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Early language development sets the stage for a lifetime of competence in language and literacy. However, the neural mech-
anisms associated with the relative advantages of early communication success, or the disadvantages of having delayed lan-
guage development, are not well explored. In this study, 174 elementary school-age children whose parents reported that they
started forming sentences ‘early’, ‘on-time’ or ‘late’ were evaluated with standardized measures of language, reading and
spelling. All oral and written language measures revealed consistent patterns for ‘early’ talkers to have the highest level of
performance and ‘late’ talkers to have the lowest level of performance. We report functional magnetic resonance imaging data
from a subset of early, on-time and late talkers matched for age, gender and performance intelligence quotient that allows
evaluation of neural activation patterns produced while listening to and reading real words and pronounceable non-words.
Activation in bilateral thalamus and putamen, and left insula and superior temporal gyrus during these tasks was significantly
lower in late talkers, demonstrating that residual effects of being a late talker are found not only in behavioural tests of oral and
written language, but also in distributed cortical-subcortical neural circuits underlying speech and print processing. Moreover,
these findings suggest that the age of functional language acquisition can have long-reaching effects on reading and language
behaviour, and on the corresponding neurocircuitry that supports linguistic function into the school-age years.
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Introduction

Early language development provides a foundation for the
development of later language and literacy skills. Spoken language
milestones in the first few years of life are frequently found
to be delayed in children who show language and literacy
problems later in life, implying that early spoken language

development can play a substantial role in school-age oral and
written language performance (Scarborough, 1990; Lyytinen
et al., 2001, 2004a, b). Although the cognitive-behavioural out-
comes of 'late talkers' have been previously explored, the asso-
ciated neurobiological characteristics of children who are early or
late talkers, such as the neural circuitry for speech and print pro-
cessing, are not well characterized. One way to begin to
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understand the neural underpinnings of children who have relative
success or failure with early spoken language is through fMRI,
which can now be routinely done successfully in young school-age
children.

Children typically speak their first words at around 12 months
and begin to put words together prior to 2 years (Zubrick et al.,
2007). It has been argued that there are sensitive periods of lan-
guage development (Locke, 1997) and that children who fail to
achieve the appropriate language milestones in the first years of
life are at risk for later problems in receptive and expressive lan-
guage during school age and beyond. For example, cohorts of late
talkers followed in several studies (Scarborough and Dobrich,
1990; Paul et al., 1997; Stothard et al., 1998; Rescorla, 2002,
2005, 2009) provide evidence for persisting delays in vocabulary
and oral comprehension, reading decoding, spelling and reading
comprehension. However, these differences do not always reach
statistical significance, nor does the significantly lower perform-
ance of late talkers always reflect group means that are in a
range suggesting reading or language impairment. For example,
Rescorla’s longitudinal studies (2002, 2005, 2009) have shown
inconsistent patterns, with late talkers having significant reading
problems at some ages but not others, suggesting instability and/
or heterogeneity among this group. Paul et al. (1997) reported
that a history of late talking was not associated with significant
differences in reading or spelling in second graders, but late talkers
with persisting language problems did show evidence of weak
phonological awareness — a robust predictor of reading skill and
dyslexia. However, Scarborough and Dobrich (1990) observed
persisting literacy problems in second graders who had a history
of being late to form sentences. Similarly, a large-scale Finnish
longitudinal study has shown that late onset of word combinations
reliably distinguishes children at familial risk for dyslexia from
children not at such risk (Lyytinen et al., 2001). Thus, there is
support for the notion that late talkers may demonstrate persisting
(but sometimes subtle or subclinical) differences in spoken and
written language.

Late talkers, as defined here, are delayed in combining words to
form early sentences; therefore, mechanisms associated with sen-
tence formation should be considered. Early word combinations
require, at least, sufficient word knowledge to be able to relate
two or more words and sufficient speech motor control to se-
quence articulatory gestures to form a multisyllabic utterance.
Thus, both adequate word-learning mechanisms and adequate
speech motor control must have developed in order to combine
words. It is therefore reasonable to assume that neural regions
associated with lexical and speech motor learning play a role in
early sentence formation.

Ulliman and Pierpont (2005) speculated that delayed language
development, along with other subtle neurocognitive deficits, can
be explained by problems in the procedural memory system. This
is a large network involving many cortical and subcortical regions.
Ullman and Pierpont (2005) suggest that the striatum (putamen
and caudate nucleus), known to be involved in initiating motor
movement as well as in procedural memory, is critical in learning
new skills (sensory motor as well as cognitive linguistic). Thus, the
functioning of these regions should play a pivotal role in spoken
language acquisition. If inherent differences in striatum are indeed
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associated with delays in spoken language, one question is
whether there are residual effects in the striatum several years
later, when children are of an age where functional neuroimaging
can be performed.

A few studies of children with a history of speech-language
delay, including children with specific language impairment or de-
velopmental verbal dyspraxia, have revealed a variety of structural
and functional differences in brain. Structurally, several studies
have shown differences in children with language impairments
that include smaller pars triangularis in the left hemisphere and
atypical asymmetries in perisylvian regions (Jernigan et al., 1991,
Plante et al., 1991; Gauger et al., 1997). An fMRI study of ado-
lescents and adults (11-70 years) in a Finnish family with specific
language impairment revealed low activation in middle temporal
gyrus/superior temporal sulcus when participants were passively
listening to words and pseudowords (Hugdahl et al., 2004); how-
ever, group differences were not reported due to the small sample
size, and neural processing of print was not examined. The current
report addresses these limitations by focusing on a larger sample
of elementary school-age children with histories of early, on-time
and late talking.

Much of the knowledge of the neural differences associated
with congenital spoken language problems comes from studies
of the KE family, which includes several members with a rare
mutation of the FOXP2 gene resulting in deficits in syntax and
verbal dyspraxia (see Vargha-Khadem et al.,, 2005 for a review).
Anatomical studies of the brains from KE family members have
revealed reduced grey matter bilaterally in the cerebellum, caudate
nucleus and inferior frontal gyrus (Vargha-Khadem et al., 1998;
Watkins et al., 2002; Belton et al., 2003). Functional imaging of
members of this family has shown increased activation in the left
caudate nucleus and Broca's area in the inferior frontal gyrus, as
well as reduced activation in oral regions of primary sensorimotor,
cingulate and supplementary motor cortices during speech
(Liegeois et al., 2003). However, this represents a unique subset
of individuals with developmental language differences, as FOXP2
mutation is quite rare among cases of spoken language delay
(Meaburn et al., 2002). The present study, therefore, focuses on
a sample of children who are late in combining words into sen-
tences but who do not necessarily share a unique genetic
anomaly.

This study investigates the impact of language development
(early word combinations) on language and literacy in elementary
school in order to provide novel insights into the neural systems
associated with early and late talking. Specific accounts of the
underlying neural features of the language learning systems may
help elucidate differences at the behavioural level. Early talkers can
be thought of as having a neurolinguistic system that is well suited
for early verbal communication, which could prepare them for
success in spoken and written language when they reach school
age. In general, early language achievement in one domain
accompanies success in other domains (although not universally).
Thus, children who are early in forming sentences would be pre-
dicted to have the most success in later spoken and written lan-
guage and therefore more efficient neural systems for language
processing. In contrast, based on previous studies, we hypothesize
that children who are late talkers will be, on average, lower in
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several areas of oral language (including vocabulary, oral compre-
hension, phonological processing) and literacy (including reading
accuracy, reading fluency, reading comprehension and spelling).
fMRI will allow us to examine the role of traditional cortical lan-
guage areas (e.g. Wernicke's area in the superior temporal gyrus)
and subcortical regions (e.g. the striatum) in processing of speech
and print in children who were early and late talkers. Based on
previous data and predictions by Ullman and Pierpont (2005), we
expect that regions associated with skill consolidation (the stri-
atum), as well as traditional language-related regions, will show
less efficient processing in late talkers during language-related
tasks.

Materials and methods

Participants

As part of ongoing longitudinal studies of reading development and
neurobiology, children were recruited through public notices and con-
tacts with local schools. Recruitment focused on obtaining a broad
sample of children with various reading, family and sociodemographic
characteristics. Children were seen for behavioural assessment, and on
a separate visit, many of these children underwent fMRI. All proced-
ures were approved by the local Institutional Review Board and
families participated in exchange for payment. Parents of 174 children
[ages 4 years 10 months to 12 years 8 months (mean 8 years
1 month, SD 17 months)] reported on the child's early language de-
velopment, and these participants formed the basis for the analysis. All
were native English speakers, and five participants (all in the on-time
group), were exposed to another language at home. A subsample of
48 children who received fMRI is also described (see below).

Developmental history and group status

As part of study protocol, parents reported on their child's develop-
mental milestones. Parents were asked to report categorically whether
they believed their child spoke two- to three-word sentences early,
on-time or late, which formed the bases for the groups in the present
study (hereafter early, on-time and late talkers). In addition, parents
provided an age estimate of early sentence formation. None of the
early talkers were reported to have spoken their first sentences after
24 months, and none of the late talkers was reported to have spoken
sentences before 24 months. Parent report is commonly used in stu-
dies of early language development and is, on the whole, quite reliable
(Rescorla and Alley, 2001; Zubrick et al., 2007). We used this report of
early word combinations to provide an estimate of early spoken
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language development because word combinations (i) require greater
articulatory control than single words; (ii) have been found to relate
strongly to later language and literacy skills (Scarborough and Dobrich,
1990; Lyytinen et al., 2001); and (iii) have been shown to be a highly
reliable estimate for ‘late language emergence’ (cf. Zubrick et al.,
2007). Based on these ratings, the sample consisted of 49 early,
89 on-time and 36 late talkers. This proportion of late talkers
(20.6%) is similar to a recent epidemiological estimate of the preva-
lence of late talkers who were also defined as being late in combining
words (19.1%; Zubrick et al., 2007).

Because we relied on this retrospective report for determining group
classification, converging evidence from parent report was sought to
validate the groups. A similar three-category question asking when the
child began producing first words was found to be strongly associated
with parent report of the child producing two- to three-word sen-
tences (Gamma=0.639, P<0.001). Also, Table 1 shows that children
who were late talkers were more likely to have received speech ther-
apy, were more likely to have been diagnosed as dyslexic by a school
or clinic and were estimated by parents to begin combining sentences
at a later age than the other two groups.

Behavioural battery

Children’s verbal and performance intelligence quotient (IQ) was mea-
sured using the Wechsler Abbreviated Scale of Intelligence (Wechsler,
1999). Receptive vocabulary was measured using the Peabody Picture
Vocabulary Test-Ill (Dunn and Dunn, 1997). Phonological processing
skills were measured using the Comprehensive Test of Phonological
Processing (Wagner et al., 1999).

Reading skills were measured using several standardized tests. The
Gray Oral Reading Test (Wiederholt and Bryant, 2001) requires read-
ing passages of increasing length and difficulty (scored for rate and
accuracy) and answering comprehension questions about those pas-
sages. The Test of Word Reading Efficiency (Torgesen et al., 1999)
measures both time and accuracy for oral reading of words and pseu-
dowords. Several subtests of the Woodcock Johnson-Ill Tests of
Achievement (Woodcock et al, 2001) that address literacy skills
were also administered, including Word Attack, Letter-Word
Identification, Passage Comprehension, Reading Fluency and
Spelling. Subtests administered from the Woodcock Johnson-IIl Test
assessing oral language included Story Recall, Understanding
Directions, Picture Vocabulary and Oral Comprehension.

Functional magnetic resonance imaging

Most of the children who participated in the behavioural testing also
participated in an fMRI language processing task that requires picture/
word identification (see Frost et al., 2009 for detailed description of

Table 1 Demographic and descriptive information from the three talker groups

All participants

fMRI subgroup

Early On-time Late Early On-time Late
Male (n) 23 49 26 7 8 8
Female (n) 26 40 10 9 8 8
Mean age tested (years;months) 8:1 82 7:11 8;5 8,6 8:9
Median reported age speaking 2-3 word sentences (years) 1.2 1.5 25 1.25 1.5 2.5
Percent received speech therapy 9% 12% 67% 18% 18% 56%
Percent diagnosed dyslexic by school or clinic 7% 4% 30% 6% 6% 25%

Data based on parent report. Not all parents provided responses to all questions.
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the task, data acquisition and pre-processing procedures). This task
involves the presentation of a picture on a screen (e.g. picture of a
dress) followed by a series of spoken stimuli or printed stimuli. Print
stimuli appear underneath the picture for 2s. To ensure that the child
attended to the stimuli, the child was required to respond by button
press to indicate whether the spoken or printed stimuli matched or did
not match the picture. Conditions considered in this report are audi-
tory and printed monosyllabic words or non-words (e.g. DREAK). We
limit the analysis to the trials (80%) that are mismatches to allow for a
common comparison across response conditions. An event-related
design was used, presenting trials at jittered intertrial intervals of
4-7s, with occasional longer trials to facilitate event-related analysis.
All conditions were represented in each run, and up to 10 runs were
completed per participant.

Prior to the fMRI session, participants were familiarized with the pro-
cedure and scanning environment using a mock scanner. A Siemens
1.5T Sonata scanner was used for all sessions. Activation images were
collected with a standard head coil using single shot, gradient echo,
echo-planar acquisitions (flip angle 80°; echo time 50ms; repetition
time 2000 ms; field of veiw 20 x20cm; 6mm slice thickness, no
gap; 64 x 64 x 1 number of excitations) at 20 slice locations placed
oblique to provide whole brain coverage. High-resolution 1 mm iso-
tropic anatomical images were gathered for 3D reconstruction.

Data analysis was performed using software written in MATLAB
(MathWorks, Natick, MA). Images were corrected for slice acquisition
time, corrected for motion with Statistical Parametric Mapping (Friston
et al., 1995), and spatially smoothed (5.15 mm full-width at half max-
imum Gaussian filter). Images were excluded if they exceeded a tol-
erance of 2 mm displacement or 2° rotation from the first image in the
functional series, or if they exceeded an image-to-image change of
1mm displacement or 1° rotation. For each subject, regression-based
estimation was used to obtain the haemodynamic response at each
voxel and for each condition, without prior specification of a reference
function. These parameters estimated the mean response for each
condition from —3 to +15s relative to stimulus onset, and individual
activation maps were created to estimate the mean difference
between a baseline (0-3s before onset) and an activation period
(3-8s post-onset). These regression estimates were used to test for
effects of interest. Each participant's data were transformed to
Montreal Neurological Institute space by mapping the high resolution
anatomical to the standard ‘Colin’ brain using BiolmageSuite
(http://www.bioimagesuite.org).

In-scanner task accuracy was taken into consideration, and we
chose to exclude data from two participants (both in the on-time
group) who failed to respond to at least 40% of the trials or were
below 50% accurate. There were no significant group differences in
response accuracy, reaction times or percent of trials with null re-
sponses (all P>0.10).

In this study, children were at least 6 years old when they partici-
pated in fMRI procedures. Although the data we present include only
one fMRI session per participant, our longitudinal design involves re-
peating the fMRI protocol at the beginning of the study and again two
years later. For six participants, the scan at entry to the study was not
used (due to non-participation, non-compliance, movement artefact,
etc.), but the participants had usable fMRI data on the same task at
the end of the study that were included. fMRI data were therefore
available for 84 participants (24 early, 44 on-time, 16 late). To balance
the groups, we therefore limited the early and on-time groups to 16
participants who were similar to the late group in age, gender and
performance 1Q (note that highly similar results are observed when all
84 fMRI scans are included in the analysis). We considered it import-
ant to match on performance 1Q because poorer language and literacy
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outcomes have been observed in children with early communication
delays when there are concomitant nonverbal cognitive delays
(Stothard et al.,, 1998). The fMRI sample consisted of 48 children
ages 6 years 6 months to 10 years 10 months.

Results

Behavioural results

Early talkers showed a significant advantage over the on-time
group in many aspects of spoken and written language, whereas
late talkers performed lower on virtually all language and
literacy-related tasks. Standardized effect sizes with 95% confi-
dence intervals (Cohen's d, using Hedge's correction) are shown
in Fig. 1 using the on-time group as a reference with which the
early and late talker groups are compared (essentially, confidence
intervals that do not cross zero indicate a significant difference
between the on-time group and the two groups shown in the
figure). Univariate ANOVAs testing the effect of talker group on
each subtest shown in Fig. 1 revealed significant main effects for
Group across all Behavioural measures (P<0.01) except for a non-
verbal subtest, the Wechsler Abbreviated Scale of Intelligence
Block Design.

For significance testing we present a more conservative ap-
proach by examining performance in a variety of school-age lan-
guage and literacy domains using multivariate analyses of
covariance (MANCOVAs) to evaluate the effects of talker group
(in most cases, not all children completed all tasks, resulting in a
reduction in the number of subjects included in each analysis). All
MANCOVAs evaluate the effects of talker groups while covarying
performance 1Q (Wechsler Abbreviated Scale of Intelligence
Matrix Reasoning and Block Design). Results are shown in
Table 2. Significant effects of talker group remain for these
spoken and written language domains when performance 1Q is
controlled, although performance IQ is significantly associated
with talker groups (P<0.01 in all MANCOVAs). The main effect
of talker group is largest for reading accuracy, followed by oral
language, vocabulary, reading fluency, reading comprehension
and spelling (all P<0.01, partial °>0.06). The MANCOVA test-
ing the effect of talker group on phonological processing failed to
reach significance (P=0.103), although the group means follow a
similar pattern to other behavioural measures.

Table 3 presents data from the subset of 48 children included in
the fMRI analysis on several of our behavioural tasks, demonstrat-
ing the same patterns as the larger cohort. In some cases, the
effect sizes are smaller than in the larger cohort, presumably be-
cause we chose to select conservatively early and on-time talkers
who were similar in performance 1Q to late talkers. Overall, our
results are consistent with prior research indicating that school-age
oral and written language skills are lower for children who are late
talkers. However, in this sample the late talker group means, while
low, are still within the normal range on most of these standar-
dized tests, indicating that not all of our late talkers had clinically
significant language and literacy delays; they are, however, on
average, worse than early and on-time talkers. These mean dif-
ferences and data in Table 1—demonstrating that a greater
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Figure 1 Standardized effect sizes with 95% confidence intervals (Cohen's d, using Hedge's correction) showing group differences
between early versus on-time talkers (diamonds) and on-time versus late talkers (circles) on several measures of language, literacy and
cognition. Confidence intervals that do not cross O reflect significant group differences. PPVT = Peabody Picture Vocabulary Test-IlI;
TOWRE =Test of Word Reading Efficiency; GORT = Gray Oral Reading Test; CTOPP = Comprehensive Test of Phonological Processing;

WASI =Wechsler Abbreviated Scale of Intelligence.

proportion of late talkers had received speech therapy and had
been diagnosed as dyslexic—highlight that late talking is a risk
factor for clinically significant language and literacy problems.

Functional magnetic resonance
imaging results

Our fMRI analyses focus on talker group differences in processing
of speech and print. Whole-brain analyses were run to examine
functional activation differences between the early and late talkers
on auditory and visual words and non-words. In-scanner perform-
ance was significantly above chance performance for all partici-
pants (P<0.05 based on binomial tests compared with chance
performance; accuracy greater than 59% for print and above

61% for speech for all children in these groups). The groups did
not differ in sensitivity (Table 3) or percent accuracy for speech
[medians: early 91%, on-time 88%, late 91%, x* (2)=3.2,
P=0.19] or print [medians: early 92%, on-time 85%, late 91%,
x> (2)=1.6, P=0.45). Because none of the effects reported here
was qualified by modality, group analyses collapsed spoken
and printed stimuli. [A single region in right superior frontal
gyrus (Brodmann's area 11) showed a print-speech modality inter-
action that met the threshold of P<0.01 false discovery rate cor-
rected with a cluster of 10 contiguous voxels. The form of the
interaction was such that print was greater than speech for
the early talkers, and speech was marginally greater than print
for the late talkers.] Regions associated with differences between
early and late talkers are shown in Table 4. At a threshold of
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Table 2 Effect of talker group on school-age language and literacy performance

MANOVA model  Dependent variables Unadjusted group means (SD) Main effect of group?
pemel e Early On-time Late F (df) P partial 7°
Vocabulary n=135 WIJ Picture Vocabulary 119.1 (11.4) 110.9 (11.8) 105.9 (10.6) 4.16 (6,258) 0.001 0.088

WASI Vocabulary 59.5 (9.0) 54.3 (9.8) 46.4 (12.6)

PPVT-III 121.7 (12.1) 113.3 (12.2) 104.7 (12.9)
Oral language WIJ story recall 123.2 (10.0) 114.3 (14.1) 108.9 (15.7) 3.81 (8,260) <0.001 0.105
n=137 W/ directions 115.1 (12.2) 108.9 (10.1) 104.0 (14.4)

WJ oral comp 125.6 (10.7) 115.6 (12.0) 107.0 (13.3)

WASI similarities 61.7 (8.9) 58.2 (7.4) 51.5 (14.0)
Phonological CTOPP elision 12.0 (3.2) 11.28 (3.1) 9.5 (2.8) 1.68 (8,266) 0.103 0.048
processing n=140  CTOPP blending words 12.1 (2.9) 10.8 (2.3) 10.2 (1.8)

CTOPP blending non-words 12.9 (2.4) 12.0 (2.7) 10.7 (1.8)

CTOPP non-word repetition 10.0 (2.6) 9.5 (2.3) 9.4 (2.4)
Reading accuracy W) letter-word identification 120.3 (14.0) 110.4 (14.5) 99.5 (11.3) 3.84 (10,248) <0.001 0.134
n=132 WJ word attack 114.6 (12.3) 109.4 (12.5) 102.5 (10.8)

GORT accuracy 10.1 (3.5) 8.2 (3.4) 5.1 (2.5)

TOWRE phonemic decoding 111.1 (15.0) 104.6 (16.4) 93.0 (12.9)

TOWRE sight words 112.3 (15.0) 106.9 (15.6) 93.0 (13.1)
Reading fluency WIJ reading fluency 116.3 (16.6) 107.4 (18.9) 96.8 (16.4) 4.88 (4,244) 0.001 0.074
n=127 GORT fluency 11.4 (3.5) 9.3 (3.9) 6.0 (3.1)
Reading compre- WIJ passage comprehension 114.2 (13.5) 105.4 (13.6) 96.5 (10.9) 4.51 (4,256) 0.002 0.066
hension n=133 GORT reading comprehension  12.3 (4.4) 10.6 (3.9) 8.6 (3.5)
Spellingb n=157 WIJ spelling 15.8 (20.0) 109.7 (18.6) 98.9 (15.7) 4.88 (2,153) 0.009 0.06

MANOVA = multivariate analysis of variance; WJ=Woodcock Johnson-IIl Test; PPVT = Peabody Picture Vocabulary Test-Ill; TOWRE =Test of Word Reading Efficiency;
GORT =Gray Oral Reading Test; CTOPP = Comprehensive Test of Phonological Processing; WASI = Wechsler Abbreviated Scale of Intelligence.

a Main effect of group based on Wilks' Lambda, and include Wechsler Abbreviated Scale of Intelligence Performance 1Q as a covariate (P<0.01 in all models).

b Spelling analysed using univariate ANOVA with Wechsler Abbreviated Scale of Intelligence Performance IQ as covariate.

Table 3 Descriptive statistics for 48 children included in fMRI analysis

Group means (SD) Main effect of group
Early On-Time Late F (df) P

Age (years;months) 8;5 (15 mo) 8;6 (16 mo) 8;9 (16 mo) 0.31 (2,45) 0.731
WASI

Performance 1Q 108 (12) 101 (10) 102 (15) 1.7 (2,44) 0.202

Verbal IQ 112 (12) 107 (12) 103 (19) 1.4 (2,44) 0.249
WIJ Broad reading

Word attack 112 (11) 108 (12) 102 (12) 3.4 (2,45) 0.043

Letter-Word identification 117 (15) 107 (14) 100 (11) 6.0 (2,45) 0.005
WIJ oral language

Story recall 120 (9) 108 (16) 107 (16) 4.4 (2,45) 0.017

Understanding directions 112 (12) 106 (9) 105 (11) 2.5 (2,45) 0.093

Picture vocabulary 113 (10) 110 (9) 108 (11) 1.1 (2,44) 0.337

Oral comprehension 125 (14) 110 (10) 110 (12) 8.5 (2,45) 0.001
GORT fluency

Accuracy 9.2 (3.4) 6.9 (3.2) 5.7 (3.2) 4.4 (2,42) 0.018

Rate 12.2 (3.5) 9.3 (3.7) 8.6 (3.0) 4.7 (2,42) 0.015
TOWRE total word reading

Sight words 108 (18) 102 (13) 97 (11) 2.6 (2,45) 0.086

Phonemic decoding 111 (14) 103 (14) 96 (12) 4.4 (2,45) 0.018
PPVT-III 116 (11) 113 (9) 107 (10) 2.7 (2,44) 0.080
fMRI task

Reaction time (ms) 1609 (231) 1664 (324) 1490 (276) 1.6 (2,45) 0.209

Sensitivity (A") 0.93 (0.050) 0.87 (0.120) 0.90 (0.080) 2.2 (2,45) 0.127

mo =months; WJ =Woodcock Johnson-IIl Test; PPVT = Peabody Picture Vocabulary Test-Ill; TOWRE = Test of Word Reading Efficiency; GORT = Gray Oral Reading Test;
CTOPP = Comprehensive Test of Phonological Processing; WASI = Wechsler Abbreviated Scale of Intelligence.
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Table 4 Regions associated with differences between early and late talkers (P<0.0001, false discovery rate corrected)

Volume (mm3)  t-Value Peak P-value  MNI coordinates (peak voxel)
x y z
Early > late
Left globus pallidus/putamen 5960 372 <0.00000000 —25 8 -4
Left insula 3384 5.61 0.00000006  —30 22 16
Left superior temporal extending to middle temporal ~ 3056 5.68 <0.00000000 —48 —42 10
Right globus pallidus/putamen 2768 5.68 <0.00000000 30 —1 10
Left cingulate/superior frontal 1256 5.74 <0.00000000 —12 -12 52
Right inferior occipital 728 4.94 0.00000119 36 —84 -8
Right superior frontal/precentral 576 5.03 0.00000077 24 -16 50
Right precuneus 568 5.13 0.00000048 14 —62 48
Right inferior superior frontal 512 7.18 <0.00000000 14 68 —16
Left thalamus 504 4.94 0.00000113 —6 —18 0
Right thalamus 488 4.96 0.00000107 14 -20 0
Right middle occipital 408 5.18 0.00000036 28 —88 4
Left precentral 376 6.10 <0.00000000 —44 —-14 62
Right posterior putamen/claustrum/insula 368 4.27 0.00002456 36 -6 -4
Left superior frontal 264 4.89 0.00000149 -8 4 56
Left inferior temporal 248 5.13 0.00000048  —46 -10 —38
Left anterior precentral 240 4.71 0.00000352 —-36 4 44
Left precuneus 232 4.39 0.00001490  —12 -50 52
Left fusiform/lateral occipitotemporal sulcus 232 4.67 0.00000411  —42 —46 -7
Late > early
Right superior parietal lobule 1336 5.68 <0.00000000 36 -50 66
Left middle temporal 1016 5.67 <0.00000000 —72 -26 —4
Right posterior inferior parietal sulcus 840 5.71 <0.00000000 38 -74 46
Right cerebellum 640 5.02 0.00000089 30 —56 —46
Left superior parietal lobule 488 4.99 0.00000089  —32 —54 62
Left middle frontal 400 5.05 0.00000066  —36 30 40
Left posterior inferior temporal 320 5.70 <0.00000000  —60 —60 -20
Right lingual 256 5.44 0.00000012 14 —-90 —-10
Left inferior frontal 192 4.86 0.00000173  —48 44 6

MNI = Montreal Neurological Institute.

P<0.0001 (false discovery rate corrected), there were strong
group differences in activation in several regions, including left
superior temporal gyrus, left putamen/globus pallidus (extending
into the head of caudate), right putamen, left insula and bilateral
thalamus. In each of these areas, late talkers demonstrated signifi-
cantly less activation than early talkers in both speech and print
conditions (Fig. 2). In order to illustrate this difference, we ex-
tracted activation values for functionally defined 3D regions of
interest from this omnibus ANOVA contrast (one large functional
region of activation of putamen/globus pallidus extending into
insula was separated into two regions using anatomical land-
marks). Although individual activation levels showed within-group
variability (for illustration see plots of left putamen and left thal-
amus, Supplementary Fig. 1), each region showed a monotonic
decreasing function in activation from early to on-time to late
talkers (Fig. 3). In contrast, right superior parietal lobule showed
the opposite pattern (Fig. 3), with the late talkers activating this
region and early talkers showing deactivation.

Although our primary focus for the fMRI analyses was on
differences in activation patterns for the matched talker groups,
we conducted a number of correlational analyses to explore
activation patterns further. Analysis indicated that the activations

in the regions of interest were not qualified by participant
age (r<0.21, P>0.09 for all). Additional correlational analyses
indicated that activation patterns in subcortical regions were
weakly-to-moderately correlated with behavioural scores on
reading and oral language (Supplementary Table 1). Activations
in the left putamen were correlated with performance on several
tasks; for example, activations in response to print showed positive
correlations with the Comprehensive Test of Phonological
Processing-Blending ~ Words  subtest (r=0.43) and the
Woodcock Johnson-Ill  Spelling subtest (r=0.36), among
others. Activation in left thalamus in response to print
correlated with behavioural scores from reading rate on the
Gray Oral Reading Test (r=0.40) and Comprehensive Test of
Phonological Processing—Blending Non-words subtest (r=0.49),
among others. Among the strongest brain-behaviour correlations
were the left superior temporal gyrus in response to print
and scores on the Woodcock Johnson-Ill Spelling subtest
(r=0.51) and Woodcock Johnson-lII Letter-Word Identification
subtest (r=0.51). These analyses indicate that the regions that
separate early and late talkers are also regions associated
with individual performance on language and literacy tasks at
school age.
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Figure 2 Axial view of brain regions with significant group differences when processing print and speech. Late talkers show greater
activation than early talkers in superior parietal lobe (top z=+68, +66). Early talkers show greater activation in left and right thalamus, left
superior temporal gyrus, right putamen and left putamen/globus pallidus/insula (bottom, z = +8, +0). Images are presented in radiological
convention with the left hemisphere on the right side of the images. A univariate threshold of P<0.0001 was applied, corrected for
mapwise false discovery rate with a cluster threshold of ten contiguous significant voxels.

Discussion

Behavioural findings

The current study replicates previous behavioural findings for the
impact on language and literacy of being a late talker
(Scarborough and Dobrich, 1990; Paul et al., 1997; Stothard
et al., 1998), and also shows reliable advantages for early talkers,
who perform better than children who began forming sentences
on-time. The consistent effect of talker group across language and
literacy domains supports much prior work indicating that early
spoken language skills support future successes. As indicated by
the effect sizes (Fig. 1), group differences are moderate but
consistent across most language and literacy measures. The large
sample size allowed us to investigate the effect of talker group
while controlling for performance 1Q, which is often ignored due

to statistical power limitations. Results indicated that although per-
formance 1Q was significantly related to language and literacy
outcomes, group differences remained for measures of vocabulary,
oral language, reading comprehension and word reading after
controlling for performance IQ. The fact that the talker groups
were not significantly different in phonological processing (once
performance 1Q is taken into account) is perhaps surprising given
that prior work has pointed to phonological awareness deficits in
late talkers (Paul et al., 1997) and that word reading skills (which
rely on phonological awareness) were found to differ among the
groups. In addition to these group mean differences, individual
patterns based on our inspection of the data suggest that a
greater proportion of late talkers were at risk for reading problems
(i.e. below 90 on at least one measure of reading). Given the
increased risk, understanding of these neurobiological markers is
critical.
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Figure 3 Mean activations by group in response to speech and print during fMRI task in selected functionally defined brain regions. Error
bars represent 1 SEM. STG = superior temporal gyrus; SPL = superior parietal lobule.

Functional neuroimaging findings

Talker group status was strongly related to neural activation pat-
terns during relatively simple linguistic tasks, including listening to
and reading monosyllabic words and non-words. These differences
in activation exist despite the fact that the groups did not differ in
response accuracy and reaction time during the task; this suggests
that the lower signal is not an artefact of reduced skills or per-
formance but is likely to reflect atypical organization of these com-
ponents when processing print or speech. Cortical differences in
activation, including differences in superior temporal gyrus in re-
sponse to speech and print, are consistent with studies that dem-
onstrate the role of this region in understanding speech (Hugdahl
et al., 2004) and processing print (Pugh et al, 2000, 2001).
Additionally, differences in the insula, which has been associated
with the formation of speech motor plans (Wise et al., 1999),
provide a plausible account of the neural bases of late onset of
spoken language.

A particularly robust finding was that two subcortical regions,
putamen and thalamus, distinguish the groups in terms of process-
ing linguistic stimuli. To some degree, this finding is consistent
with predictions made by Ullman and Pierpont (2005), who
hypothesized that regions implicated as part of the procedural
memory system, including striatum, might be at the root of lan-
guage learning difficulties. In their view, the ability to learn new
cognitive-linguistic skills, and to maintain control over those skills,
should rely heavily on the integrity of the striatum and its projec-
tions to the thalamus and frontal cortex. The present study cannot
determine whether these regions are causally related to language
skill, or whether congenital differences in these regions existed,
but the fMRI results are generally in accord with findings from
previous studies of functional differences in adults with congenital
spoken language problems due to a genetic anomaly
(Vargha-Khadem et al., 2005).

Thalamus and putamen have been implicated in adult language
function—for example, in lesion studies (Alexander et al., 1987).
However, their prominent role in early language proficiency, sug-
gested by these data, is a new discovery. With regard to adult
studies, the links are strong. For example, a positron emission
tomography study of healthy adults detecting linguistic anomalies
revealed relationships between phonological skills and the left stri-
atum (Tettamanti et al, 2005). A case study of a patient with
bilateral damage involving the putamen and head of the caudate
revealed deficits in sequencing of articulatory gestures and in syn-
tactic comprehension (Pickett et al., 1998). Additionally, a study of
adults with Huntington's disease (associated with striatal degener-
ation) has implicated the striatum in learning rules from artificial
languages (De Diego-Balaguer et al., 2008). The subcortical links
between putamen and cortical regions associated with mouth
movements and speech production have been identified (Henry
et al., 2004), and it has been argued that the putamen has
direct, unidirectional influences on superior temporal gyrus activa-
tion when participants process phonological information (Booth
et al., 2007), suggesting that the putamen might function as a
gateway to language proficiency. Seghier and Price (2009) re-
ported that the putamen is an important region connecting the
circuits that are engaged in oral reading. High-level language skills
in adults (i.e. detecting semantic relations with distracters) have
also been shown to rely heavily on subcortical structures, especial-
ly putamen, caudate and thalamus (Ketteler et al, 2008).
Additionally, the thalamus has been implicated in several studies
of dyslexia, with clear cellular anomalies in this region (Galaburda
et al., 1985, 2006); the functional differences we observe in the
thalamus among children at-risk for literacy problems supports
those histological findings. The extant literature therefore supports
the supposition that if articulatory proficiency, language learning,
phonological skills and reading rely on the integrity of these sub-
cortical structures (striatum, thalamus) in young children, and
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these structures are underengaged during simple language pro-
cessing tasks, early language development would be likely to
suffer. The putamen has long been recognized for being involved
in initiation of motor movements, and deficits therein could be
associated with delayed speech motor control. Overall, the present
study provides initial evidence consistent with the notion that
these regions may play a critical role in early spoken language
acquisition and subsequent risk for later reading and listening
difficulties.

Given the observed differences in subcortical motor regions as
well as cerebellum, we speculate that these children with delayed
onset of forming sentences might also show subtle differences in
motor control (perhaps both speech and non-speech), which has
been observed in prior studies of late talkers (Viholainen et al.,
2002), children with reading disabilities (Wolff et al., 1984) and
those with language learning difficulties (Crary and Anderson,
1990; Powell and Bishop, 1992).

The right superior parietal lobule, which has been associated
with shifting attention, was activated to a greater extent in late
talkers than in early talkers. Superior parietal lobule activation has
been found to relate to visually shifting attention in space (e.g.
shifting attention from a picture to a printed word in our fMRI
task) and shifting attention between modalities (e.g. shifting from
a picture to a spoken word in our fMRI task) (Coull and Frith,
1998; Behrmann et al., 2004; Fan et al., 2005). This might sug-
gest either a compensatory mechanism to perform the task, or it
might indicate that the task was more attentionally demanding for
the late talkers.

Although we have identified neural differences in young
school-age children with histories of being early and late talkers,
it remains to be determined why these differences exist. That is, a
combination of biological, genetic, social and environmental/ex-
periential influences may be related to early spoken language mile-
stones, neural development and the subsequent behavioural
outcomes and neural characteristics observed (Dennis, 2000).
Also, whether similar brain differences exist in response to
speech at much younger ages is yet to be determined.
Techniques other than fMRI will be needed to evaluate whether
the regions identified here show differences at much younger ages
when early or late talker status can be directly observed. For ex-
ample, structural differences in the regions identified might be
evident early in life, or functional differences might be observed
with techniques such as near infrared spectroscopy. Such data
might serve to identify risk factors or predictors of poorer lan-
guage and literacy outcomes.

One limitation of this investigation is the reliance on retrospect-
ive parent report. Although parent report of language develop-
ment has been found to be quite reliable (Rescorla and Alley,
2001; Zubrick et al., 2007), the current study requires replication
with a prospective cohort evaluated longitudinally from the onset
of spoken language acquisition. Nonetheless, the persisting
school-age differences in language and literacy in children with a
history of late talking are consistent with prior research, and the
neuroimaging findings offer a new description of underlying neural
differences.

In summary, the current study provides behavioural evidence of
consistently lower performance on language and literacy tasks of

J. L. Preston et al.

late talkers who are now in early elementary school, and consist-
ently higher performance on these tasks for early talkers.
Moreover, early spoken language development is related to pro-
cessing of speech and print in several regions, including the stri-
atum, thalamus, insula and superior temporal gyrus, providing an
avenue for understanding the neurobiological underpinnings of
the acquisition of oral language. These findings underscore the
importance of early language development on the formation of
critical language and reading circuits, and point to the need for
early identification of delays in linguistic development.
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