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Abstract

During development, perceptual processing is tuned to inputs in the environment such that cer-
tain frequently encountered classes of stimuli are processed more eVectively than similar comparison
stimuli. Letters represent a class of stimuli that are encountered frequently in the environment, at
least in literate cultures. Thus, the present study examined the development of letter-speciWc process-
ing in children 6–19 years old by comparing the diVerence between performance on a letter-matching
task and an unfamiliar non-letter-matching task in diVerent subject groups. Results revealed an
increase in letter-speciWc processing with development. Moreover, comparisons of letter-speciWc pro-
cessing in groups of subjects matched either in age or reading ability indicate that the emergence of
letter-speciWc processing is linked to increased reading skill, rather than increased age per se. Find-
ings support theories of perceptual expertise, which suggest that skilled processing drives the special-
ization of perceptual mechanisms for certain classes of stimuli.
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1. Introduction

During development perceptual processing is tuned to inputs encountered most fre-
quently in the environment. For example, speech perception is tuned during the Wrst year
of life to discriminate phonemes from the native language more eVectively than phonemes
from an unfamiliar language (Cheour et al., 1998; Kuhl, Williams, Lacerda, Stevens, &
Lindblom, 1992). Similarly, face perception is tuned to discriminate individual human
faces better than individual monkey faces by 9 months of age (Pascalis, de Haan, & Nelson,
2002). Both speech and face processings are fundamentally important abilities for eVective
interaction with others in the environment. Even though reading is a relatively new cultural
invention, it is an extremely important skill, both socially and economically, in the present
day. In addition, as with faces, letters represent a ‘special’ class of visual objects with which
(literate) humans have extensive experience (Cohen & Dehaene, 2004; McCandliss, Cohen,
& Dehaene, 2003). Thus, it is possible that perceptual narrowing occurs in the domain of
letter processing.

Perceptual speciWcity in letter processing may be observed behaviorally by comparing
performance on tasks with letters to performance on tasks with non-letters (i.e., unfamiliar
visual forms that are similar to letters). Not surprisingly, when adult readers are tested,
these comparisons reveal improved performance on letter tasks compared to non-letter
tasks (Ambler & Proctor, 1976; Jackson, 1980; Kim, 1996; LaBerge, 1973; van Leeuwen &
Lachmann, 2004). Findings of this sort indicate that adult readers have achieved a certain
degree of perceptual speciWcity, such that letters are processed more eVectively than other
similar visual forms. Developmental work on letter processing has demonstrated that chil-
dren become faster (more accurate) at processing both letters (Henderson, 1974; Reitsma,
1978) and non-letters (Gibson, Gibson, Pick, & Osser, 1962) with age. In addition, some
studies have observed improved performance for letters compared to non-letters in chil-
dren as young as six (Miller & Wood, 1995; Turkeltaub, Gareau, Flowers, ZeYro, & Eden,
2003). However, previous studies have not compared letter and non-letter processings at
diVerent ages directly; thus it is unclear whether children of diVerent ages exhibit the same
advantage for letters over non-letters as adults, or whether this perceptual speciWcity
emerges with development.

Letter-speciWc processing could emerge with development for several reasons. Most
obvious, perhaps, are experiental and neural changes that occur as children age. For one,
the amount of exposure to letters relative to non-letters increases with age, at least in liter-
ate cultures, producing a greater diVerence in the number of exposures to letters compared
to non-letters in older individuals than in younger individuals. In addition, general neuro-
biological changes that continue well into adulthood, such as increased myelination, wide-
spread synaptic pruning, and elaboration (Courchesne et al., 2000; Giedd et al., 1999;
Klingberg, Vaidya, Gabrieli, Moseley, & Hedehus, 1999; PfeVerbaum et al., 1994; Sowell
et al., 1999), may lead to fundamental diVerences in the eYcacy and quality of processing in
older and younger individuals. Critically, if letter-speciWc processing emerges due to matu-
rational factors, older individuals should exhibit a greater advantage for letters over non-
letters than younger individuals.

Alternatively, it is possible that letter-speciWc processing is speciWcally related to
increased reading ability, rather than increased age per se (McCandliss et al., 2003). In line
with theories of perceptual expertise (Gauthier, Skudlarski, Gore, & Anderson, 2000;
Tanaka & Curran, 2001; Tarr & Gauthier, 2000), this alternative suggests that mere expo-
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sure to letters is not enough to produce letter specialization; rather letters must be pro-
cessed meaningfully, in the context of words and sentences for specialization to emerge.
According to this hypothesis, individuals with more advanced reading abilities should
exhibit a greater advantage for letters over non-letters than individuals with less advanced
reading abilities, regardless of their age.

Of course, in the natural world increased reading ability is diYcult to dissociate from
increased age, given the two variables’ extremely high correlation. In the laboratory, how-
ever, the eVects of age and ability on letter-speciWc processing may be examined indepen-
dently by comparing groups of subjects that diVer on only one of the two dimensions. That
is, the eVect of age on letter-speciWc processing may be examined by comparing groups of
subjects that diVer in age but not reading ability. Similarly, the eVect of reading ability on
letter-speciWc processing may be examined by comparing groups of subjects that diVer in
ability but not age. Thus, the present study had two goals: (1) to assess the development of
letter-speciWc processing in children of diVerent ages, and (2) to examine the relative contri-
butions of age and reading ability to the emergence of such perceptual speciWcity.

2. Method

2.1. Subjects

Sixty-seven volunteers between the ages of 6- and 19-year old from the Rice University
community and surrounding area participated (see Table 1 and Appendix A). Except for a
few of the oldest participants who received credit towards psychology courses taken at
Rice, all subjects were compensated $10 for their participation. Subjects were native speak-
ers of English, had normal or corrected-to-normal vision, and no known psychological or
neurological deWcits. Adult subjects and parents of child subjects gave informed consent,
and child subjects gave assent, in accordance with the guidelines and approval of the Rice
University Institutional Review Board.

2.2. Materials

Stimuli were pairs of letters and pairs of unfamiliar non-letters. Letters were taken from
the entire Roman alphabet, excluding the letters ‘m’ and ‘h’, which were used for practice.
The similarity of the letters within each pair was determined using measurements provided
by Boles and CliVord (1989), and letter pairs were balanced in terms of these similarity

Table 1
Mean age, ability, and performance for 4 age groups

Note: N D total number of subjects in each group; male D number of male subjects in each group. Age values are
in years; ability values reXect performance on the Woodcock Reading Mastery Test—Revised. § D standard
deviation.

Group (N) Male Age Ability Response times (ms) Error rates (%)

Letters Non-letters Letters Non-letters

6–8 years (17) 10 7.8 § 0.6 483 § 20.6 1251 § 155 1230 § 197 11.6 § 6.3 12.9 § 9.9
9–12 years (16) 8 10.5 § 1.1 497 § 15.9 1056 § 250 1079 § 168 6.7 § 5.6 8.0 § 6.0
13–16 years (16) 8 14.4 § 1.0 522 § 8.8 865 § 122 933 § 152 3.9 § 5.0 5.6 § 5.5
17–19 years (18) 7 18.7 § 0.8 535 § 6.9 639 § 84 705 § 122 4.1 § 3.1 5.6 § 5.4
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measurements across the “same” and “diVerent” response conditions. Unfamiliar non-let-
ters were modeled after Gibson et al. (1962) and were similar to real letters in terms of size,
number of lines (curved and straight; vertical and horizontal), and number of enclosed
spaces (see Fig. 1). Twelve prototypes, plus a three-line variation of each prototype (Gib-
son et al., 1962) were used in the present study. Thus, unfamiliar pairs were created from a
set of 24 letter-like forms (two versions of each of 12 prototypes). Half of the three-line
variations were reduced in size, relative to their prototype, in order to approximate pair-
ings of upper and lower case letters, which occurred in the letter-matching condition.

Letters were presented in 36-point, Times font. All stimuli were presented centrally, in
white against a black background, and subtended approximately 0.5° of the widest (hori-
zontal or vertical) visual angle individually. Pairs of letters (and non-letters) subtended
approximately 2° in the horizontal dimension. A chin rest was employed to keep subjects’
eyes approximately 32 cm from the monitor. Stimuli were presented on the video monitor
of an iMac computer (Apple Computer, Inc., Cupertino, CA). Presentation rate and
response-time measurement were controlled by the PsyScope software package (Cohen,
MacWhinney, Flatt, & Provost, 1993).

Each matching task was comprised of 96 stimulus pairs, half of which were exactly the
same and half of which were diVerent. Particular pairings of letters or non-letters and their
left–right positioning were counterbalanced across subjects.

2.3. Procedure

Subjects were tested individually in sessions that lasted approximately 45 min. At the
beginning of the session, a measure of the subject’s reading ability was obtained using the
word identiWcation, word attack, and passage comprehension subtests of the Woodcock
Reading Mastery Test—Revised. The average of the scores from the three subtests was
used as the measure of each subject’s reading ability.

Immediately after the reading assessment, subjects performed the letter and non-letter-
matching tasks, administered in diVerent counterbalanced orders. In both tasks, pairs were
presented for 500 ms each at intervals of 2.5 s, 5 s, and 7.5 s (average rate of 1 pair per 5 s).
Irregular timing was used in order to reduce the predictability of stimulus onsets. A Wxa-
tion cross (+) preceded each presentation and remained on the screen between stimulus tri-
als. For each stimulus pair, subjects were instructed to decide whether items were exactly

Fig. 1. Non-letters used in the present experiment.
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the same or diVerent, and to indicate their response as quickly as possible by pushing a key
on the keyboard. Subjects pushed one key with the index Wnger of their right (or left) hand
to indicate a “same” response, and another key with the index Wnger of their left (or right)
hand, to indicate a “diVerent” response. The hand (left vs. right) used to indicate a “same”
response was counterbalanced across subjects. Before each task, subjects were engaged in
12 practice trials to ensure that they understood the instructions.

3. Results

For each subject, a measure of “letter-speciWc processing” was computed by subtracting
the letter from the non-letter score and dividing by the non-letter score ([non-letter
score ¡ letter score]/non-letter score), for both response times and error rates. The diVer-
ence between letter and non-letter scores was proportionalized by non-letter scores in this
manner to reduce spurious distortions of within-subject diVerences due to overall group
diVerences (see Chapman & Chapman, 1973; Chapman, Chapman, Curran, & Miller,
1994). This diVerence score was the dependent measure used in all analyses. In addition, all
analyses were performed using diVerence scores based on response times and on error
rates. However, as none of the analyses of error rates produced signiWcant results (all
ps > .114), only results from the analyses of response-time diVerence scores are reported.

3.1. Development of letter-speciWc processing

The eVect of age on letter-speciWc processing was assessed through two analyses—a one-
way analysis of variance (ANOVA), in which age was treated as a categorical variable, and
a correlation analysis, in which age was treated as a continuous variable. For the ANOVA,
subjects were divided into four groups of roughly equivalent size based on age (see Table 1
and Appendix A). As shown in Fig. 2 (left panel), this analysis revealed a signiWcant eVect
of age, F(3, 63) D 3.56, p D .019, in which diVerence scores were greater in the 17–19 and the
13–16 years old groups than in the 6–8 years old group, t(33) D 3.08, p D .004 and
t(31) D 2.60, p D .014, respectively, for the simple eVect contrasts. Similar results were
revealed by the correlation analysis (see right panel of Fig. 2). A positive relationship was
observed between age and diVerence score, such that increases in age lead to a greater
diVerence in the processing of letters compared to non-letters, r D .36, p D .003.

Fig. 2. DiVerence scores as a function of age. Scores represent the diVerence between response times during letter
and non-letter trials (see text for further details).
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4. Relative contributions of age and reading ability

To assess the relative contributions of age and reading ability to letter-speciWc process-
ing, subjects were organized into “ability-matched” groups and “age-matched” groups (see
Table 2 and Appendix A). Groups were created by a research assistant who was blind to
the purpose of the study and did not have access to the performance data. Ability-matched
groups were equated for reading ability, t(30) D .21, p D .838, yet diVered signiWcantly in
age, t(30) D 3.62, p < .0005; age-matched groups were equated in age, t(30) D .77, p D .446,
yet diVered signiWcantly in reading ability, t(30) D 6.04, p < .0001. For each of the two types

Table 2
Mean age, ability, and performance for ability-matched and age-matched groups

Note: See note for Table 1.

Group (N) Male Age Ability Response times (ms) Error rates (%)

Letters Non-letters Letters Non-letters

Ability matched
Young (16) 8 9.5 § 2.4 504 § 18.9 1143 § 224 1189 § 184 7.9 § 6.6 8.7 § 6.7
Old (16) 9 13.1 § 2.8 506 § 17.1 871 § 197 920 § 177 5.4 § 4.7 7.4 § 3.8

Age matched
Low ability (16) 9 10.7 § 2.6 488 § 17.2 1109 § 246 1072 § 185 8.7 § 6.6 11.1 § 10.1
High ability (16) 7 11.5 § 3.0 519 § 10.4 950 § 221 1029 § 233 5.9 § 6.8 7.0 § 6.4

Fig. 3. DiVerence scores in ability-matched subjects as a function of age (A), and in age-matched subjects as a
function of ability (B).
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of groupings, a subset of the 67 subjects was selected independently; thus some subjects
were included in both the ability and the age-matched groups (e.g., low ability and young
age), while other subjects were not included in either (see Appendix A).

The eVect of age on diVerence scores was tested in the ability-matched groups, and the
eVect of ability on diVerence scores was tested in the age-matched groups, using group-
based and correlation analyses. Results are depicted in Fig. 3. Analyses of the ability-
matched subjects did not reveal eVects of age. DiVerence scores did not diVer between the
young and old age groups, t(30) D .39, p D .699 (left panel of Fig. 3A), nor were they signiW-
cantly related to age, r D .26, p D .156 (right panel of Fig. 3A). In contrast, analyses of the
age-matched subjects revealed eVects of ability. DiVerence scores were greater in the high-
ability group than in the low-ability group, t(30) D 2.68, p D .012 (left panel of Fig. 3B), and
increased linearly with increased ability, r D .60, p < .001 (right panel of Fig. 3B).

Although statistics were not calculated for the raw letter and non-letter scores, Fig. 4
illustrates that the increase in diVerence scores for high compared to low-ability readers
was due to a greater decrease in response times with ability for letters than for non-letters.
This rules out the possibility that changes in diVerence scores with ability were due to
changes in the processing of non-letters rather than changes in the processing of letters.

5. Discussion

The goal of the present experiment was to examine the emergence of letter-speciWc pro-
cessing with development, and to assess the relative contributions of age and reading abil-
ity to this speciWcity. Results indicate that letter-speciWc processing emerges gradually with
development, with the largest increases in speciWcity occurring between the ages of 8 and
13 years old. Moreover, results indicate that increased reading ability is a better predictor
of increased letter-speciWc processing than increased age. Indeed, when subjects were
equated in terms of reading ability, no diVerence in letter-speciWc processing between older
and younger groups was observed. When subjects were equated in terms of age, however,
high-ability readers exhibited greater letter-speciWcity than low-ability readers. Thus,
results are in line with theories of perceptual expertise, which suggest that skilled process-
ing, rather than maturation, drives the specialization of perceptual mechanisms for certain
classes of stimuli (Gauthier et al., 2000; McCandliss et al., 2003; Tanaka & Curran, 2001;
Tarr & Gauthier, 2000).

Fig. 4. Response times during letter and non-letter-matching tasks in age-matched subjects as a function of abil-
ity.
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That perceptual narrowing for letters should involve skilled processing, rather than
maturation, is not surprising given that letter recognition demands arbitrary mappings
between symbols and meanings that are deWned culturally (Cohen & Dehaene, 2004;
McCandliss, Posner, & Givon, 1997; Polk & Farah, 1995, 1998). For example, eYcient
readers must map dissimilar looking inputs to the same output in order to generalize
across diVerent letter cases and fonts (e.g., A a ). At the same time, however, eYcient read-
ers must map similar looking inputs to diVerent outputs in order to discriminate between
certain letters (e.g., O Q C). These contradictory goals cannot be achieved without explicit
training of the system; thus the emergence of letter-speciWc processing should be closely
linked to reading skill.

The particular computational problems posed by reading to the visual system have lead
some researchers to argue for a neural region, located within the left occipital-temporal lobe,
that is specialized for the processing of visual word forms (Cohen & Dehaene, 2004; Cohen
et al., 2002; McCandliss et al., 2003; but see Price & Devlin, 2003). Critically, this ‘visual word
form area’ is tuned preferentially to the shapes of letters compared to other similar shapes.
Indeed, neuroimaging studies of skilled readers have revealed greater activity in this region
for strings of letters compared to strings of digits (Polk et al., 2002) and strings of non-letters
(Petersen, Fox, Snyder, & Raichle, 1990; Price, Wise, & Frackowiak, 1996). Moreover, studies
observing less activity in the left occipital-temporal region in dyslexic subjects than in nor-
mally reading controls provide a link between activity in this region and reading ability
(Shaywitz et al., 2002; Simos, Breier, Fletcher, Bergman, & Papanicolaou, 2000).

Results from the present study are in line with theories suggesting that preferential tun-
ing for letters and words compared to less familiar stimuli within the left occipital-tempo-
ral ‘visual word form area’ is related to increased reading ability. It is important to note,
however, that other brain regions related to perceptual processing have been implicated in
the development of reading skill as well. In particular, the left temporal-parietal cortex
exhibits less activity in dyslexic subjects than in normal-reading subjects during phonologi-
cal decoding tasks (tasks at which dyslexic subjects are particularly impaired; Paulesu
et al., 2001; Temple et al., 2001). Furthermore, activity in this region increases to normal
levels in dyslexic subjects after extensive training and improved performance on phonolog-
ical decoding tasks (Temple et al., 2003). These Wndings indicate a clear role for phonologi-
cal decoding and the left temporal-parietal cortex in the development of reading skill.
Thus, it is possible that results from the present study reXect changes in this region, in addi-
tion to changes in the putative ‘visual word form area.’ Indeed, mastery of the concept that
written symbols are associated with phonemes is necessary for the development of skilled
reading (Rayner, Foorman, Perfetti, Pesetsky, & Seidenberg, 2001).

In sum, results from the present study provide converging evidence for the role of read-
ing skill in the progressive development of system(s) specialized for the processing of let-
ters. In addition, results underscore the importance of separating increases in skill from
maturational change when possible. Finally, results provide an example of perceptual tun-
ing during development in response to culturally determined processing demands.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the online version, at
doi:10.1016/j.actpsy.2005.11.005.
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