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Abstract

Since Broca's studies on language processing, cortical functional specialization has been

considered to be integral to efficient neural processing. A fundamental question in cognitive

neuroscience concerns the type of learning that is required for functional specialization to develop.

To address this issue with respect to the development of neural specialization for letters, we used

functional magnetic resonance imaging (fMRI) to compare brain activation patterns in pre-school

children before and after different letter-learning conditions: a sensori-motor group practised

printing letters during the learning phase, while the control group practised visual recognition.

Results demonstrated an overall left-hemisphere bias for processing letters in these pre-literate

participants, but, more interestingly, showed enhanced blood oxygen-level-dependent activation in

the visual association cortex during letter perception only after sensori-motor (printing) learning. It

is concluded that sensori-motor experience augments processing in the visual system of pre-school

children. The change of activation in these neural circuits provides important evidence that

‘learning-by-doing’ can lay the foundation for, and potentially strengthen, the neural systems used

for visual letter recognition.

Introduction

A fundamental question in developmental cognitive neuroscience concerns how changes in

neural activation during development can inform theories of cognitive development. If we

can understand how the child's brain changes with specific experiences, we will come closer

to uncovering how learning happens – a crucial component in understanding human

behaviour. Demonstrating neural changes during learning and development can inform and

constrain cognitive theory, leading to further experimentation using purely behavioural

measures as well as methods such as functional magnetic resonance imaging (fMRI).

Although research into the relationship between human behaviour and brain function

continues to lead to important discoveries, very little research is devoted to documenting the

emergence of a given neural response pattern during development. The study of emergence

provides insights into the potential cause of particular neural responses. To study the

emergence of a neural response, however, one must be able to document the absence of the

response followed by its presence; that is, to document a change. One method of
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investigating the emergence of neural responses is through the study of the developing brain

using fMRI. Many typical neural responses that are present in the adult brain are absent or

different in a child's brain (Casey, Tottenham Liston & Durston, 2005). Documenting the

stages that lead to adult-like neural signatures can help us to understand why the brain

responds to certain stimuli the way it does, which in turn can inform theories of cognitive

development.

One type of neural response that is well documented in the adult brain is functional

specialization – the tendency for brain areas or networks to respond more to one category of

stimulus than to others. Functional specialization is considered to be integral to efficient

processing, and has been shown to occur for many categories of stimuli in the adult

(Kanwisher, McDermott & Chun, 1997; Downing, Jiang, Shuman & Kanwisher, 2001;

Cohen & Dehaene, 2004; Epstein, Harris, Stanley & Kanwisher, 1999). In many cases,

functional specialization is thought to emerge from extensive experience (Gauthier,

Skudlarski, Gore & Anderson, 2000a), but the type of experience seems to be important.

That is, mere exposure to a particular stimulus category will not lead to functional

specialization in the adult (Gauthier & Tarr, 2002). One well-known example of functional

specialization is the neural response associated with single-letter (e.g. James, James, Jobard,

Wong & Gauthier, 2005; Flowers et al., 2004) and word perception in the adult visual

system (e.g. Cohen & Dehaene, 2004). That is, a region in the left fusiform gyrus has been

found to respond more to individual letters than to letter strings, words, digits or Chinese

characters (James et al., 2005). In contrast, a more posterior region in the left fusiform, often

described as the ‘visual word form area’ (VWFA), has been found to respond more to letter

strings or words than to individual letters (e.g. Cohen & Dehaene, 2004; James et al., 2005).

The specialization found in the VWFA is, however, controversial, given that this same area

also responds more to objects than to words in some cases (Price & Devlin, 2003; Moore &

Price, 1999). Given the proximity of, and in some cases overlap between, the VWFA and the

Lateral Occipital Complex, an area known to be object-selective(Grill-Spector et al., 2001),

the degree to which the VWFA responds in a specific way to words will be variable.

Although we assume that functional specialization for letters reflects our extensive

experience with reading text, the specific type of experience that is necessary for the

development of this pattern of neural response is not known. The requirements for

specialization to emerge for individual letters may be different from those for words. For

example, letters are learned before words during development, and children learn to write

individual letters before they learn to read words (sometimes 3 or 4 years before). However,

how children process letters in isolation is rarely studied. We believe that the question of

how children learn to recognize letters is an important one, and one that can help us to

understand how functional specialization develops. Can this specialization develop as a

result of familiarity? By mere exposure? Or is a certain type of learning experience needed?

Here, we make use of a learning paradigm that keeps familiarity and exposure constant

while manipulating how letters are learned in order to try to gain an understanding of the

experiences that may lead to the emergence of neural responses that reflect functional

specialization in the developing brain.
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Although functional specialization has often been characterized as a neural response pattern

that is stimulus-specific, it may, in fact, reflect the recruitment of a specialized type of

processing that is required for efficient recognition of a particular stimulus category

(Gauthier, 2000). For instance, the visual processing of face stimuli reveals functional

specialization of the right fusiform gyrus (Kanwisher et al., 1997). This specialization could

reflect category specificity, but it could also reflect the recruitment of a specialized holistic

or configural process that is necessary for efficient face recognition, that is also recruited for

efficient recognition of stimuli from other, non-face categories (Gauthier et al., 2000a).

Functional specialization for perceiving letters may reflect category specificity of this brain

region (a putative ‘letter area’), but it may also reflect the recruitment of a feature-based,

analytic, or ‘local’ analysis of a stimulus (Marsolek, 1999; James, Servos, Kilgour, Huh &

Lederman, 2006); that is, it may reflect a processing difference.

In accordance with the latter interpretation of functional specialization, we suggest that the

specialized processing that occurs during letter perception may be the result of our sensori-

motor experience with letters. Physical interaction with the environment through sensori-

motor interactions informs visual processing, and could potentially be crucial for normal

object recognition to develop. Consistent with this stance is that perceptual processes are not

encapsulated modules, but instead receive feedback from sensori-motor networks, the

strength of which is based on previous experience with the class of stimulus. Previous

research suggests that recognition performance is particularly enhanced when learning

requires integration across sensory and motor systems (Wexler & van Boxtel, 2005;

Harman, Humphrey & Goodale, 1999; James, Humphrey & Goodale, 2001), suggesting that

sensori-motor experience may be a crucial force in the emergence of functional

specialization.

Neural activation patterns change after motor experience with objects. For example, when

we visually perceive objects that we have had motor experience with, the motor system is

active (Chao & Martin, 2000; Grezes & Decety, 2002; James & Atwood, 2009). This has

recently been found to occur when we view letters as well (James & Gauthier, 2006),

suggesting that our history of interacting with letters through writing is stored and perhaps

re-activated upon visual presentation. We have proposed that the motor system is active

during the visual presentation of letters because letters are learned using a combination of

sensory and motor behaviours, including seeing, hearing, speaking and writing. In addition,

and crucial to this hypothesis, we propose that these sensori-motor experiences are stored

and may lead to functional specialization for letters. Recently we have shown that adults

who learn to write pseudo-letters develop functional specialization for these stimuli (greater

activation to studied pseudo-letters than to unstudied pseudo-letters) in the left fusiform

gyrus – the same region that is specialized for letters (James & Atwood, 2009). In contrast,

adults who learned these stimuli with only visual experience did not develop the same

specialized response. We interpret this as evidence supporting our claim that sensori-motor

experience with letters through writing may be a crucial component for the development of

functional specialization. To truly test this hypothesis however, we needed to use real letters

of the alphabet in a system that is not already efficient at letter processing – the brain of the

pre-school child.
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Materials and methods

Participants

Twelve healthy children (4 years 3 months to 5 years 4 months) with no known neurological

diseases or psychological disorders participated in the present study. Seven of the children

were female and five were male. All were native English speakers, and parents reported

normal visual acuity. All children preferred to draw with their right hands spontaneously,

and parents reported a right-hand preference for all children. Upon arriving at the first

imaging appointment, the participants were randomly assigned to either the experimental or

the control group. All research was approved by the Indiana University Protection of Human

Participants Board. Informed written consent was obtained from the parents and they were

compensated with gift certificates; the participants were compensated with a small toy or

book.

Stimuli and procedure

Imaging sessions—Prior to the initial imaging session, children were acclimated to an

MRI environment by allowing them to watch a short cartoon in our MR simulator, an

artificial MRI environment. This environment also allows simulated sound to ensure that the

participants are not afraid of loud noises. We are also able to monitor head movement, and

stop the cartoon when excessive head movement occurs. This technique allows the children

to learn how much they can move in the environment. If they felt comfortable lying still in

this simulated environment they were then acclimated to the actual MRI machine. Both

imaging sessions proceeded in the same manner. All stimuli were back-displayed via a

Mitsubishi XL30 projector onto a screen that was viewed through a mirror from the bore of

the Siemens Trio 3T scanner. Stimuli were presented via SuperLab Pro 2.0.4 software via

Dell Inspiron 6000 laptops. After initial familiarization with the MRI environment, children

passively viewed blocked presentations of isolated letters, isolated false fonts (stimuli that

have the same features as letters, but are not actual letters), and simple shapes (see Figure 1).

Sixteen-second blocks of stimuli were interspersed with 10-s fixation blocks; a block of each

stimulus type was repeated three times within a given run, resulting in approximately 4-

minute runs (Figure 1). Stimuli were in 3″ × 2″ squares (see Figure 1) presented centrally,

for 2 seconds each. Between each stimulus, a 500-ms fixation cross was presented. Three

runs were administered per experimental session, allowing data to be collected from nine

blocks of a given stimulus type. Participants were required simply to view the stimuli

passively. Neural activation, measured by the blood oxygen-level-dependent (BOLD) signal

in the entire brain, was then recorded during exposure to the stimuli. Imaging sessions took

approximately 20 minutes in total. Beginning one week after the first scanning session,

participants returned once a week for four weeks to complete training sessions.

fMRI acquisition—Imaging was performed using a 3-T Siemens Magnetom Trio whole-

body MRI system and a phased-array eight-channel head coil, located at the Indiana

University Department of Psychological and Brain Sciences. Whole Brain axial images were

acquired using an echo-planar technique (TE = 30 ms, TR = 2000 ms, flip angle = 90°) for

BOLD-based imaging. The field of view was 22 cm × 22 cm × 9.9 cm, with an in-plane

resolution of 64 × 64pixels and 33slicespervolumethat were 4 mm thick with a 0 mm gap
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between them. The resulting voxel size was 3.0 mm × 3.0 mm × 4.0 mm. Functional data

underwent slice-time correction, 3D motion correction, linear trend removal, and Gaussian

spatial blurring (FWHM 4 mm) using the analysis tools in BRAIN VOYAGER
™. Individual

functional volumes were co-registered to anatomical volumes with an intensity-matching,

rigid-body transformation algorithm. Voxel size of the functional volumes was standardized

at 1 mm × 1 mm × 1 mm using trilinear interpolation. High-resolution T1-weighted

anatomical volumes were acquired prior to functional imaging using a 3D Turbo-flash

acquisition (resolution: 1.25 mm × 0.62 × 0.62, 128 volumes).

Training sessions—Training sessions were modelled after those used in a recent study

on the effects of writing practise on letter recognition in children (Longcamp, Zerbato-

Poudou & Velay, 2005). Each training session involved three types of task. First, all

participants performed a four-alternative forced-choice letter identification task to assess

their letter recognition ability (Figure 2a). Next, an experimenter read a short story to all

participants, sitting next to the child so that s/he could view the text. The letters and words

that the child was to practise were highlighted within the text and pointed to by the

experimenter (Figure 2b). The children in the experimental (sensori-motor training) group

then copied the letters and words that were highlighted in the story from a piece of paper

(Figure 2c), and were given feedback on writing accuracy. In the control (visual training

only) group, the participants simply identified the words and letters from the story instead of

writing them (Figure 3c); they too were given feedback on their verbal response. The

number of stimuli and time of exposure were the same in both groups. In both groups

children were shown, and practised, both upper- and lower-case letters. Finally, in the first

training session, all children were asked several questions from the Bader reading inventory

(Bader, 2005) to assess their phonological and visual processing of letters and words. These

included: an assessment of print concepts; phoneme awareness; letter knowledge

phonological awareness and language comprehension. This last task was administered to

ensure that all participants were at a similar level in terms of letter and word knowledge at

the beginning of the study. Each training session took approximately 30 minutes. One week

after the last training session, the participants returned for the post-training scanning session.

Imaging-data analyses

Data analysis procedures reflected the question of primary interest: whether or not BOLD

activation in the fusiform gyrus changes after sensori-motor training with letter stimuli.

BOLD activation patterns were computed using the BRAIN VOYAGER
TM analysis package, and any

functional data that exceeded 4 mm of motion on any axis were excluded from the analyses.

This criterion resulted in the exclusion of three blocks of data from one participant and of

two blocks of stimuli from another. Exclusion of these data does not significantly alter the

power of the present analyses. Data were not transformed into a common stereotactic space

(e.g. Talairach & Tournoux, 1988), based on the premise that there may be large individual

differences in neural processing among children in this age group and because there is some

disagreement regarding the validity of normalizing children's brains to an adult-defined

space (Gaillard, Grandin & Xu, 2001).
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Selection of regions of interest

For this analysis, we did not perform specific contrasts to display in a functional map, but

instead performed a region-of-interest (ROI) analysis based on anatomically localized ROIs

(see Figure 3). The reason for using anatomical localization instead of functional

localization is simply that many of our participants may not show differences among our

conditions. In fact, we hypothesized that our entire control group (pre- and post-training)

may not show any differences among conditions. This renders functional localization based

on contrasts among conditions ineffective. Because of the evidence that the fusiform gyrus

is significantly involved in letter processing (e.g. James et al., 2005) we were interested

primarily in our results in this region, and therefore localized this region using anatomical

markers. The entire fusiform gyrus is bounded by the lateral occipital sulcus laterally, by the

collateral sulcus medially, and by the anterior and posterior collateral sulci rostrally and

caudally (Duvernoy, 1999). The distance between the lateral occipital sulcus and collateral

sulcus was, on average, 10 mm – this provided the extent of the ROI in the X-dimension. In

the Z-, or dorsal-ventral, dimension, our ROIs began on the ventral surface of the temporal

lobe and extended 10 mm dorsally. In the Y-, rostral to caudal, dimension, we took a 20-mm

distance from the anterior to the posterior collateral sulcus. Because of this large area, we

split this into a 10-mm posterior and a 10-mm anterior fusiform ROI. This left us with four

ROIs (two in each hemisphere), an anterior fusiform ROI that was 10 × 10 × 10 mm and a

posterior fusiform area also 10 × 10 × 10 mm (see Figure 3). We then extracted the

percentage signal-change data in each condition from these regions and compared them in

statistical analyses.

Results

Imaging results

Four 2 × 2 × 3 mixed-model ANOVAs were performed on the resultant data with Training

Group (sensori-motor and control) as the between-participants variable and Imaging Day

(pre-training or post-training) and Stimulus Type (letters, pseudo-letters and shapes) as

within-participant variables. Separate ANOVAs were performed within each ROI for ease of

interpretation. For our dependent measure, we used the peak percentage signal change that

occurred after the first two time points and before the last two time points in the response

function during each condition.

Posterior left fusiform gyrus (Figure 4)—This 2 × 2 × 3 ANOVA revealed significant

main effects for Imaging Day (F(1,10) = 7.6, p < . 02, MSe = .13), as well as for Stimulus

Type (F(2,20) = 22.8, p < .0001, MSe = .79). Importantly, there was no main effect of

Training Group (F(1,10) = .88, ns, MSe = .10). Main effects must be interpreted in light of

our four significant interactions: one between Training Group and Imaging Day (F(1,10) =

5.1, p < .04, MSe = .01), one between Training Group and Stimulus (F(2,20) = 4.2, p < .05,

MSe = .03), one between Imaging Day and Stimulus (F(2,20) = 11.3, p < .001, MSe = .01),

and a three-way interaction among Training Group, Imaging Day and Stimulus (F(2,20), p

< .001, MSe = .01). This three-way interaction supports the hypothesis that only after

sensori-motor training do letters activate the left fusiform more than other, similar stimuli

(see Figure 4) (t(10) = 5.77, p < .001 for letters pre-training versus post-training).
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Anterior left fusiform gyrus (Figure 5)—The results of the 2 × 2 × 3 ANOVA in this

region also revealed significant main effects of Imaging Day (F(1,10) = 7.4, p < .05, MSe = .

01) and Stimulus (F(2,20) = 51.1, p < .0001, MSe = 03), with no main effect of Training

Group (F(1,10) = 2.6, ns). Significant interactions also surfaced, one between Training

Group and Imaging Day (F(1,10) = 8.2, p < .01, MSe = .09), one between Imaging Day and

Stimulus (F(2,20), p < .005, MSe = .01), and a three-way interaction among Training Group,

Imaging Day and Stimulus (F(2,20) = 10.5, p < .001, MSe = .01). As can be seen in Figure

5, this interaction is driven by the greater percentage signal change in the sensori-motor

training group for letters pre-training versus post-training (t(10) = 4.48, p < .01). It should be

noted here that no other simple effects in this interaction were significant.

Posterior right fusiform gyrus (Figure 6)—In this region, the 2 × 2 × 3 ANOVA

resulted in a significant difference among the test stimuli (F(2,20) = 7.0, p < .005, MSe = .

02), with a greater percentage signal change to shapes than to letters (t(10) = 6.23, p < .

0001) and a greater activation to letters than to pseudo-letters (t(10) = 6.01, p < .004). No

interactions were significant in this region.

Anterior right fusiform gyrus (Figure 7)—There was a significant effect of Stimulus

Type in this region, with letter perception producing a greater percentage signal change

overall (F(2,20) = 6.6, p < .005, MSe = .02). There were also two significant interactions:

one between Imaging Day and Stimulus (F(2,20) = 4.3, p < .05, MSe = .006), and a three-

way interaction among Training Group, Imaging Day and Stimulus (F(2,20) = 3.9, p < .05,

MSe = .006). As depicted in Figure 7, this interaction is a result of the greater response of

the sensori-motor training group to letter stimuli only after the training session (t(10) = 5.48,

p < .005 letters pre-training versus post-training).

In sum, the imaging data suggest that prior to any training, the left fusiform gyrus was

engaged more during letter perception than during the perception of other stimuli, but that

after sensori-motor training the amplitude of the percentage signal change significantly

increased during letter perception. This is not as a result of familiarity with the stimuli, as

the increase occurred only after sensori-motor training and not after visual training. The

increase in neural response to letters after sensori-motor training also occurred in the right

anterior fusiform gyrus, but no changes were observed in the right posterior fusiform.

Behavioural results

Behavioural results measured before and after training revealed a trend towards an

interaction among training group and pre-and post-training letter recognition (F(1,5) = 5.0, p

< .07, partial eta squared = .50). Because of the non-significance of this effect, we did not

pursue further analyses, but observed that, in the experimental group, performance increased

with training (from M = 7.5, SD = .56 to M = 8.0, SD = .57), whereas performance stayed

the same in the control group (M = 7.8, SD = .60). Thus, the sensori-motor experience with

the letters in this experiment did improve performance more than visual-only training,

although not significantly (see below for further discussion).
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Discussion

The current study is the first to investigate the effects of sensori-motor experience on the

neural activation patterns of young children. It is also the first study to document neural

responses in pre-school children to letters, shapes and unfamiliar 2D objects (pseudo-

letters). As a result, we can report several novel and interesting findings. First, we have

found that, even for pre-literate children, there appear to be some hemispheric differences in

how the brain responds during letter and shape perception. The left fusiform gyrus,

especially in the anterior portion, responded more to letters than to shapes and pseudo-

letters, even prior to our training manipulation (Figures 4 and 5). In contrast, however, the

right fusiform responded similarly to letters, shapes and pseudo-letters (Figures 6 and 7).

This finding suggests that early on, before children learn to read, the brain is organizing to

achieve a left-hemisphere dominance for perceiving print. It seems that this hemispheric

dominance does not simply result from the complexity of the letter stimuli, because the

pseudo-letters contained exactly the same features as the letters, only in a different

organization – arguably, these stimuli are just as complex as letters. We cannot say, of

course, when this hemispheric dominance for letters begins to develop; however, it should

be noted that these children did have significant experience with letters despite not being

able to read. That is, all children could sing the alphabet song, and all could name a

minimum of 80% of the alphabet. In addition, all children could print their name. This

suggests that perhaps familiarity with these stimuli has led to some hemispheric

specialization. However, the children were also very familiar with the simple shapes, and

could draw them as well. Even at this early age, letters are being processed differently from

other, similar objects. This may be as a result of the emphasis that parents and other

caregivers assign to these stimuli even at this age. It may also be as a result of perceiving

letters in groups (words), even though the groups are ‘meaningless’ to a certain extent. We

contend that part of the difference among letters and other shapes may lie in the manual

construction that is happening when children learn to write letters.

Moreover, our second result of interest was the dramatic increase in activation that occurred

in a putative visual area only after sensori-motor, that is, printing, experience. This increase

supports the idea that printing practice, resulting in interactions among sensori-motor

systems, may lead to the functional specialization that develops in three of our ROIs

(Figures 4, 5 and 7). The increase in percentage signal change after printing training cannot

be caused by familiarity, because both groups were familiar with the stimuli and had very

similar exposures. The only difference in the experiences of the two groups was in the type

of interactions that the participants had with the stimuli – one visual-motor and one visual

only. It is acknowledged, however, that the visual-motor association may not be the only

type of association that changes the response properties in this area. We did not exhaustively

test all possible associations, but were interested primarily in sensory-motor associations.

That being said, the ‘visual-only’ practice involved saying the letters aloud (as did the

printing practice), which is also a motor response. Thus, another way of stating our results is

that the manual motor associations resulted in a different response in visual association areas

than did an oral motor association.
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The visual training did not result in increased activation in the VWFA, unlike the case for

sensori-motor training. This brings into question the role of the VWFA as a visual

perceptual area of the ventral processing stream: although it may be involved in word

processing it does not change its response based on visual-only experience. The response

does change here, though, with sensori-motor training, supporting the idea that some visual

association areas accumulate input from other sensori-modalities as well as from the motor

system (James et al., 2005). The VWFA then may be important in reading, but this may be a

reflection of the integration of information among neural systems rather than of visual

processing per se.

An alternative explanation for our results is that the sensori-motor training condition

resulted in greater attention to the stimuli than did the visual training condition, leading to

differences in brain activation. Although this possibility will be addressed with further

studies, we do not believe that attentional differences are the only reason for these results.

First, if attention were significantly different in the two conditions then one would certainly

expect to see a behavioural advantage for the more attentionally demanding condition.

However, our two training conditions, although producing different neural activation

patterns, did not result in significant behavioural differences. Second, we have evidence

from adult participants who learned either to write, type or visually recognize pseudo-letters

that attention differences are probably not causing these results (James & Atwood, 2009). In

that study, the training included a typing condition, and, arguably, typing and writing require

the same attentional demands. In fact, because the pseudo-letters in that study were mapped

onto the familiar keyboard, the typing condition may have required even more attention than

the printing condition. But results demonstrated that writing training recruited different

neural substrates than did the typing training and the visual training, suggesting that the

difference is in the type of sensori-motor training required and not in the attentional

demands. Because the present work does not directly address this possibility however, we

are currently investigating this interpretation.

Nonetheless, the importance of sensori-motor interactions with the environment is

sometimes overlooked by cognitive psychologists and neuroscientists alike. Recently,

though, there has been renewed support from a variety of disciplines for the idea that

sensori-motor interactions influence many cognitive operations (e.g. Thelan & Smith, 1994;

Sporns, 2002, Wexler & van Boxtel, 2005; Schutz-Bosbach & Prinz, 2007; Knoblich &

Prinz, 2001). Here, we have addressed one aspect of this framework, which is that

perceptual learning is most efficient when observers are allowed to explore the environment

through the combination of sensory and motor systems. Although neural responses will

change as a result of any learning (it would not be a very efficient system if it did not), here

we show that in a putative visual area, learning through visual–motor interactions results in a

different activation pattern than does visual learning alone. This is intuitive – we do not

learn about, and adapt to, our environment by passively sampling and encoding sensory

information. Rather, we move through our environment voluntarily, and attend, explore,

manipulate and handle the pieces of our environment that we choose. We actively gather

information that allows us to adapt to our surroundings. In short, we are active perceivers.
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Philosophers (e.g. Merleau-Ponty, 1962), and early developmental psychologists (e.g.

Piaget, 1953), perceptual psychologists (Gibson, 1979), educators (Montessori, 1912), and,

most recently, researchers in artificial intelligence (Brooks, 1991a) have all stressed the

importance of considering a perceiver as an active participant in the environment, a view

exemplified by the theory of ‘embodied cognition’ (Clark, 1997). Similarly, we have shown

previously that, in adults, active manipulation of objects during initial encounters can

facilitate learning of object shape (Harman et al., 1999; James et al., 2001). Cognitive

operations such as ‘mental rotation’ are affected by our motor experiences (Wohlschläger &

Wohlschläger, 1998), as is the perception of depth and 3-D shape perception (Wexler & van

Boxtel, 2005). In addition, there is a long literature indicating a deep and fundamental

coordination between vision and action in perceptual development (e.g. Held & Hein, 1963).

These previous studies converge with our study in suggesting a strong coupling between

perceptual and motor systems. More specifically, though, ours is the first evidence that

functional specialization emerges from this coupling in the developing brain.

The data from the behavioural portion of the present study exhibit what is becoming a

common finding – that neural changes observed during fMRI are not always associated with

behavioural changes. This is a reflection of the phenomenon that neural activation can be a

more sensitive measure of cognitive operations than behavioural indices (Wilkinson &

Halligan, 2004). Our lack of a significant change in behavioural performance is a good

demonstration of this: our results fall just short of significance, and other studies using a

similar training paradigm do show behavioural changes with larger sample sizes (Longcamp

et al., 2005). Therefore, although the changes in our neural responses as a result of our

manipulation are obvious, behavioural measures do not seem sensitive enough to reflect this

change. Given increased sample sizes, and/or increased exposure (training), it is quite likely

that we would also observe a behavioural change as a result of training. Arguably, both

differences in accuracies and changes in neural activation are markers of underlying

cognitive processes, and neither should take precedence over the other (see Wilkinson &

Halligan, 2004 for further discussion of the issue).

The results of our study support behavioural work that has shown learning benefits from

sensori-motor experiences. Educators have implemented sensori-motor learning strategies

when teaching children to recognize shapes, including letters (Montessori, 1912). Indeed,

some dyslexic individuals are delayed in motor tasks, implying that the motor difficulties

they experience may have affected their letter-learning ability (Stoodley, Harrison & Stein,

2005). Similarly, children exhibiting developmental dyspraxia, a disorder manifesting in

reduced motor skills, often have difficulty with letter identification and with learning to read

(e.g. Portwood, 2000). Recent empirical work has shown that children recognize letters

more efficiently after printing practice than when printing is not involved in learning

(Longcamp et al., 2005). Thus, the accumulated applied evidence also converges with our

results, which suggest that printing, which involves the coupling of visual and motor

systems, is an important contributor to letter recognition.

The demonstration of changes in brain activation as a result of controlled experience is

important for understanding why neural activation patterns emerge in given situations. The

results shown here suggest that one cause of neural specialization in the left fusiform gyrus
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may be our sensori-motor experience with letters. In general, these results have significant

implications for our understanding of how the child's brain changes with experience, and

they also suggest that the type of experience may be important in causing neural changes

associated with learning.
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Figure 1.
Graphical depiction of fMRI design and stimuli used in the present study (see text for design

details).
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Figure 2.
(A) An example of the four-alternative forced-choice task: participants were asked to ‘point

to the “J”. (B) Words that contained the letters to be studied were highlighted in the story

text. Participants were given examples in both upper and lower case. (C) The letters were

presented in this format on a piece of paper: participants then either named or wrote the

letters with feedback.
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Figure 3.
(A) Anatomical locale of the anterior fusiform gyrus presented on a coronal slice. (B)

anatomical locale of the posterior fusiform presented on a coronal slice, left, and both the

anterior and posterior fusiform presented on the transverse slice. Because these are not

transformed into Talairach space, coordinates are not provided.
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Figure 4.
Left posterior fusiform region of interest. (A) Percentage blood oxygen-level-dependent

(BOLD) signal change as a function of stimulus type during pre-training and post-training

imaging sessions for the sensori-motor training group. (B) Percentage BOLD signal change

as a function of stimulus type during pre-training and post-training imaging sessions for the

visual-only training group. On this and all other graphs error bars represent standard error of

the mean; ** depict significant differences at p < .01; and * depict differences at p < .05.
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Figure 5.
Left anterior fusiform gyrus. (A) Percentage blood oxygen-level-dependent (BOLD) signal

change as a function of stimulus type during pre-training and post-training imaging sessions

for the sensori-motor training group. (B) Percentage BOLD signal change as a function of

stimulus type during pre-training and post-training imaging sessions for the visual-only

training group.
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Figure 6.
Right posterior fusiform gyrus. (A) Percentage blood oxygen-level-dependent (BOLD)

signal change as a function of stimulus type during pre-training and post-training imaging

sessions for the sensori-motor training group. (B) Percentage BOLD signal change as a

function of stimulus type during pre-training and post-training imaging sessions for the

visual-only training group.
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Figure 7.
Right anterior fusiform gyrus. (A) Percentage blood oxygen-level-dependent (BOLD) signal

change as a function of stimulus type during pre-training and post-training imaging sessions

for the sensori-motor training group. (B) Percentage BOLD signal change as a function of

stimulus type during pre-training and post-training imaging sessions for the visual-only

training group.

James Page 19

Dev Sci. Author manuscript; available in PMC 2014 September 26.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript


