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Abstract

Neuroimaging studies suggest that categorical perception of speech phonemes in adults is

primarily subserved by a pathway from bilateral primary auditory areas to association areas in the

left middle superior temporal cortex, but the neural substrates underlying categorical speech

perception in children are not yet known. Here, fMRI was used to examine the neural substrates

associated with phoneme perception in 7- to 12-year-old children as well as the relationships

among level of expertise in phoneme perception, the associated activation, and the development of

reading and phonological processing abilities. While multiple regions in left frontal, temporal, and

parietal cortex were found to be more responsive to phonemic than nonphonemic sounds, the

extent of left lateralization in posterior temporal and parietal regions during phonemic relative to

nonphonemic discrimination differed depending on the degree of categorical phoneme perception.

In addition, an unexpected finding was that proficiency in categorical perception was strongly

related to activation in the left ventral occipitotemporal cortex, an area frequently associated with

orthographic processing. Furthermore, in children who showed lower proficiency in categorical

perception, the level of categorical perception was positively correlated with reading ability and

reading and reading-related abilities were inversely correlated with right mid-temporal activation

in the phonemic relative to nonphonemic perception contrast. These results suggest that greater

specialization of left hemisphere temporal and parietal regions for the categorical perception of

phonemes, as well as activation of the region termed the visual word form area, may be important

for the optimal developmental refinement of both phoneme perception and reading ability.
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1. Introduction

Repeated expressions of the same speech utterance inevitably vary acoustically, both

between and within speakers. Speech perception entails disregarding phonemically

irrelevant acoustic variability and recognizing a wide variety of physically different sounds

as exemplars of the same phoneme. As a result, the adult human brain is more sensitive to

acoustic variations that cue phonemic categories than to acoustic variations of a similar

extent within a phonemic category, a phenomenon known as categorical perception (CP) of

speech (Liberman et al., 1957). While CP is not limited to speech (Pastore et al., 1990;

Pisoni, 1977), nor to humans (Kuhl and Miller, 1975), it is an essential marker of phonemic

perception.

Young infants can discriminate not only contrasts that are phonemic in their native language

but also those that are phonemic in languages to which they have had no exposure.

However, sensitivity to non-native phoneme contrasts begins to decline in the latter part of

the first year of life (Cheour et al., 1998; Eimas, 1975; Werker and Tees, 1984). CP of native

phonemes continues to develop between the ages of 6 and 12 years, with performance still

not reaching adult levels at the upper end of this age range (Bogliotti, 2003; Elliott et al.,

1981; Hazan and Barrett, 2000). This immaturity in speech perception manifests as less

precise phoneme boundaries and significantly greater interindividual variability in phonemic

categorization than seen in adults (Hazan and Barrett, 2000).

Several lines of evidence suggest a relationship between reading development and

development of CP of speech. Bogliotti (2003) reported an increase in CP in children

between age 6, before reading acquisition, and age 7, after initial reading acquisition. At age

7, those who were poor readers showed lower discrimination at the category boundary but

stronger discrimination of a phonemically irrelevant contrast relative to those who were

good readers. Less developed CP has also been linked with developmental dyslexia in both

children and adults (Chiappe et al., 2001; Godfrey et al., 1981; Lieberman et al., 1985;

Maassen and Groenen, 2001; Serniclaes, 2001). In addition, studies have found CP

performance to be associated not only with reading ability (Godfrey et al., 1981), but also

with phonological processing abilities thought to be areas of core deficits in dyslexia,

specifically, rapid naming of visual stimuli (McBride-Chang, 1996) and phonological

awareness (Chiappe et al., 2001; McBride-Chang, 1996), with the latter referring to an

appreciation of the segmental nature of spoken language and the ability to manipulate its

constituent parts.

The mechanisms underlying these relationships are still unclear. The increase in explicit

phonological awareness and letter-name learning that accompanies reading development

may sharpen the perception of phoneme categories. Alternatively, maturation of CP may

facilitate development of phonological awareness and rapid naming abilities, or a common

factor might jointly influence all of these processes. In this regard, anomalies in speech

perception and associated event-related potentials (ERPs) can be seen well before the

emergence of phonological awareness and rapid naming abilities in infants at familial risk

for dyslexia, and these early differences in speech processing have been found to be

predictive of future phonological processing performance (for review, see Leppänen et al.,
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2011; Lyytinen et al., 2004). Specifically, across multiple studies conducted as part of the

Jyväskylä Longitudinal Study of Dyslexia, not only was a behavioral difference in

categorical perception seen between infants at familial risk for dyslexia relative to control

infants (Richardson et al., 2003), but ERP differences were seen suggesting diminished left

hemisphere (Leppänen et al., 2002) and enhanced right hemisphere processing during

speech perception in the at-risk group (Guttorm et al., 2001; Leppänen et al., 1999).

Furthermore, infant speech perception ERPs were associated with later phonological

awareness, rapid serial naming, letter knowledge (Guttorm et al., 2010), and second-grade

reading and writing skills (Leppänen et al., 2011). Finally, further support for a more direct,

or potentially causal, role of speech perception in the development of phonological

awareness can be found in two studies showing improvements on measures of phonological

awareness following phonemic discrimination training in mainstream children (Moore et al.,

2005) and children with reading disabilities (Hurford, 1990). These studies suggest that not

only development of CP but also specific left lateralization of CP neural processing may be

important for optimal development of reading and phonological processing abilities.

FMRI studies in adults suggest that analysis of acoustic information, such as spectral

content, harmonic structure, and pitch, involves the dorsal aspect of the superior temporal

gyrus bilaterally, whereas later stages of speech processing involve specific subsystems that

are relatively left lateralized (Binder et al., 2000; Davis and Johnsrude, 2003; Scott et al.,

2000). In adults, primarily the middle portion of the left ventral superior temporal gyrus and

sulcus (STG/STS) is engaged during discrimination of phonemic relative to acoustically

matched nonphonemic stimuli, implicating this area in phonemic perception (DeWitt and

Rauschecker, 2012; Liebenthal et al., 2010, 2005; Obleser et al., 2007). These results are

consistent with a hierarchical speech sound processing system in the superior temporal

cortex, extending from dorsal areas in the STG bilaterally, associated with analysis of the

physical features of complex sounds, to areas in the left STS, associated with mapping

complex auditory patterns in speech to learned phonemic representations.

Developmental changes in activation patterns at the stage of phonemic recoding have not yet

been studied using fMRI. FMRI studies examining activation patterns associated with

higher-level speech and language processing in children have suggested that, consistent with

the ERP infant studies, children as young as two to three months of age show left

hemisphere dominance for speech processing (Dehaene-Lambertz et al., 2002); however, the

degree of lateralization may continue to increase with age (Gaillard et al., 2000; Szaflarski et

al., 2006). In addition, some studies have reported a greater spatial extent of activation or

less functional specialization in children ranging in age from 8 to 13 years compared to

adults and older adolescents (Gaillard et al., 2000; Lidzba et al., 2011; Tatsuno and Sakai,

2005). These findings, however, are not universal, with some studies finding no differences

in degree of lateralization or extent of activation (Gaillard et al., 2003).

In this study, we compared brain responses to phonemic stimuli (the syllables /ba/ and /da/)

and acoustically-matched nonphonemic sounds in 32 children, aged 7.9 to 12.9 years, during

performance of a discrimination task. Our goal was to investigate the neural substrates

associated with phonemic perception in children as well as the relationships among level of

expertise in phoneme perception, the associated activation, and the development of reading
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and phonological processing abilities. We hypothesized that children would show patterns of

brain activation associated with CP that are generally similar to those previously seen in

adults, including the preferential engagement of the left temporal lobe; however, we

expected greater variability in activation patterns among the children, and an association

between this variability and both CP performance and reading-related abilities. To examine

the latter hypothesis, we examined different subgroups of children defined by their

behavioral performance on a categorical perception task as well as by the relationship

between proficiency on this task and their level of reading ability.

2. Material and Methods

2.1 Participants

Participants were 39 monolingual, right-handed children, 7 to 12 years of age, who had no

history of significant neurological illness or injury, hearing impairment, developmental

speech, language or learning disorder, chronic medical illness, or psychiatric disorder.

Participants as well as at least one of their parents were native speakers of American

English. The latter was necessary to ensure that the children were exposed to American

English phonemes from birth. Children were excluded if they had fewer than 40 trials

remaining in the phonemic (P) or the nonphonemic (N) scanner conditions after removal of

trials in which no response was given or excessive movement occurred. Application of this

criterion resulted in the exclusion of 6 children. One additional child was excluded due to

poor image quality, leaving a final sample of 32 children (see Table 1 for sample

characteristics). The study protocol was approved by the Children’s Hospital of Wisconsin

Institutional Review Board. Parents of all participants gave written informed consent, and

children provided written assent.

2.2 Stimuli

Stimuli were created using a cascade/parallel formant synthesizer (SenSyn Laboratory

Speech Synthesizer, Sensimetrics Corp., Cambridge, MA). The P test items consisted of a 7-

token continuum from /ba/ to /da/. Pitch, intensity, formant bandwidth and formant center

frequency parameters for synthesis of the anchor points of the P continuum were derived

from natural utterances of the syllables produced by a male speaker (JRB) and sampled at

44.1 kHz. The pitch, intensity and formant bandwidths of the anchor points, as well as the

formant center frequencies throughout the steady-state vowel segment of the syllables were

equated across tokens using average values. Tokens were edited to 150 ms duration. The

anchor points of the N continuum were constructed by spectrally inverting the first formant

of the speech syllables in order to disrupt their phonemic value without altering their general

spectrotemporal characteristics. Intermediate tokens for both continua were interpolated as

described in a previous study (Liebenthal et al., 2005). Spectrograms for an example

stimulus from each continuum are provided in Supplementary Figure S1.

2.3 Procedure

All participants completed a brief audiometric screening test to ensure that they had no

unidentified hearing impairment. They were familiarized with the P and N perception tasks

as follows: (1) identification training on the anchor points; (2) identification testing on the

Conant et al. Page 4

Neuroimage. Author manuscript; available in PMC 2015 April 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



entire continuum; and (3) practice of the discrimination task in a mock scanner. Brief

neuropsychological testing was also performed, including measures of estimated IQ (the

Wechsler Abbreviated Scale of Intelligence (Wechsler, 1999)] - Vocabulary and Matrix

Reasoning subtests), single-word reading (Wide Range Achievement Test-3rd Edition

(Wilkinson, 1993)- Reading subtest), and phonological processing (two Comprehensive Test

of Phonological Processing [Wagner et al., 1999] subtests). With regard to the latter, the

aspects of phonological processing assessed included the rapid retrieval of phonological

codes associated with letter stimuli (Rapid Letter Naming), and phonological awareness

(Elision). Socioeconomic status was assessed using a modified Hollingshead Index of Social

Status (Hollingshead, 1975) based on the educational and occupational attainment of the

parent with the highest status, or in cases of divorce or single parenthood, the parent with

primary placement.

During scanning, participants performed a 2-alternative forced-choice AX discrimination

task (i.e., is the second sound in a pair identical to the first?). The distance in acoustic space

between the tokens in each pair was identical, but, for the P items, one token-pair is within

the /ba/ category (1-3), one is within the /da/ category (5-7), and one crosses the phonemic

category boundary (3-5). A single trial was presented in each interval between image

acquisitions, beginning 490 ms following the completion of an acquisition. The stimuli were

150 ms in duration separated by a 1000 ms interstimulus interval and followed by a 2700 ms

response window. P and N stimuli were presented in alternating runs. Each run contained

ten discrimination pairs of each type and five baseline silence trials. Participants in the

younger (7-9 year) range completed four runs, and those in the older range (10-12 year)

completed four to six runs.

2.4 Image Acquisition

Images were acquired on a 3T GE Signa Excite scanner (GE Medical Systems, Milwaukee,

WI). Whole-brain fMRI data were acquired using gradient-echo, echoplanar imaging (TE =

20 ms, flip angle = 90°) at long intervals (TR=7 sec; acquisition time=2 sec). The clustered

acquisition paradigm was used to avoid perceptual masking of the test items and

contamination of the BOLD data by the acoustic noise of the scanner (Edmister et al., 1999).

Thirty-six axial slices, 3 mm thick, were acquired with 0.5 mm gap between slices to

prevent signal bleed. The field of view was 220 cm and matrix 64×64, resulting in nearly

isotropic 3.44-mm voxels covering the whole brain. High resolution, T1-weighted structural

images were obtained at each session using a 3D SPGR sequence (TE = 3.9 ms, TR = 9.5

ms, TI = 450 ms, flip angle = 12°, matrix = 256 × 224, NEX = 1, slice thickness 1.2 mm,

106 axial slices, scan time = 6.23 min).

2.5 Image Analysis

Image processing and statistical analysis were performed using the Analysis of Functional

Neuroimages (AFNI) software package (Cox, 1996). Within-subject analysis included

volumetric image registration to minimize head motion artifacts and voxelwise multiple

linear regression with reference functions representing experimental conditions (P, N) and

regressors of no interest (linear and nonlinear trends, condition-specific RTs, and motion

parameters). Missed trials (i.e., trials on which the participant did not respond) and trials
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with greater than 10% outlier voxels, an index of excessive motion, were removed from the

analyses. Individual t-maps were computed to determine the significance of the activation

(relative to rest) in each of the experimental conditions. General linear tests were conducted

for each contrast. Individual anatomical scans and statistical t-maps were transformed into

standard stereotaxic space (Talairach and Tournoux, 1988), and stereotactically resampled

functional maps were smoothed with a 6mm FWHM Gaussian filter. In this regard, studies

have supported the feasibility of using adult-defined common stereotaxic space for analysis

of pediatric data, suggesting that anatomical differences between the atlas-transformed brain

morphology of children aged 7 to 8 years and adults are minimal relative to the level of

resolution possible with current functional imaging and do not result in spurious functional

differences (Burgund et al., 2002; Kang et al., 2003).

Group maps were generated using random effects analysis. The contrast maps for the full

sample analyses were thresholded at a voxelwise z > 2.810, and clusters smaller than 630 μl

were removed to yield a mapwise threshold of alpha < 0.05 as determined through Monte

Carlo simulations. Also yielding a mapwise threshold of alpha < .05, the contrast maps for

the smaller groups of nine subjects and the regression maps were thresholded at a voxelwise

z > 2.577 with clusters smaller than 891 μl removed.

In addition to the whole brain analyses, regions of interest (ROIs) in each hemisphere were

anatomically defined using a digital atlas based on probabilistic cytoarchitectonic maps and

macro-anatomical labels (Eickhoff et al., 2005). These included an inferior frontal region

(IF) comprised of the IFG and Rolandic operculum (RO), a middle STG/MTG region that

also included Heschl’s gyrus (mS/MTG), a posterior STG/MTG region (pS/MTG), and an

inferior parietal region (IPL) comprised of the SMG and AG. These regions were selected

for analysis based on the involvement of each region in different aspects of speech

processing in previous work (Liebenthal et al., 2005; Hickok and Poeppel, 2007; Liebenthal

et al., 2010; Turkeltaub and Coslett, 2010). The division between mS/MTG and pS/MTG

was set at the medial posterior tip of HG (Talairach y = -30), consistent with previous

functional differentiation of these regions (Liebenthal et al., 2010). To calculate

lateralization of the BOLD response in each ROI, individual intensity-based thresholds for

each of these regions were calculated for each participant in each condition using a method

described by Fernandez et al. (2001) and Jansen et al. (2006). To determine the threshold,

the mean activation level for the most extreme 5% of the voxels was determined. The

threshold was then set to signal intensity changes that exceeded 50% of the mean activation

level for this 5% of voxels. The number of voxels that exceeded that threshold were counted.

Lateralization indices (LI) were calculated using the ratio, (VL - VR)/ (VL + VR), in which

VL and VR refer to the number of activated voxels in the left and right hemispheres,

respectively. Positive values suggest greater left lateralization. Values exceeding + .20 were

considered to represent significantly lateralized activation, whereas values between these

limits were considered to suggest a bilateral pattern. While the selection of a threshold for

attributing language dominance is somewhat arbitrary, the threshold of .20 has been

considered to be a reasonable one for this purpose in numerous prior fMRI studies (Seghier,

2008; Springer et al., 1999).
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2.6 Behavioral Data Analysis

Identification performance was examined using the beta coefficient from a logistic

regression fitted to individual identification curves. The beta values, which represent the

slope of the regression function, were highly skewed, and therefore a square root

transformation was applied, but significant departure from normality remained. High values

of beta suggest a steep, step-like curve characteristic of CP. Low values suggest a more

linear or continuously varying response, and values close to 0 indicate a flat response curve

or no difference in labeling across the continuum. With regard to discrimination

performance, a CP index (CPI) was computed. This index was defined as the difference

between the percentage of across-category P pairs perceived as “different” and the average

percentage across the two sets of within-category P pairs perceived as “different”. There was

substantial variation in the CPI across the sample, and discontinuities were observed in the

distribution of CPIs (Fig. 1). To examine potential differences in activation patterns

associated with CP proficiency, the sample was divided into two groups at the point of

greatest discontinuity, forming a Low CPI group (<50; n = 9) and a High CPI group (>60; n

= 23).

Correlations between the CPI, the reading and phonological processing performances, and

the extent of activation for P relative to N in each of the ROIs were examined. The

correlations with the neuropsychological variables were only run in the predefined ROIs to

minimize the number of analyses. As a means of correcting for the remaining large number

of correlations performed, without risking an unacceptably high Type II error rate, only

correlations that were both significant at p < 0.05 (two-tailed) and reflected a large effect

size, i.e., coefficient greater than or equal to 0.5, were considered significant. Because of the

small sample size in the Low CPI group, the obtained correlations are considered to be

preliminary findings to be used for the purpose of generating hypotheses for further

examination in larger samples.

Many of the ROI variables showed significant departures from normality based on the

Shapiro-Wilk test and/or indices of skewness and kurtosis. Therefore, non-parametric tests

were used for these analyses, including Spearman’s ρ for the correlations, the Mann-

Whitney-Wilcoxon test for the between-subject analyses, and the Wilcoxon Signed-Rank

Test for the repeated measures analyses. The use of Spearman’s ρ does not permit the

inclusion of age as a covariate; however, this was considered acceptable because no

correlations between age and the CPI or activation in the ROIs met significance criteria in

any group, and age-corrected standard scores were used for all of the neuropsychological

variables.

3. Results

3.1 Behavioral Results

Category labeling of the continua was tested prior to scanning. As expected, the slope of the

identification function (Fig. 2), which reflects the degree of CP, was much steeper for the P

compared to the N stimuli (Mean + standard deviation of beta coefficients in logistic

regression functions fitted to individual identification curves for P = 1.36 + 1.06 and for N =
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0.53 + 0.48 (Z = 4.076, p < 0.001). The results were also compared to those of the 25 adults

who had participated in a previous study using the same stimuli (Liebenthal et al. 2005). The

adults showed significantly steeper slopes for both the P (2.47 + 1.33) and the N (0.94 +

0.39) continua compared to the children (U = 195, p =0.001 and U = 209, p = 0.002,

respectively). Same-different (AX) discrimination performance during fMRI (Fig. 3)

indicates that the children did perceive the P stimuli categorically. Specifically, across-

category discrimination (token-pair 3-5) was significantly stronger than within-category

discrimination (token-pairs 1-3 and 5-7) for P (z = 4.937 and 4.900, p < 0.001, respectively).

In contrast, for N, the differences in discrimination across token pairs was smaller, although

it was significantly higher for the 5-7 token-pair than the 3-5 or 1-3 pairs (Z = -3.309, p =

0.001, and -2.832, p = 0.005, respectively).

The Low (CPI <50) and High (CPI >60) CPI groups did not significantly differ with regard

to age, sex, socioeconomic status (SES), estimated IQ, single-word reading, phoneme

deletion, rapid serial naming of letters, slope of the identification function, median response

times (RTs) in P and N, percentage of P and N items on which there was no response, or

percent trials removed from P or N for motion (Table 1). Both groups showed significantly

stronger across-than within-category discrimination in P. However, the Low CPI group also

showed higher discrimination of the within-/da/ trials than the within-/ba/ trials (Z = -2.547,

p = .011), while the High CPI group showed no significant difference between the within-

category trials (Z = -1.429, p = .153). In the group comparisons, the Low CPI group showed

both weaker discrimination of the across-category P token-pairs (U = 2, p < 0.001) and

stronger discrimination of the /da/ within-category P token-pairs, with a similar trend for

the /ba/ within category pairs (for /da/, U = 12, p < 0.001; for /ba/, U = 60.5, p = 0.071)

relative to the High CPI group. The groups did not significantly differ with regard to their

discrimination of the N token-pairs. With regard to RT, there were no significant differences

between individual participants’ median RTs for P and N in any group.

In the full group, there were no significant correlations between the CPI and the

neuropsychological measures. However, visual inspection of the relationship between the

CPI and single-word reading suggested that there could be a significant association between

these variables in participants who performed below a CPI of 70 (Fig. 4), with this CPI level

corresponding to a second smaller discontinuity in the CPI distribution (Fig.1). Indeed, in

the 14 participants with a CPI below 70, there was a significant correlation between reading

and the CPI (ρ= 0.54, p = 0.049). Further exploration of this relationship indicated that this

reflected a correlation specifically between reading and the ability to discriminate across-

category tokens (ρ = 0.56, p = 0.037).

3.2 FMRI Results

3.2.1 Whole Brain Analyses—Results for the entire group are shown in Figure 5A and

Supplementary Table S1A. In the P condition relative to the resting baseline, extensive left

hemisphere activation was seen in the STG extending ventrally into the posterior STS, as

well as in the insula, inferior frontal gyrus and sulcus (IFG/IFS), middle frontal gyrus

(MFG) extending into the superior frontal gyrus (SFG), supplementary motor area (SMA),

precentral (PrCG) and postcentral (PoCG) gyri, Rolandic operculum and parietal operculum
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(RO/PO), supramarginal gyrus (SMG), intraparietal sulcus (IPS), thalamus, cerebellum, and

ventral occipitotemporal cortex somewhat anterior to the putative “visual word form area”

(VWFA). Smaller foci of activation were seen in the right STG, RO/PO, PrCG, PoCG, and

thalamus. Areas of relative activation during the “resting” baseline were noted in the right

angular gyrus (AG), superior occipital gyrus (SOG), and cuneus. For N contrasted with

baseline, activation was seen in the STG, RO/PO, PrCG, PoCG, thalamus, and cerebellum

bilaterally, but greater on the right, as well as in right STS, pMTG, lateral occipital cortex,

and ventral occipitotemporal cortex, extending medially to the lingual gyrus. Greater

activation during baseline relative to N was seen in the left IFG, posterior MFG, SFG,

temporal pole, SOG, and precuneus. The direct contrast of the P and N conditions revealed

extensive areas of greater activation during P in the left frontal cortex and, to a lesser extent,

left PoCG, anterior STG/STS, caudate, putamen, and cerebellum. Greater activation for N

was observed in the right posterior cortex, including posterior STS and MTG, AG, and

medial and lateral occipital regions.

Activation in the High CPI group closely resembled that in the full group (Fig. 5B and

Supplementary Table S1B). However, in P relative to baseline, the High CPI group showed

qualitatively more extensive suprathreshold activation in the left ventral occipitotemporal

cortex extending more posteriorly along the left occipitotemporal sulcus (OTS) and fusiform

gyrus (FG). For N relative to baseline, there was more extensive posterior temporal, parietal,

and occipital activation on the right. An additional focus of deactivation was seen in the left

mid to posterior STS. Activation for the contrast between P and N also resembled that seen

in the full group, but there appeared to be less extensive left frontal activation, and there was

additional suprathreshold activation in the left posterior STG as well as the pOTS and FG.

Additional relative activation for N compared to P was seen in the right posterior STG/STS

and IPL.

Qualitatively, much less activation exceeded threshold in the Low CPI group, which is

expected given the much smaller sample size (Fig. 5C and Supplementary Table S1C). In

the P condition relative to baseline, there was no activation in left temporal regions, while

there was a significant focus in the right STG. Otherwise, there was significant activation in

left lateral and medial frontal regions, including the left MFG/IFS and anterior insula as well

as the cingulate gyrus and SMA, which overlapped with that seen in the High CPI group but

appeared much smaller in extent. In contrast, in the N condition relative to baseline,

activation was confined to the left STG. Finally, when contrasting activation in the P and N

conditions, there was activation exclusively in the left lateral frontal regions, including left

pars orbitalis, pars triangularis, and anterior insula.

In the direct contrast between High and Low CPI groups for the P condition relative to rest

(Fig. 5D and Supplementary Table S1D), significant activation was seen in left pOTS/FG,

reflecting greater activation in this region for the High CPI group. There was an area of

relative activation for the Low CPI group in the right SMG. In N, there was substantial

activation throughout the posterior right cortex for the High compared to the Low group,

including the PoCG, SMG, pMTG, lateral occipital cortex, fusiform gyrus, lingual gyrus,

and cerebellum. Overlapping right posterior areas showed decreased activation in the P

relative to N contrast and appear to reflect both the greater relative activation in the region in
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P for the Low compared to the High CPI group and the greater activation in surrounding

regions in N for the High CPI group.

Because of the large difference in sample sizes and the potential consequences of an

unbalanced design on power and robustness to violations of assumptions, particularly

homogeneity of variance, additional whole brain analyses were conducted to examine the

reliability of the group difference findings. A sample of nine participants were

pseudorandomly drawn from the High CPI group, with the constraints that this group did not

differ from the Low CPI group with regard to age, SES, neuropsychological performances,

percent of trials removed for motion in P and N, percent of missed trials in P or N, and

median RTs in P and N. The maps for the comparisons between the size-matched groups are

very similar to those using the full High CPI group, suggesting that the group differences

previously described are not secondary to the sample size differences. The results of these

comparisons are provided in the Supplementary Material (Supplementary Fig. S2).

In addition, the relationship between CPI and brain activation was examined using multiple

regression across the full sample (Fig. 6), covarying for age. Consistent with the between-

group findings, there was a significant positive correlation with activation in the left

pOTS/FG in P. There was also a focus in the left parahippocampal gyrus. In N, significant

positive correlations were seen between CPI and activation in bilateral, predominantly right

cerebellum and right lingual gyrus, while a negative correlation was seen between more

posterior bilateral cerebellar activation, primarily left, and CPI in the P-N contrast.

3.2.2 ROI Analyses—Differences in the extent of lateralization between the High and

Low CPI groups for the PN contrasts were examined for each ROI using a lateralization

index (Table 2). While the groups showed similar levels of left lateralization in the IFG,

significant differences in lateralization were seen in the pS/MTG (U = 36, p = .004) and IPL

(U = 52, p = .031). In each case, the lateralization was reversed across the groups, with left

lateralization in the High CPI group and right lateralization in the Low CPI group, consistent

with what was seen in the whole brain analyses. There was a trend in the mS/MTG (U = 62,

p = .086), reflecting left lateralization in the High CPI and more bilateral activation (right

greater than left) in the Low CPI group.

Examination of the mean LIs for the P and N conditions separately in the pS/MTG and IPL

suggests that these findings reflect important differences in lateralization between the two

groups in both conditions. In P, the High CPI group showed left lateralization in these two

regions (mean LIs = 0.374 and 0.266, respectively), whereas the Low CPI group showed

right lateralization (mean LIs = -0.233 and -0.346). In contrast, the High CPI group showed

right lateralized activation in these areas in N (mean LIs = -0.470 and -0.304), while the

Low CPI group showed weak left/bilateral lateralization (mean LIs = 0.174 and 0.203).

These group differences were significant for both regions in both conditions (pS/MTG in P,

p = .038; pS/MTG in N, p = .007; IPL in P, p = .047, IPL in N, p = .043).

Correlations between the ROI active voxel counts in the P-N contrasts and both age and the

behavioral variables for each group were also examined. For the full sample and the High

CPI group, no correlations met both the threshold and effect size criteria used to determine
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significance in the current study. In contrast, in the Low CPI group (Table 3 and Fig. 7),

there were significant negative correlations between activation in the right mS/MTG and all

of the reading-related variables, including single word reading (ρ = -0.733, p = 0.025),

phoneme deletion (ρ = -0.703, p = 0.034), and rapid letter naming (ρ = -0.826, p = 0.006). In

addition there was a significant positive correlation between activation in the left pS/MTG

and CPI (ρ = 0.695, p = 0.038).

4. Discussion

Contrary to expectations, in the full sample, we found stronger activation in large regions of

left frontal cortex for P relative to N. In the previous adult study, the left frontal cortex was

activated to the same extent in both P and N relative to rest, thus activation in this region

was interpreted as reflecting nonspecific executive processes such as working memory and

response selection. The finding of greater left frontal activation in P relative to N in the

children suggests that it may reflect processes associated specifically with phonemic

perception, although the possibility of differential effort in the two conditions must be

considered. Importantly, several findings suggest that the lesser frontal activation in N does

not simply reflect lack of effort in this condition. First, RT, which can be regarded as a gross

indicator of effort, did not differ significantly between P and N in any group. Second, the

discrimination response pattern in N was not random, as one would expect if the children

were simply guessing. Although this did not attain significance in the Low CPI group, the

children in both the High and Low CPI groups showed the same pattern of weaker

discrimination with two sets of token-pairs in the N continuum, specifically 1-3 and 3-5,

than with the 5-7 pair. Third, areas within the right temporoparietal cortex were more active

in N compared to both the resting baseline and P. This region has been associated with

attention to local spectral properties of the sounds as opposed to more categorical properties

(Brechmann and Scheich, 2005; Geiser et al., 2008). Thus, the greater activation in this

region for N is consistent with expected task-specific processing.

Many of the frontoparietal regions activated in the P condition relative to N, such as the pars

opercularis, insula, SMA, PrCG, PoCG, and the RO/PO, including the Sylvian parietal

temporal region (Hickok and Poeppel, 2007), have been implicated in articulation and/or

auditory-articulatory interactions (Okada and Hickok, 2006). These areas are activated not

only during speech production tasks but also in speech perception tasks, particularly when

the speech input is noisy (Chevillet et al., 2013; Hickok and Poeppel, 2007; Liebenthal et al.,

in press; Meister et al., 2007; Okada and Hickok, 2006). It has been postulated that such

auditory-motor interactions may be particularly important during speech development

(Hickok and Poeppel, 2007), and it is possible that, prior to full mastery of phonemic

categorization, auditory-motor associations may play a significant role in facilitating or

guiding phoneme perception (Callan et al., 2004). The potentially greater reliance on

auditory-motor associations for phoneme perception during the time of reading development

may fit with findings suggesting an association between difficulty with auditorily guided,

rhythmic motor tapping and both phonological processing and reading performance in

children with dyslexia (Thomson and Goswami, 2008).
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There was also significant activation in the P-N contrast in the IFS. A role for the left IFS in

decision-making processes underlying the computation of category representations has been

suggested by Myers and colleagues (2009), who used a short-interval habituation paradigm

with a pitch change detection task rather than an active discrimination task. In the current

study, this region was strongly activated in the P-N contrast, but two findings do not fully

support the idea that this region plays a central role in categorical discrimination, at least in

this age range. First, activation in this region did not significantly differ as a function of

categorical discrimination performance. Second, there was no significant activation in this

region for phonemic perception in the smaller group of nine good categorizers even with the

less conservative voxelwise threshold.

In contrast to the findings in frontal regions, categorical discrimination performance was

strongly associated with activation patterns in posterior temporoparietal regions. In the

group ROI comparisons, opposite patterns of lateralization were seen in the High and Low

CPI groups in the posterior temporal and inferior parietal ROIs, with left lateralization seen

in the High CPI group and right lateralization in the Low CPI group for P relative to N. In P,

the High CPI group showed left lateralization in these two posterior regions, whereas the

Low CPI group showed right lateralization. In contrast, the High CPI group showed right

lateralized activation in these areas in N, while the Low CPI group showed weak left/

bilateral lateralization. The importance of right lateralized activation in posterior regions for

N was also evident in the whole-brain group comparisons, in which the High CPI group

showed significantly greater activation in these regions. Together, these findings strongly

suggest that CP of phonemes is associated with left-lateralized processing, whereas weaker

development of CP is associated with more right-lateralized processing. Moreover, the

strong hemispheric dissociation between P and N processing in the High CPI group suggests

that CP involves a perceptual distinction between phonemic and nonphonemic sounds and

assignment of each to lateralized processing systems.

Also supporting this hypothesis, the preliminary correlation results obtained with the Low

CPI group suggest the possible presence of a relationship between the CPI and the extent of

activation in the left pS/MTG during P relative to N. The finding of a strong association

between phonemic CP performance and the posterior rather than middle temporal cortex is

interesting in the context of previous fMRI findings in adults. Multiple fMRI studies in

adults have reported an association between activation in middle STS and phoneme

categorization (DeWitt and Rauschecker, 2012; Liebenthal et al., 2010, 2005; Obleser et al.,

2007). One of these studies (Liebenthal et al., 2010) also found increased activation in a

more posterior region of the STG/STS when adults performed a categorical identification

task following categorization training with speech-like nonphonemic sounds. Similarly, in

other studies (Dehaene-Lambertz et al., 2005; Desai et al., 2008), activation in the posterior

STG/STS was seen when adults performed a categorization task using sine wave speech

after exposure to the phonetic properties of the sounds, and the level of activation in this

region was correlated with the degree of categorization. Overall, these studies suggest that

the left mSTG/STS may store phonemic representations, while the pSTG/STS may be

recruited when the sounds are not as familiar or overlearned and categorization must still

rely on detailed physical features of the sounds. The current findings linking phoneme

categorization performance more strongly with the posterior temporal cortex in school-age
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children suggest that phonemic representations in left middle temporal regions may not be

fully developed at this age. However, while the CPI was more associated with activation in

the pS/MTG, activation in the right mS/MTG region in the P-N contrast was significantly

inversely related to aspects of reading and reading-related abilities in the children with low

CPIs, suggesting that the extent of lateralization in this region for phonemic relative to

nonphonemic perception may be associated with development of these abilities at this age.

The finding of an association between greater right hemisphere processing for phonemic

perception and poorer reading and phonological abilities is consistent with the ERP findings

obtained in control and at-risk infants conducted as part of the Jyväskylä Longitudinal Study

of Dyslexia (Leppänen et al., 2011; Lyytinen et al., 2004). Additional developmental studies

investigating functional and structural connectivity and activation changes occurring on a

finer time scale, as well as using nonspeech sounds that are more categorically perceived

(e.g., those differing in tone-onset time), may assist in further elucidating the underlying

mechanisms for these findings.

In addition to these preliminary findings of correlations between activation in the P-N

contrast and both reading and phonological abilities, a direct relationship between CPI and

single-word reading ability was found below a CPI level of 70, suggesting that, in at least a

subset of children, this ability is related to reading performance. Overall, these results

suggest that, in childhood, greater specialization of the left temporal regions for the CP of

speech sounds, including both greater left lateralization for phonemic perception as well as

greater right lateralization for nonphonemic perception, may be important for the

appropriate refinement of CP and for the optimal development of reading and phonological

abilities.

Importantly, the small sample size in the Low CPI group is a significant limitation. The

cohesive pattern of findings that emerged across different analyses and in the context of

previous studies appears compelling, particularly given the low power in this group;

however, the findings should be interpreted with caution in light of the sample size and, as

noted previously, should be considered preliminary at this point in time. Replication in

larger samples of children with low CPI is needed.

An unexpected set of findings was the significant activation of left ventral occipitotemporal

cortex during this entirely auditory task, and the strong relationship between activation in

this region and CPI as seen in both the whole-brain group comparisons and the regression

analysis. The local maxima within the left pOTS/FG in the group comparisons for P

(Talairach coordinates: -40 -56 -13 for the full High CPI group and -41 -57 -11 for the small

High CPI group) and the regression analysis for CPI in P (-40 -55 -13) correspond well to

the coordinates reported previously for the putative VWFA (Cohen et al., 2000: -43 -54 -12;

Cohen et al., 2002: -42 -57 -15, -44 -55 -17). The peak activation in the P-N contrast in the

High CPI group (-39 -62 -11) is slightly more posterior, but the cluster includes the classic

coordinates for the VWFA (Cohen et al., 2000). While the precise role of this region and its

specificity for processing orthographic input relative to nonorthographic visual stimuli is

still debated, it is consistently found to be activated during tasks involving reading visually

presented words or pseudowords, and damage to this area has been found to selectively

disrupt visual word recognition (Binder and Mohr, 1992; Cohen et al., 2003; Leff et al.,
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2006). It is also frequently reported to be hypoactivated in individuals with developmental

dyslexia relative to normal controls (Maisog et al., 2008; Richlan et al., 2009).

One of the proposed functions of this area is the extraction of abstract orthographic

representations (Dehaene et al., 2001, 2004; Polk and Farah, 2002). Similar to phonemes in

the auditory modality, different instances of the same letters or frequently encountered letter

sequences must be recognized quickly, despite substantial variations in visual appearance, in

order for fluent reading to occur. Activation in this region of the left pOTS is invariant to

many visual characteristics that are irrelevant to letter or word identification, such as case,

size, vertical or horizontal orientation, and retinal location (Cai et al., 2010; Dehaene et al.,

2004, 2001; Polk and Farah, 2002), while showing significant sensitivity to statistical

familiarity of letter sequences (Binder et al., 2006). It has been proposed that phonology

may play an important role in the development of abstract orthographic representations

(Bowers and Michita, 1998) and that another function of this region may be to link visual

information with higher linguistic representations, such as phonological representations. The

importance of phonology to the development of activation in left ventral occipitotemporal

cortex is suggested by a study by Hashimoto and Sakai (Hashimoto and Sakai, 2004) in

which activation was found in a region just lateral to the left pOTS in adults for newly

learned letters but only if learned in association with speech sounds as opposed to nonspeech

sounds. Beyond development, recent studies have suggested that the VWFA region is

sensitive to spelling-sound consistency (Graves et al., 2010) and the presence of

phonological task demands (Mano et al., 2013), providing further support for a role of this

region in linking orthography and phonology.

Although activation in this region is most typically seen when visual stimuli are used, a few

studies have shown activation in this region during phonological tasks using spoken stimuli

such as auditory word rhyming tasks in children and adults (Booth et al., 2004; Cone et al.,

2008; Desroches et al., 2010), with increased activation seen in association with greater

conflict between orthographic and phonological information (cCone et al., 2008; Desroches

et al., 2010). The possible greater involvement of the left pOTS in auditory language tasks in

children relative to adults was suggested by a study by Church and colleagues (2008) in

which activation in the vicinity of the VWFA was seen for both a word reading and an

auditory word repetition task in children but only the reading task in adults. To our

knowledge, however, the current study is the first to report left pOTS activation associated

with an auditory task involving an early stage of sublexical speech processing and to find

activation in this area modulated by expertise in phoneme perception. Such a relationship

has not been reported in prior investigations of categorical perception in adults. The

association of activation in this region with proficiency of categorical perception in children

aged 7 to 12 suggests that strong phoneme category representations may be important for the

optimal development of abstract orthographic representations and/or of the mapping

between orthographic and phonological representations during reading acquisition. The

reverse direction of causality is also possible, with better development of abstract

orthographic representations and of grapheme-phoneme mapping resulting in stronger

phonemic category representations.
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Importantly, the regions that showed group differences in lateralization patterns for P-N

(i.e., pS/MTG and the IPL) or in which a significant relationship was found with CPI during

phonemic perception (i.e., the left pOTS) are the areas most commonly implicated in

dyslexia (Breier et al., 2003; Maisog et al., 2008; Richlan et al., 2009). Furthermore, the

pattern of performance on the discrimination task observed in the Low CPI group is similar

to that frequently reported in dyslexia (Bogliotti et al., 2008; Serniclaes, 2001), with better

than expected within-category discrimination and weaker than expected across-category

discrimination. While it is possible that this simply reflects poorer effort in this group, it is

important to note that, unlike the difference in response pattern in P, neither the response

pattern in N nor the RTs for P and N significantly differed across the Low and High CPI

groups.

The similarities to findings in individuals with dyslexia with regard to both the regions

associated with phonemic perception in children in this study and the pattern of performance

in the low relative to high categorizers suggest that the current findings may have significant

implications for understanding dyslexia. While much attention has focused on phonological

awareness and, to a lesser extent, rapid naming as areas of primary core deficits in dyslexia,

our findings suggest that differences in the activation patterns in mid-temporal regions seen

in poor categorizers at the much earlier processing stage of speech perception are associated

with differences in performance on measures of phonological awareness, rapid naming, and

reading. Furthermore, the current findings suggest a possible mechanism for the frequent

finding of decreased activation in the left pOTS in dyslexia despite the apparent primacy of

phonological deficits. Overall, the current results suggest that categorical speech perception

and its neural substrates may play a significant role in the development of reading-related

abilities and may represent a potential target for intervention for children at risk for dyslexia.

The results of this study may also have relevance for imaging genomics studies of reading.

Some of the dyslexia susceptibility genes, such as KIAA0319, have been associated not only

with reading disability but also with the full range of reading abilities in the general

population (Paracchini et al., 2008), and risk variants involving the KIAA0319/TTRAP/

THEM2 locus have been associated with reduced left lateralization in the posterior STS

during a reading task in adults identifying themselves as normal readers (Pinel et al., 2012).

Furthermore, reduced expression of Kiaa0319 in rats has been associated with impaired

neural discrimination of speech sounds (Centanni et al., 2013), and four rare variants in the

region between DCDC2 and KIAA0319 have been associated with differences in a late

component of the speech mismatch negativity in children with dyslexia (Czamara et al.,

2011). The current finding of a relationship between level of categorical perception, reading

ability, and pattern of brain activation in temporal and parietal regions in the general

population suggests that the latter might represent a useful endophenotype for future

imaging genetics studies in children.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• FMRI was used to examine categorical perception (CP) of speech in children

• Activation in left ventral occipitotemporal cortex was associated with level of

CP

• Lateralization in posterior temporoparietal cortex differed with level of CP

• In children with low CP, the level of CP was associated with reading ability

• In those with low CP, activation in mid-temporal cortex was associated with

reading
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Figure 1.
Distribution of Categorical Perception Index scores across the 32 individual participants.

The dotted circle highlights the largest discontinuity and the solid circle highlights the

smaller discontinuity.
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Figure 2.
Identification functions for the phonemic and nonphonemic stimuli. Error bars reflect the

standard error of measurement
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Figure 3.
Discrimination functions for the High and Low Categorical Perception Index (CPI) groups

in the phonemic (P) and nonphonemic (N) conditions. Error bars reflect standard error of

measurement.
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Figure 4.
Categorical Perception Index (CPI) scores plotted against single-word reading performance

on the Wide Range Achievement Test-3 (WRAT-3) in participants with CPIs < 70 and CPIs

> 70
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Figure 5.
Activation patterns in each group. Activation patterns in the phonemic condition relative to

baseline (P), the nonphonemic condition relative to baseline (N), and the P condition relative

to the N condition (P-N) for (A) the entire sample; (B) the High Categorical Perception

Index (CPI) group; (C) the Low CPI group, and (D) the High relative to the Low CPI group.

The maps were thresholded at a voxelwise z > 2.810, and clusters smaller than 630 μl were

removed to yield a mapwise threshold of alpha < 0.05. Hot colors indicate regions of greater

activation in the first condition, while cool colors indicate greater activation in the

contrasting condition.
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Figure 6.
Regions significantly correlated with the Categorical Perception Index in the full sample for

the phonemic (P) and nonphonemic (N) conditions. The maps were thresholded at a

voxelwise z > 2.577 with clusters smaller than 891 μl removed, yielding a mapwise

threshold of alpha < 0.05.
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Figure 7.
Scatterplots of the rank-transformed behavioral and activation data for each of the

significant Spearman’s ρ correlations in the Low Categorical Perception Index (CPI) group:

(A) correlation between activation in the right middle superior/middle temporal gyri (mS/

MTG) and the Wide Range Achievement Test-3 (WRAT-3) Reading subtest, (B) correlation

between activation in the right mS/MTG and the Comprehensive Test of Phonological

Processing (CTOPP) Elision subtest, (C) correlation between activation in the right

mS/MTG and the CTOPP Rapid Letter Naming subtest, and (D) correlation between

activation in the left posterior superior/middle temporal gyri (pS/MTG) and the CPI.
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Table 1

Means and standard deviations (in parentheses) for the demographic and behavioral measures for the full

sample and the Low and High Categorical Perception Index (CPI) groups.

All (n = 32) Low CPI (n = 9) High CPI (n = 23)

Age 10.30 (1.54) 10.52 (1.82) 10.22 (1.46)

Sex (% F) 37.5 33.3 39.1

Socioeconomic Status 50.1 (12.4) 49.8 (10.9) 50.2 (13.2)

WASI Estimated IQ 115.13 (11.11) 111.56 (10.04) 116.52 (11.41)

WRAT-3 Reading 111.72 (7.68) 109.67 (8.63) 112.52 (7.33)

CTOPP Elision 11.66 (2.27) 11.64 (2.24) 11.67 (2.35)

CTOPP RLN 10.72 (2.56) 10.89 (2.37) 11.96 (2.20)

CPI 68.77 (22.37) 37.44 (11.69) 81.02 (9.85)

P Response Time 1133.48 (267.32) 1113.56 (401.73) 1141.28 (204.41)

N Response Time 1088.23 (251.51) 1034.83 (363.25) 1109.13 (198.83)

P Identification Slope 1.39 (1.09) 1.13 (1.19) 1.45 (1.02)

N Identification Slope 0.51 (0.49) 0.39 (0.50) 0.58 (0.47)

% P Motion Trials Removed 10.59 (7.23) 13.52 (8.09) 9.44 (7.60)

% N Motion Trials Removed 11.39 (10.09) 14.32 (5.74) 10.24 (11.24)

% Missed in P 4.34 (3.81) 4.51 (4.49) 4.28 (3.62)

% Missed in N 4.88 (5.57) 4.69 (5.15) 4.95 (5.84)

WASI = Wechsler Abbreviated Scale of Intelligence; WRAT-3 = Wide Range Achievement Test – 3; CTOPP = Comprehensive Test of
Phonological Processing; RLN = Rapid Letter Naming; P = Phonemic; N = Nonphonemic
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Table 2

Laterality indices for the Low and High Categorical Perception Index (CPI) groups in the phonemic condition

relative to the nonphonemic condition.

Region Low CPI Group High CPI Group Mann-Whitney U P value

IFG 0.36 (0.60) 0.47 (0.58) 92.5 0.651

IPL −0.41 (0.77) 0.36 (0.74) 52 0.031

mS/MTG −0.11 (0.79) 0.33 (0.71) 62 0.086

pS/MTG −0.52 (0.64) 0.47 (0.75) 36 0.004

IFG = Inferior Frontal Gyrus; IPL= Inferior Parietal Lobule; mS/MTG: Middle Superior and Middle Temporal Gyrus; pS/MTG: Posterior Superior
and Middle Temporal Gyrus.
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Table 3

Correlations of age and the behavioral variables with activations in the individual regions of interest in the

Low CPI group. Correlations in bold type are significant.

Region Age CPI WRAT-3
Reading

CTOPP
Elision

CTOPP
RLN

Left IFG ρ 0.261 0.067 0.367 0.390 0.247

p 0.498 0.865 0.332 0.300 0.522

Right IFG ρ −0.252 0.300 −0.050 −0.636 −0.179

p 0.513 0.433 0.898 0.066 0.645

Left IPL ρ 0.546 0.200 0.350 0.271 0.392

p 0.128 0.606 0.356 0.480 0.297

Right IPL ρ −0.042 0.033 −0.183 −0.466 −0.519

p 0.915 0.932 0.637 0.206 0.152

Left mS/MTG ρ 0.325 0.117 0.611 0.234 0.594

p 0.394 0.794 0.081 0.544 0.092

Right mS/MTG ρ −0.210 0.233 −0.733 −0.703 −0.826

p 0.587 0.546 0.025 0.034 0.006

Left pS/MTG ρ 0.253 0.695 0.360 −0.098 −0.034

p 0.511 0.038 0.342 0.802 0.930

Right pS/MTG ρ 0.202 −0.167 −0.450 −0.356 −0.460

p 0.603 0.668 0.224 0.347 0.213

CPI =Categorical Perception Index; WRAT-3 = Wide Range Achievement Test-3; CTOPP = Comprehensive Test of Phonological Processing;
RLN = Rapid Letter Naming; IFG = Inferior Frontal Gyrus; IPL= Inferior Parietal Lobule; mS/MTG: Middle Superior and Middle Temporal
Gyrus; pS/MTG: Posterior Superior and Middle Temporal Gyrus.
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