the 
last 2 s of which were auditory instructions for the following block. 
Initial fixation and final fixation times were 20 s and 10 s, respec-
tively. Before each block, auditory instructions alerted the partic-
ipant as to what would be expected of them throughout the next 
block. At the start of each trial, participants heard one letter name 
before they were visually presented with the letter. The letter name 
was provided as a prompt for the motor conditions and was, there-
fore, also provided for the visual conditions in order to control for 
the auditory input.

2.4.2 | Adults

The neuroimaging procedure for adults was the same as the proce-
dure for children, except that adults were not required to undergo 
training in the MRI simulator. Adult participants were still required 
to write the 12 upper-case letters of the Roman alphabet one at a 
time to dictation using the MRItab outside of the MRI environment 
before they began the imaging session. The stimulation protocol for 
the imaging session for adults was the same as the stimulation pro-
tocol for children.

2.4.3 | Scanning parameters

Neuroimaging was performed at the Indiana University Imaging 
Research Facility, housed within the Department of Psychological 
and Brain Sciences with a Siemens Magnetom Prisma 3-T 

whole-body MRI system. High-resolution T1-weighted anatomical 
volumes were acquired using a MPRAGE sequence: TI  =  900  ms, 
TE = 2.98 ms, TR = 2,300 ms, flip angle = 9°, with 176 sagittal slices 
of 1.0 mm thickness, a field of view of 256 × 248 mm, and an isomet-
ric voxel size of 1.0 mm3

. For functional images, the field of view was 
220 × 220 mm, with an in-plane resolution of 110 × 110 pixels and 
72 axial slices of 2.0 mm thickness per volume with 0% slice gap, pro-
ducing an isometric voxel size of 2.0 mm3. Functional images were 
acquired using a gradient echo EPI sequence with interleaved slice 
order: TE = 30 ms, TR = 1,000 ms, flip angle = 52° for blood-oxygen-
level-dependent (BOLD) imaging.

2.4.4 | Behavioral procedure

Behavioral scores were collected at a second session to determine 
group differences in literacy, visual-motor, and/or fine-motor skills. 
The behavioral session consisted of a battery of standard assess-
ments designed to assess visual-motor integration (Beery VMI: 
green, blue, and brown), fine motor skill (Grooved Pegboard), and 
literacy level (WJ-IV Achievement: Letter-Word Identification, 
Spelling, Word Attack, Spelling of Sounds). Children and adults com-
pleted the same battery of assessments. A composite score quanti-
fied the abilities of each participant on these three criteria. Group 
means and standard errors for the behavioral measures and compos-
ite scores are reported in Table 1.

2.5 | Analyses

All neuroimaging analyses were conducted using Brain Voyager QX, 
Version 2.8 (Brain Innovation).

2.5.1 | Neuroimaging preprocessing

Preprocessing of functional data included slice scan time correc-
tion, 3D motion correction using trilinear/sinc interpolation, and 3D 
Gaussian spatial blurring with a full-width-at-half-maximum of 6 mm. 
Temporal high-pass filtering was performed using a voxel-wise gen-
eral linear model (GLM) with predictors that included a Fourier 
basis set with a cutoff value of 2 sine/cosine pairs and a linear trend 
predictor. To account for head motion, rigid body transformation 
parameters were included in the design matrix as predictors of no 
interest (Bullmore et al., 1999; Weissenbacher et al., 2009) along 
with spike regressors for each time point at which the relative root 
mean squared (RMS) time course exceeded 2.0 mm (Satterthwaite 
et al., 2013; Van Dijk, Sabuncu, & Buckner, 2012). Entire runs were 
removed from the analysis if the number of spike regressors in that 
run was greater than or equal to 7 and/or if visual inspection of the 
rigid body motion parameters indicated a large amount of non-spik-
ing motion in at least one parameter. This resulted in the removal of 
22 runs from the younger children, 23 runs from the older children, 
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and 12 runs from adults. All runs were removed for four younger 
children, five older children, and four adults, effectively removing 
these participants from the analysis. Individual anatomical volumes 
were normalized to Talairach space (Talairach & Tournoux, 1988). 
Coregistration of functional volumes to anatomical volumes was 
performed using a rigid body transformation.

2.5.2 | Analyses

The statistical analyses began with a voxel-wise GLM with one pre-
dictor of interest for each condition and seven predictors of no in-
terest that were included for motion correction purposes only. Each 
predictor of interest was convolved with a double-gamma hemody-
namic response function (Boynton, Engel, Glover, & Heeger, 1996). 
The resulting design matrix was subjected to a random-effects GLM 
analysis for planned contrasts.

We performed several whole-brain contrasts within each partici-
pant group to observe activation associated with the different visual 
experiences associated with letter production. Comparing Watch 
Dynamic Own with Watch Handwritten Own revealed areas associ-
ated with seeing a form unfold over time, a contrast that we will refer 
to as the dynamic unfolding contrast; comparing Watch Handwritten 
Own with Watch Handwritten Other revealed areas associated with 
the perception of one's own handwritten form, the ownership con-
trast; comparing Watch Handwritten Other to Watch Typed Letter 
revealed areas associated with variability in letter form, the variabil-
ity of letterform contrast; contrasting Watch Typed Letter with fixa-
tion revealed areas associated with the perception of typed letters, 
the typed letter contrast. The resulting t-maps were subjected to a 
voxel-wise threshold of pvoxel  <  .01 with a cluster threshold of 60 
contiguous 2-mm isotropic voxels.

We then investigated the interaction between the conditions 
and the groups by comparing the contrast maps among groups. For 

 

Group

Younger children 
(n = 14)

Older children 
(n = 13) Adults (n = 11)

M (SD) M (SD) M (SD)

Age (months) 65.5 (5.6) 92.1 (5.6) 242.9 (11.9)

Woodcock Johnson IV

Letter Word 
Identification

21.7 (13.9) 50.3 (16.9) 70.8 (3.6)

Spelling 9.6 (2.5) 23.8 (9.0) 47.1 (4.4)

Word Attack 9.5 (4.7) 21.5 (5.2) 27.8 (2.8)

Spelling of Sounds 6.1 (2.9) 15.6 (4.3) 25.4 (2.4)

Beery

VMI 15.2 (1.6) 20.5 (2.8) 27.6 (2.2)

Visual perception 18.8 (3.7) 22.3 (3.0) 27.7 (2.2)

Motor coordination 14.5 (2.6) 19.5 (4.4) 25.4 (3.1)

Grooved Pegboard

Right 45.5 (2.6) 36.5 (12.5) 58.3 (7.5)

Left 54.0 (10.1) 37.2 (9.3) 64.4 (7.7)

Composite scores

Literacy 11.8 (6.0) 26.7 (8.9) 42.7 (2.6)

Visual motor 16.2 (1.4) 20.7 (2.5) 27.0 (2.0)

Fine motor 4.1 (0.6) 5.7 (1.1) 8.2 (0.9)

Note: Behavioral testing occurred within 3 weeks of the neuroimaging session. Grooved Pegboard 
is reported in seconds to completion. All others are reported in number of correct items. The 
literacy composite score was calculated by averaging the raw score on the Woodcock Johnson IV 
Letter–Word Identification, WJ-IV Spelling, WJ-IV Word Attack, and WJ-IV Spelling of Sounds. The 
visual-motor composite score was calculated by averaging the raw score on the Beery VMI, Beery 
VP, and Beery MC. The fine motor skill composite score was calculated by averaging the time 
taken on the Grooved Pegboard for both hands, dividing by the number of rows completed (i.e. 
the children only complete two rows, whereas the adults complete five rows), taking the inverse 
to make higher scores correspond to higher skill, and, finally, multiplying by one hundred to scale 
the score. One younger child and one adult did not complete the Fine Motor tasks. The Right and 
Left Grooved Pegboard and Fine Motor Composites are, therefore, calculated from 13 younger 
children, 13 older children, and 10 adults.

TABLE  1 Descriptive statistics
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each contrast map, we performed a one-way ANOVA at the whole-
brain level. The analysis proceeded in a voxel-wise fashion, with 
one model for each voxel that included one between-participant 
factor, GROUP, with three levels: younger children, older children, 
and adults. The dependent variable was the voxel's t value for the 
contrast of interest. We followed each whole-brain ANOVA with 
post hoc between-group comparisons that were also performed 
at the whole-brain level. Resulting statistical maps for the overall 
ANOVA and post hocs were subjected to a corrected voxel-wise 
threshold of pvox <  .001 with a cluster threshold of six contiguous 
2-mm isotropic voxels. We applied a more conservative threshold 
for the between-groups contrasts than for the within-groups con-
trasts because the threshold used for within-groups contrasts led to 
significant results in nearly every part of the brain, making inference 
at the relatively liberal threshold used for within-groups contrasts 
impossible.

3  | RESULTS

3.1 | Typed letters

We compared activation during the perception of typed letters to 
activation during fixation to identify the entire letter processing sys-
tem, as has been performed in prior work (James & Atwood, 2009; 
Longcamp et al., 2003; Longcamp, Hluschchuck, & Hari, 2011). We 
found no significant responses during passive typed letter percep-
tion in the younger children (Table 2). Both literate groups, older chil-
dren and adults, demonstrated a response to typed letters (Tables 4 
and 5; Figure 3).

Older children recruited three major clusters, all within ven-
tral-temporal cortex (Table 3). Two clusters covered regions of cortex 
often referred to as the lateral occipital complex (LOC) (Grill-Spector 

et al., 1999) and the third cluster was located in the left fusiform 
gyrus, anterior to the left LOC response. Adults recruited four major 
clusters during letter perception (Table  4; Figure  3). The first and 
second clusters covered posterior portions of lateral temporal lobe 
and lateral occipital cortex, including LOC, and extended down into 
the fusiform gyrus in the left, and right hemispheres, respectively. 
The third cluster included left ventral premotor cortex, including 
posterior middle frontal gyrus and posterior inferior frontal gyrus. 
The fourth cluster included left intraparietal sulcus. These results 
are consistent with a large number of prior works that demonstrate 
a similar ventral-temporal response during passive letter percep-
tion in children with handwriting experience (James, 2010; James 
& Engelhardt, 2012; Kersey & James, 2013) and ventral-temporal 
and motor responses in adults (James & Atwood, 2009; James & 
Gauthier, 2006; Longcamp et al., 2003, 2008; Longcamp, Tanskanen, 
& Hari, 2006; Longcamp, Zerbato-Poudou, & Velay, 2005).

The between-group whole-brain contrasts indicated significant 
differences among groups during the perception of typed letters in 
the left inferior frontal gyrus, left dorsal precentral gyrus, left poste-
rior intraparietal sulcus, left fusiform gyrus, right fusiform gyrus, right 
occipital cortex, and an anterior portion of the right superior parietal 
lobe (Table 5; Figure 5). Post hoc between-group comparisons revealed 
that the left fusiform gyrus response was greater in the older children 
than in the younger children, consistent with prior work indicating that 
the onset of a left fusiform response during letter perception is related 
to developmental changes in letter recognition ability and experience 
with handwriting (James, 2010; James & Engelhardt, 2012; Kersey & 
James, 2013) (Table 5; Figure 5). The right dorsal postcentral gyrus was 
also more responsive in the older children than in the younger chil-
dren during typed letter perception (Table 5). Post hoc comparisons 
also revealed several responses that were greater in the adults than 
in the younger children, including the left inferior frontal gyrus, left 
dorsal precentral gyrus, left posterior intraparietal sulcus, and the right 

TABLE  2 Whole-brain contrasts within groups: younger children

Contrast
No. of 
clusters

Cluster size 
(voxels)

Talairach Coordinates

Peak T Anatomical locationPeak x Peak y Peak z

Watch Dynamic Own > Watch 
Handwritten Own

1 3,463 12 −76 37 4.87 Right precuneus

Watch Handwritten Own > Watch 
Handwritten Other

0 — — — — — —

Watch Handwritten Other > Watch 
Typed Letter

3 31,789 30 −70 10 8.16 Right posterior cingulate cortex

12 −91 −2 6.69 Right lingual gyrus

−12 −67 16 5.77 Left posterior cingulate cortex

39 −76 −5 5.72 Right inferior occipital gyrus

−24 −73 −18 5.17 Left posterior fusiform gyrus

42 −61 −14 4.73 Right posterior fusiform gyrus

3,811 −27 −76 7 4.15 Left cuneus

2,433 −42 −55 −41 5.23 Left cerebellum

Watch Typed Letter > Fixation 0 — — — — — —

Note: Local peaks with a T-statistic greater than 4.0 are reported for large clusters that spanned several anatomical locations.
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fusiform gyrus (Table  5; Figure  5). There were no significant differ-
ences between the adults and the older children.

3.2 | Handwritten letters

3.2.1 | Dynamic unfolding

We compared activation during the perception of one's own hand-
written letter dynamically unfolding to activation during the percep-
tion of the static handwritten letter that they produced to identify 
regions that were sensitive to the dynamic unfolding of a letter. A 
response to dynamic unfolding was present in all groups (Tables 3–5; 
Figure  3). In the younger children, activity in the right precuneus 

was associated with the perception of dynamic unfolding. In the 
older children, activity in the left temporal cortex was associated 
with the perception of the dynamic unfolding. Adults demonstrated 
a response to dynamic unfolding in bilateral temporal cortex, right 
posterior cingulate cortex, and left posterior middle frontal gyrus. 
The between-group whole-brain contrasts revealed no significant 
differences among groups (Table 4).

3.2.2 | Variability of letterform

We compared activation during the perception of letters written 
by an age-matched control to typed versions of those same letters 
to identify neural regions that were sensitive to the variability of 

F IGURE  3 Results of whole-brain contrasts for each group. Results of all contrasts are presented on a representative participant's brain 
for each age group. The results of each contrast are displayed in different colors (see figure legend). Younger children (left) responded to 
variability in form (orange) and to the unfolding (dark blue) while demonstrating no significant response to the perception of typed letters 
(light blue). Older children (center) and adults (right) responded to typed letters and to the unfolding. Adults demonstrated an additional 
response to the perception of one's own handwritten forms (green). Talairach coordinates for each slice are displayed. Results are presented 
a pvox < .01 with a cluster threshold of 60 contiguous 2-mm isotropic voxels

TABLE  3 Whole-brain contrasts within groups: older children

Contrast
No. of 
clusters

Cluster size 
(voxels)

Talairach coordinates

Peak T Anatomical locationPeak x Peak y Peak z

Watch Dynamic Own > Watch 
Handwritten Own

1 1,684 −42 −43 10 4.65 Left middle temporal 
gyrus

Watch Handwritten Own > Watch 
Handwritten Other

0 — — — — — —

Watch Handwritten Other > Watch 
Typed Letter

0 — — — — — —

Watch Typed Letter > Fixation 2 9,498 39 −64 −12 4.69 Right fusiform gyrus

7,367 −42 −70 −13 7.0 Left fusiform gyrus
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letterforms that occurs during handwritting. Younger children dem-
onstrated a response to variability of letterforms in bilateral ventral-
temporal cortex (Table 2; Figure 3). Neither the older children nor the 
literate adults demonstrated a significant response (Tables 4 and 5).

The between-group whole-brain contrasts revealed a difference 
among groups in the left posterior fusiform gyrus and in the left in-
traparietal sulcus (Table 5; Figure 4). Post hoc between-group com-
parisons revealed that the response in the left posterior fusiform 
gyrus was greater in the younger children than in the older children. 
The left intraparietal sulcus response was greater in younger chil-
dren than in adults. There were no significant differences between 
the adults and the older children.

3.2.3 | Ownership

We compared activation during the perception of one's own handwrit-
ten letters to activation during the perception of letters written by an 
age-matched control to identify neural regions that were sensitive to 
the perception of one's own handwritten forms. Neither the younger 
children nor the older children demonstrated a neural response asso-
ciated with the perception of one's own handwritten forms (Tables 3 
and 4). Literate adults, however, responded to the perception of one's 
own handwritten letters in left superior parietal cortex along the in-
traparietal sulcus (Table 4; Figure 3). The between-group whole-brain 
contrasts revealed no significant differences among groups (Table 5).

3.3 | Behavioral assessments

We performed three one-way ANOVAs with one between-participants 
factor, GROUP, that included three levels, younger children, older chil-
dren, and literate adults, to confirm group differences in literacy and 

to quantify any group differences in visual-motor and/or fine-motor 
skill. The one-way ANOVA for literacy confirmed group differences in 
literacy, F(2, 35) = 69.845, p <  .001, and also indicated group differ-
ences in visual-motor ability, F(2, 35) = 88.171, p < .001, and fine motor 
skill, F(2, 33) = 69.980, p <  .001. All post hoc independent samples t 
tests were significant, p < .001, Bonferonni-corrected. In all cases, the 
scores were greater for the literate adults than the older children and 
greater for the older children than the literate adults, indicating that 
the adults had more experience than the older children and that the 
older children had more experience than younger children in terms of 
literacy, visual-motor skill, and fine-motor skill.

4  | DISCUSSION

To better understand how the visual experiences produced during 
handwriting might affect neural activity in children in early and later 
stages of learning about letters and in adults, we characterized the 
neural responses associated with the perception of various letters. By 
exposing participants to the visual percepts that result from handwrit-
ing as well as typed letters, we have shown that different types of visual 
percepts of a single category—letters—recruit different neural systems 
and that these systems change with experience. Our results make two 
crucial contributions: (a) Adult-like letter processing emerges earlier in 
ventral-temporal cortex than in parietal and frontal motor regions and 
(b) The perception of variability of letterform that occurs during letter 
production may contribute to this developmental trajectory.

4.1 | Perception of typed letters

A large body of literature has reported letter-selective neural re-
sponses in ventral-temporal cortex with a focus on sensitivity to 

TABLE  4 Whole-brain contrasts within groups: adults

Contrast
No. of 
clusters

Cluster size 
(voxels)

Talairach Coordinates

Peak T Anatomical locationPeak x Peak y Peak z

Watch Dynamic Own > Watch 
Handwriting Own

3 6,231 60 −46 10 8.02 Right middle temporal gyrus

2,236 −51 −61 7 7.00 Left middle temporal gyrus

1,718 6 −52 31 5.78 Right precuneus

Watch Handwritten Own > Watch 
Handwritten Other

1 2,030 −27 −46 49 6.90 Left precuneus, along intraparietal 
sulcus

Watch Handwritten 
Other > Watch Typed Letter

0 — — — — — —

Watch Typed Letter > Fixation 4 12,189 45 −52 −16 9.72 Right fusiform gyrus

5,068 −51 8 25 5.90 Left inferior frontal gyrus

−51 −1 40 5.30 Left dorsal precentral gyrus

−51 20 34 4.63 Left posterior middle frontal gyrus

4,290 −54 −37 −17 6.81 Left fusiform gyrus

3,332 −45 −55 43 6.04 Left inferior parietal lobe, along 
the intraparietal sulcus

Note: Local peaks with a T-statistic greater than 4.0 are reported for large clusters that spanned several anatomical locations.
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letters as an object category in the left fusiform gyrus (e.g. Cohen 
et al., 2000; Dehaene, Cohen, Sigman, & Vinckier, 2005; Dufor & 
Rapp, 2013; Flowers et al., 2004; Garrett et al., 2000; Gauthier 
et al., 2000; James et al., 2005; Rothlein & Rapp, 2014). Neural re-
sponses that are greater to letters than other similar objects have 
also been observed in the posterior parietal cortex, the dorsal and 
ventral motor cortex, and the middle frontal and inferior frontal gyri 
(James & Atwood, 2009; James & Gauthier, 2006; Longcamp et al., 
2003). In the current study, adults recruited this well-known system 
during typed letter perception (James & Gauthier, 2006; Longcamp 
et al., 2014; Yuan & Brown, 2014). The older children recruited only 
the ventral-temporal portion of this neural system and the younger 
children showed no significant activation to typed letters compared 
with fixation. Directly comparing between groups revealed that the 
fusiform gyrus response was greater in the older children than in the 
younger children and, further, that responses that were greater in the 
literate adults compared to the younger children were predominately 
located within the dorsal motor system.

Our findings—that only adults recruited the full parietal-frontal 
system—suggest that an extensive amount of experience may be re-
quired for parietal-frontal regions to develop a response during letter 
perception. We have, nonetheless, found activation in these regions 
in young children during letter perception after a short amount of 
within-experiment handwriting training in prior studies (James & 
Engelhardt, 2012; Kersey & James, 2013). Although not empirically 

tested yet, we would propose that the small amount of within-exper-
iment training may result in a temporary, short-lived increase in the 
neural system that supports letter perception. For this response to 
become stable and permanent, however, more extensive experience 
would be required. That the dorsal visual processing stream takes 
extensive experience to develop a stable response is consistent with 
work that suggests a more prolonged trajectory for the functional 
development of the dorsal relative to the ventral visual stream (for 
review, see Stiles, Akshoomoff, & Haist, 2013).

4.2 | Perception of handwritten forms

4.2.1 | Dynamic unfolding

Our whole-brain contrasts revealed a bilateral response in temporal 
cortices as well as a response in right precuneus in the parietal cortex 
in adults during the perception of a letter dynamically unfolding as if it 
were being written relative to the final, static versions of those hand-
written letters. The bilateral temporal response was near anatomical 
regions commonly associated motion perception, often referred to as 
MT/V5 (Tootell et al., 1995; Zeki et al., 1991). The right precuneus 
has also been associated with motion perception and more specifi-
cally with directing visual attention for tracking purposes (for review, 
see Cavanna & Trimble, 2006). Our whole-brain ANOVA found no 

TABLE  5 Results of whole-brain contrasts between groups

Statistical Map
No. of 
clusters Post hoc comparison

Cluster 
size 
(voxels)

Talairach Coordinates

Peak T Anatomical location
Peak 
x

Peak 
y Peak z

Watch Dynamic 
Own > Watch 
Handwritten Own

0 — — — — — — —

Watch Handwritten 
Own > Watch 
Handwritten 
Other

0 — — — — — — —

Watch Handwritten 
Other > Watch 
Typed Letter

2 Younger Children > Older 
Children

612 −48 −67 −10 4.50 Left fusiform gyrus

Younger Children > Adults 267 −39 −40 49 4.50 Left inferior parietal 
lobe, along intraparietal 
sulcus

Watch Typed 
Letter > Fixation

6 Adults > Younger Children 1,517 −45 11 13 4.81 Left inferior frontal 
gyrus

Adults > Younger Children 288 −48 −7 46 4.81 Left dorsal precentral 
gyrus

Adults > Younger Children 384 −32 −64 43 4.46 Left precuneus, along 
intraparietal sulcus

Adults > Younger Children 910 48 −58 −9 4.66 Right fusiform gyrus

Older Children > Younger 
Children

1,591 −39 −70 −11 4.90 Left fusiform gyrus

Older Children > Younger 
Children

540 60 −22 46 5.09 Right dorsal postcentral 
gyrus

Note: Local peaks with a T-statistic greater than 4.0 are reported for large clusters that spanned several anatomical locations.
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differences between groups for the dynamic unfolding contrast, sug-
gesting that the responses in bilateral temporal cortices and right pre-
cuneus in the children were precursors to the adult response.

Prior works in adults have suggested that knowledge concerning 
how an object moves benefits recognition (Babcock & Freyd, 1988; 
Orliaguet et al., 1997) and that, in the specific case of letter recog-
nition, seeing a letter unfold as it is normally experienced unfolding 
during handwriting facilitates recognition (Freyd, 1983b; Schubert 
et al., 2018). Schubert et al. (2018) demonstrated that the influence of 
this dynamic information does not depend upon ventral-temporal re-
gions associated with object perception and suggested that it may be 
associated with either premotor or visual motion perception regions. 
Our results are consistent with those of Schubert et al. (2018) and add 
that the influence of dynamic information is likely mediated by mo-
tion perception regions (i.e. MT/V5), as opposed to premotor regions. 
Motion perception regions may participate in letter recognition by 
conveying information about an object's typical movement pattern, 
though additional research is needed to make such a claim, given the 
extensive work that indicates that MT/V5 responds to motion in a do-
main-general fashion (Tootell et al., 1995; Zeki et al., 1991; for review 
see Cavanna & Trimble, 2006), no indication of MT/V5 participation in 
letter recognition in non-clinical populations (James & Gauthier, 2006; 
Longcamp et al., 2003), and the absence of a similar effect for the 
same unfolding contrast in a prior study (Vinci-Booher et al., 2019).

4.2.2 | Variability of letterform

We suggest that the variability in form present in handwritten let-
ters may be a particularly important part of handwriting in young 

children who are still learning to produce and recognize letters. Our 
results demonstrate that the perception of handwritten letters, 
whether they were written by oneself or an age-matched control, af-
fects the neural activity in the fusiform gyri more than typed letters 
during the early stages of letter learning. Only the younger children 
demonstrated this sensitivity to variability in form. When directly 
compared to older children and adults, younger children had signifi-
cantly more activation in the left fusiform gyrus for variability.

Variability among instances of visual forms is a known driver of 
category learning (e.g. Perry, Samuelson, Malloy, & Schiffer, 2010; 
Twomey, Lush, Pearce, & Horst, 2014; Twomey, Ranson, & Horst, 
2014). Compared to typeface letters, handwritten letters are variable 
in form—each production of a letter is different from the last—espe-
cially when produced by young children (Longstaff & Heath, 1997; 
Wing & Nimmo-Smith, 1987). Letter production may simply be a nat-
ural and effective way to present the perceptual system with vari-
able category exemplars, as letter categorization improves similarly 
whether children learn symbols by handwriting or by visually per-
ceiving the symbols presented in variable fonts (Li & James, 2016).

Our current hypothesis is that the visually variability in handwrit-
ten forms leads to the formation of broad category representation, 
allowing the nascent system to recognize many variable instances as 
belonging to the same category. This hypothesis receives support from 
noting that the same region within the left fusiform gyrus that demon-
strated greater activity in the younger children for variability in form 
compared to the older children (Figure 4) also demonstrated greater 
activity in the older children for typed letters compared to the younger 
children (Figure 5). This cross-over from sensitivity to variability in the 
early stages of learning to sensitivity to a stereotypical letter in a later 
stage of learning suggests that the left fusiform gyrus may develop 

F IGURE  4 Group differences for the perception of handwritten forms. A whole-brain one-way repeated measures ANOVA revealed that 
activation in the left posterior fusiform gyrus and the left intraparietal sulcus differed among younger children, older children, and literate 
adults. Post hoc between-group comparisons at the whole-brain level indicated that the difference in the left intraparietal sulcus could be 
attributed to more sensitivity to variability in form in the younger children than in the literate adults (orange) and that the differences in the 
left posterior fusiform gyrus could be attributed to more sensitivity to variability in form in the younger children than in the older children 
(red). There were no differences between older children and literate adults. Talairach coordinates for each slice are displayed. Results are 
presented a pvox < .001 with a cluster threshold of six contiguous 2-mm isotropic voxels
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sensitivity to object categories by exposure to visual variability. Such a 
hypothesis would be supported by prior work that has demonstrated 
that the left fusiform gyrus responds selectively to the category of 
letters in literate adults (James & Gauthier, 2006; James et al., 2005) 
across modality and for different allographs (Rothlein & Rapp, 2014) 
and that experience with handwriting can influence this response in 
preliterate children (James, 2010; James & Engelhardt, 2012).

The left intraparietal sulcus was also more responsive to hand-
written forms in the younger children than in adults. Unlike the 
group differences for handwritten forms in the left fusiform gyrus, 
the group differences for handwritten forms in the left intraparietal 
sulcus did not overlap with those that were found for typed letter 
perception. Younger children were more sensitive than adults to 
variability in form in the anterior portion of left intraparietal sulcus 
(Figure 4), whereas adults were more sensitive than younger children 
to typed letters in the posterior portion (Figure 5). The results of the 

whole-brain contrasts (Figure 3) suggest that both of these results 
were related to a response to typed letters in both anterior and pos-
terior portions of intraparietal sulcus in adults that was not observed 
in the younger children. Although it is difficult to interpret based on 
this study alone, it is possible that the anterior portion of the left 
intraparietal sulcus responds to form variability at an early age, sim-
ilar to ventral-temporal cortex, and begins to respond to letters as a 
category with experience. This developmental trajectory is, similar 
to our other results, indicative of an early sensitivity to variability in 
letterform before sensitivity to letters themselves.

4.2.3 | Ownership

Only the left intraparietal sulcus demonstrated any sensitivity to the 
perception of one's own handwriting and only in the adult group. Prior 

F IGURE  5 Group Differences for the Perception of Typed Letters. A whole-brain one-way repeated measures ANOVA revealed that 
activation in the left posterior fusiform gyrus, right posterior fusiform gyrus, left posterior intraparietal sulcus, left inferior frontal gyrus, 
and left dorsal precentral gyrus differed among younger children, older children, and literate adults. Post hoc between-group comparisons 
at the whole-brain level indicated that the difference in the left posterior fusiform gyrus and the right dorsal postcentral gyrus could be 
attributed to more sensitivity to typed letters in the older children than in the younger children (green) and that the difference in the other 
regions could be attributed to more sensitivity to typed letters in the literate adults than in the younger children (turquoise). There were no 
differences between older children and literate adults. Talairach coordinates for each slice are displayed. Results are presented a pvox < .001 
with a cluster threshold of six contiguous 2-mm isotropic voxels
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work in adults has found left intraparietal sulcus for letters presented 
in one's own handwriting compared to typed letters (Vinci-Booher 
et al., 2019), but it was unclear whether this effect was an ownership 
effect or whether it was related to variability in form. The results 
of the current study demonstrate that the parietal response was an 
ownership effect. We propose that this parietal response is related 
to the visual processing of the cues for motion present in handwrit-
ten letters (i.e. kinematic cues) and that this response is strongest for 
one's own handwritten forms because they contain visual cues for 
motion unique to the observer's own handwriting experiences.

The left intraparietal sulcus may be more responsive to one's 
own handwritten letters than to another's in literate adults because 
it is responding to visual cues for online modifications of the letter's 
stored somatomotor plans. Real-time visual cues that point to online 
changes in the action, such as a curve that went a bit too far to the 
right while making an ‘R’, may invoke these parietal responses in ex-
pert writers who have acquired their own stereotyped movement 
patterns for each letter as well as a large amount of experience with 
them. Several recent neurophysiological studies have suggested that 
the left intraparietal sulcus does, in fact, store some memory of a 
past experience of visual-motor coordination (Ferrari-Toniolo, Visco-
Comandini, Papazachariadis, Caminiti, & Battaglia-Mayer, 2015; 
Haar, Donchin, & Dinstein, 2015; Kastner, Chen, Jeong, & Mruczek, 
2017), perhaps accumulating evidence for potential motor move-
ments (Tosoni, Galati, Romani, & Corbetta, 2008), and this same 
region has been associated with visual-motor coordination during 
letter production in adults (Haar et al., 2015; Kadmon Harpaz, Flash, 
& Dinstein, 2014; Vinci-Booher et al., 2019).

4.3 | Mechanisms of perceptual learning from 
motor actions

There are, at least, two non-mutually exclusive explanations of how 
neural changes associated with changes in perceptual decisions 
may be caused by motor learning activities. The first of these is that 
motor activities generate a great deal of efferent neural activity, 
sending neural output from primary motor cortex to several other 
brain regions, most notably frontal premotor regions and parietal 
cortex (for review see Ostry & Gribble, 2016). The second avenue 
through which motor learning activities affect perceptual changes is 
that motor activities create environmental realities that are, in turn, 
processed by sensory systems and, therefore, lead to perceptual 
changes. Letter production is a learning activity that makes use of 
both avenues and our results suggest that the mechanisms by which 
the ventral-temporal cortex undergoes developmental changes 
during letter production may be different than the mechanisms by 
which the frontal motor and parietal cortices undergo developmen-
tal changes during letter production.

The major environmental change accomplished  by letter pro-
duction is the creation of a handwritten version of a letter that 
persists after the letter production episode has finished. This vi-
sual input may be responsible for the changes in ventral-temporal 

function after letter production. Ventral-temporal cortex is broadly 
associated with object categorization processes (for review, see 
Grill-Spector & Weiner, 2014), and the development of object cate-
gorization processes is largely driven by the perceptual differentia-
tion that follows exposure to category variability (Li & James, 2016; 
Perry et al., 2010; Twomey, Lush, et al., 2014; Twomey, Ranson, et al., 
2014). Our results suggest that ventral-temporal cortex may be most 
sensitive to the variability present in handwritten forms when chil-
dren are first learning about letters and that this sensitivity to visual 
variability may be a part of how ventral-temporal cortex undergoes 
developmental changes that contribute to the formation of catego-
ry-specific responses.

The response in frontal motor and parietal cortices during let-
ter perception, on the other hand, may be most associated with the 
strong interconnectivity between these regions during the motor 
action itself (for review Nakamura & Kouider, 2003; Katanoda, 
Yoshikawa, & Sugishita, 2001; Rizzolatti, Luppino, & Matelli, 1998; 
Yuan & Brown, 2014). In younger children, who may not have de-
veloped motor plans/programs for motor production, actions 
themselves may require efficient use of visual and somatosensory 
feedback throughout the letter production episode (Palmis, Danna, 
Velay, & Longcamp, 2017). With each letter produced this visual-so-
matomotor connectivity is strengthened and refined, resulting in 
somatomotor representation (motor plans/programs) for letters in 
fronto-parietal cortices, not ventral-temporal cortex, that can be 
called upon when simply presented with the visual cues for motion 
that are typically experienced during the visual-motor activity.

The response in ventral-temporal cortex during letter perception 
might, therefore, develop through the visual perceptual experiences 
created during letter production, whereas the response in frontal 
motor and parietal cortices might develop through the experience 
of the motor movement itself. This suggestion is supported by the 
two visual steams hypothesis that proposes differing developmen-
tal time courses for ventral and dorsal stream processes (Goodale & 
Milner, 2005; Milner & Goodale, 2006; Stiles et al., 2013) and con-
nectivity between these systems (Lebel, Walker, Leemans, Phillips, & 
Beaulieu, 2008) in the context of a breadth of literature document-
ing category-specific responses in ventral-temporal cortex (for re-
view, see Grill-Spector & Weiner, 2014) after handwriting practice 
(James, 2010; James & Engelhardt, 2012; Kersey & James, 2013) and 
strong somatomotor interconnectivity between motor and parietal 
cortices (Andersen, Asanuma, Essick, & Siegel, 1990; for review on 
written production Nakamura & Koudier, 2003; Ostry & Gribble, 
2016; Petrides & Pandya, 1984; Guye et al., 2003). Sensorimotor 
learning activities are often found to be better at inducing learning 
effects than other unimodal activities (see Shams & Seitz, 2008 for 
review), perhaps because of their ability to facilitate developmental 
changes in perceptual-oriented ventral-temporal regions and, at the 
same time, in motor-oriented fronto-parietal regions.
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