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Abstract
The goal of this work was to characterize the maturational trajectory of two core
developmental language functions: phonological working memory (PWM) as indexed on
nonword repetition (NWR) tasks, and finiteness-related grammatical processing, as indexed by
grammaticality judgment. These fundamental language abilities make particularly alluring
candidates for investigation due to their central role in language development and academic
achievement as well as their theoretical basis. Moreover, PWM and finiteness-marking appear to
have genetic bases (e.g., Bishop, Adams, & Norbury, 2006) are powerful markers of language
impairment (Conti-Ramsden, Botting, & Faragher, 2001), highlighting the clinical significance
of these abilities.
PWM, the capacity to temporarily store and flexibly operate on units of auditory
information in the service of a goal, is a developmental ability central to language acquisition.
As assessed using NWR tasks, PWM has been shown to be instrumental for the development of
both spoken and written language (e.g., Baddeley, Gathercole, & Papagano, 1998), and
weaknesses in this system are not only associated with problems of language and literacy but are
a common correlate of communication deficits in a number of developmental disorders. Despite
their demonstrated clinical and theoretical significance, however, there is a surprising paucity of
studies examining NWR in a wide, continuous age range including childhood and young
adulthood.
In the current work, we administered several assessments of NWR to a wide sample of
typically-developing children and adults age 5-35 in order to discover the shape of the
developmental trajectory of this skill and the age at which proficient levels of performance are
achieved. Across several measures varying in the nature and length of the stimuli, the
maturational trajectory of NWR was characterized by rapid growth for younger ages which
sharply transitions to relatively stable levels. The transitional age between mature and immature
performance was found to lie in the 8-11 year old age range, suggesting that NWR ability
develops over the later elementary school years. Consistent with prior work, the effect of
stimulus length was greater in younger participants, and the tasks involving stimuli which do not
resemble real English words were found to be more challenging for all ages than those involving
wordlike stimuli.
The ability to appropriately mark tense on verbs is also crucial to language development.
Children in the Optional Infinitive (01) stage of language acquisition interchangeably use finite
(marked for tense and agreement) and non-finite (infinitival) verb forms in clauses requiring
finiteness; likewise, both finite and non-finite forms are accepted as grammatically correct in
clauses mandating the finite form. Although appropriate use of finiteness has previously been
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thought to be in place by the time children enter formal schooling (Rice & Wexler, 1996), our
recent work (Kovelman et al., 2014) challenged this notion, as linguistically-proficient adults
found sentences containing finiteness errors more difficult to process than sentences containing
non-developmental agreement errors or grammatically correct sentences. As yet, no one has
examined the continuous progression of 01-related processing from early childhood to adulthood
using a receptive (or any) measure.
In order to discover the shape of the maturational trajectory of finiteness processing and
the age at which proficient performance is achieved, in the current work, we administered a
grammaticality judgment task involving sentences with developmental errors of finiteness and
control grammatical errors to a large sample of typically developing participants age 5-35.
Similar to the case of NWR, the shape of the maturational trajectory of finiteness was marked by
initially rapid growth transitioning to stable performance. Not only were sentences with errors of
finiteness found to be more difficult than those with non-developmental errors, but this condition
was characterized by slower developmental growth and an older transition to mature
performance than other conditions. Adult-like levels of performance on sentences with
finiteness errors were achieved around age 8, suggesting a more protracted developmental course
for this ability than previously believed (c.f. Rice, Wexler, &Hershberger, 1998).
Taken together, it is hoped that this work will increase our understanding of the
developmental trajectories of finiteness-based grammatical processing and PWM. We hope this
work will impact early identification of weaknesses in these systems such that appropriate
interventions can be implemented.
Thesis Supervisor: John D.E. Gabrieli
Title: Grover Hermann Professor in Health Science and Technology and Cognitive Neuroscience
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Phonological Working Memory in Typical Development
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Introduction
In the present study, we aimed to discover the maturational trajectory of phonological
working memory (PWM) in typical development (TD). As a window into PWM, we studied
nonword repetition (NWR) performance across a large age range of participants. This measure
of PWM was chosen for its demonstrated relationship to a number of linguistic skills in typical
development, as well as its power as a clinical marker for language impairment.
PWM, the capacity to temporarily store and flexibly operate on auditory information, is a
developmental ability central to language acquisition. PWM (also referred to as phonological
short-term memory, e.g., Gathercole, Tiffany, Briscoe, Thorn, & ALSPAC Team, 2005, or
verbal short-term memory, Archibald & Gathercole, 2006) is instrumental for the development
of both spoken and written language, so much so that it is believed by some to be a specialized
language-learning device (Baddeley, Gathercole, & Papagno, 1998). Indeed, this skill has been
implicated in numerous linguistic abilities throughout typical development, including vocabulary
learning in one's native or foreign language, the acquisition of reading skills including decoding
and comprehension, and general academic achievement (e.g., Gathercole, Pickering, Ambridge,
& Wearing, 2004). Accordingly, weaknesses in this system are associated with problems of
language and literacy and are a common correlate of communication deficits in a number of
developmental disorders (reviewed in Baddeley et al., 1998).
PWM is thought to be one component of a more general working memory (WM) system.
An influential model of WM conceptualizes this as a flexible capacity to temporarily store and
manipulate information that is critical to cognitive function (Baddeley, 1986; Baddeley & Hitch,
1974). Baddeley proposed that WM consists of a "central executive" (CE) control system of
limited attentional capacity which is assisted by and directs two behaviorally and neurally
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distinct subsidiary storage systems: the phonological loop (PL) and visuospatial sketchpad (VS).
According to this model, the function of the PL is to maintain sounds and language in a readilyaccessible form immediately after they are heard, and that of the VS is to perform the analogous
role for nonverbal information (Baddeley, 2003; Baddeley & Hitch, 1974). The PL was
proposed to consist of the phonological store (PS), a passive storage component which maintains
a (limited) set of strings of speech sounds in storage in a temporally-decaying manner and the
"articulatory loop," an active rehearsal mechanism which keeps the contents of the PS active and
readily accessible. Two important properties of the proposed storage mechanism (the PS) are
that a) it is a module separate from those systems involved in speech perception and production
and b) it is specialized for language (specifically, vocabulary) learning (reviewed in Gathercole,
1998).
The capacity of an individual's PS is canonically assessed using nonword repetition
(NWR) tasks, which involve listening to, and orally repeating, nonsense words which are
phonotactically legal but non-existent in the target language, such as (for English) "dopelate" or
"woogalamic." Because nonwords lack semantic content, they must, according to theory, be
retained in memory solely on the basis of their sound structure. Using NWR and related tasks,
Gathercole demonstrated a two- to three-fold expansion in PWM capacity occurring between 4
and 14 years of age. This was characterized by a steep increase in NWR span between age 4 and
8 years, followed by more gradual improvement thereafter to asymptotic levels at 11 or 12 years,
which parallels a general increase in working memory capacity throughout childhood and
adolescence (Conklin, Luciana, Hooper, & Yarger, 2007; Gathercole, 2006; Gathercole et al.,
2004; Luna, Garver, Urban., Lazar, & Sweeney, 2004; Waber et al., 2007).
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Deficits on NWR tasks occur in many developmental disorders in which communication
&

impairments are common feature, including Specific Language Impairment (SLI; Coady

Evans, 2008; Graf Estes, Evans, & Else-Quest, 2007), Autism Spectrum Disorder (ASD;
Kjelgaard & Tager-Flusberg, 2001; Wilson et al., 2013), Down's Syndrome (DS; Laws & Gunn,
2004), Developmental Dyslexia (Larrivee & Catts, 1999; Peter et al., 2011), and Williams
Syndrome (WS; Grant et al., 1997). In SLI, a label given when otherwise typically developing
children struggle with language for no easily-discernible reason, the NWR deficit is
disproportionately severe, even when other language deficits are accounted for: for example,
while 8 year-old children with SLI performed at the 6 year-old level on standardized measures of
language (vocabulary, language comprehension, and reading), their NWR scores were equal to
those of 4 year old children, demonstrating a four year lag behind expected performance
(Gathercole & Baddeley, 1993). NWR deficits are so consistently found to be the highest
discriminator for SLI (Conti-Ramsden, Botting, & Faragher, 2001) that they are considered a
clinical marker for the disorder.

Furthermore, NWR tasks have been found to be less culturally

biased than typical standardized language tests (Campbell, Dollaghan, Needleman, & Janosky,
1997), and NWR ability is largely independent of performance IQ in both TD and atypicallydeveloping children (Conti-Ramsden et al., 2001; Ellis Weismer et al., 2000; Gathercole, 1994).
These factors as well as behavioral genetic studies suggest that NWR ability is heritable (e.g.,
Bishop, Adams, & Norbury, 2006; Bishop, North, & Donlan, 1996), this skill has been used as a
marker of language ability in molecular genetic studies (e.g., Falcaro et al., 2008).
A hallmark of the NWR deficit in disorders such as SLI is a disproportional difficulty
with longer stimuli (Bishop et al., 1996, 2006; Gathercole & Baddeley, 1990). Increasing the
length of the nonwords results in poorer performance, consistent with what would be expected
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with increased memory load and Baddeley's idea of temporal decay of the phonological traces in
the phonological store (e.g., Baddeley, 2003; Gathercole, Willis, Emslie, & Baddeley, 1994).
This has been used as evidence of specific weaknesses in PWM, which was postulated to be
&

causally related to language deficits in these populations (e.g., Bishop et al., 2006; Dollaghan
Campbell, 1998; Williams, Payne, & Marshall, 2013; see Coady & Evans, 2008; Gathercole,
2006; Graf Estes et al., 2007).

Citing young children's frequent spontaneous imitation of novel word forms, Gathercole
and colleagues argued that NWR mimics the basic task children face when first learning to
speak, and proposed that PWM (specifically, the PS), as assessed by NWR ability, was
&

instrumental to vocabulary acquisition (Adams & Gathercole 1995, 1996, 2000; Gathercole

Baddeley 1989; Gathercole et al., 1991-1999). This conclusion, which was largely based on an
observed association between NWR performance and receptive vocabulary in an (arguably) large
(N= 105) sample of 4-7 year old children, has recently been challenged. Other studies failed to
replicate this finding (e.g., Bowey, 2001; de Jong & Olson, 2004), and a recent reanalysis of
Gathercole's data using more robust statistical methods (simplex models, which are more
appropriate for modeling the stability of a construct across repeated times of measurement that
the cross-lagged correlations used in Gathercole's study (Raykov, 1998; Rogosa, 1980) did not
find evidence of such a direct association between NWR and vocabulary acquisition in this data,
nor in a different sample of 4-7 year old children assessed longitudinally (Melby-Lervag et al.,
2012). Furthermore, rather than NWR ability being unidirectionally predictive of vocabulary,
other work has shown that improvements in NWR performance may actually be a consequence
&

of increased vocabulary knowledge (e.g., Bowey, 2001; Metsala, 1999; Snowling, Chiat,

&

Hulme, 1991) or improvement in other language skills, such as learning to read (Nation
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Hulme, 2011). Similarly, it's been suggested that PWM develops along with, and as a result of,
language use, specifically, speech production (for example, individual speech practice was found
&

to impact future NWR ability in toddlers; Keren-Portnoy, Vihman, DePaolis, Whitaker,
Williams, 2010).

Findings such as these indicate that NWR may not be exclusively assessing the PS as
described, and that the relationship between NWR and language acquisition is not as simple nor
as unidirectional as proposed (c.f. responses to Gathercole, 2006). This has led the research
community to question exactly what NWR tasks measure. The idea that NWR is a test of PWM
gained support from the observation that NWR ability is closely associated with other measures
of phonological memory, such as serial recall and digit span scores, in TD and atypicallydeveloping children as well as adults (reviewed in Gathercole et al., 1994), and with adults'
&

ability to learn phonologically unfamiliar names in experimental tasks (Baddeley, Papagno,
Vallar, 1988; Baddeley & Wilson, 1993). Also consistent with this view, poor NWR

performance invariably accompanies acquired and developmental impairments of verbal shortterm memory (e.g., Baddeley et al., 1988; Gathercole et al., 1994). Others, however, have
attributed NWR performance to phonological sensitivity (Metsala, 1999) or phonological
processing (Bowey, 2001), and it is becoming increasingly recognized that additional
participant-specific skills, including speech perception (Coady & Evans, 2008), phonological
encoding (Bowey, 2006), lexical and phonological knowledge (Snowling, Goulandris, Bowlby,
& Howell, 1986), and articulatory maturity (Vance, Stackhouse, & Wells, 2005) influence NWR
ability.
Along with participant characteristics, sublexical properties of the nonword stimuli have
been shown to influence NWR task performance (e.g., Jones, Hughes, & Macken, 2006; Page,
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Madge, Cumming, & Norris, 2007; Rispens & Baker, 2012). For example, individuals perform
with higher rates of accuracy for repetition of non-words with singleton consonants (Gathercole
& Baddeley, 1990; Gathercole, Willis, & Baddeley, 1991), attested consonant sequences
(Beckman & Edwards, 2000; Munson, 2001), and higher frequency phonotactic patterns (Coady
& Aslin, 2004; Zamuner, Gerken, & Hammond, 2004). It may also be that these relationships
change over age - for example, both adults and children aged 4;2, 5;6 and 8;1 years were found
to repeated non-words with higher frequency phonological patterns more accurately than those
with lower frequency, but this effect decreased with age (Edwards, Beckman, & Munson, 2004).
Lexical features, particularly the degree to which non-words reflect the properties of the
lexicon of the language, also exert influence, as TD children perform better for nonwords with
&

higher subjective ratings of word-likeness as well as embedded real words (Campbell

&

Dollaghan, 1995; Dollaghan, Biber, & Campbell, 1993; Gathercole, 1995; Gathercole, Willis,

Baddeley, 1991). Likewise, adult language processing, including spoken word recognition, (e.g.,

Vitevitch & Luce, 1998, 1999), nonword naming (Lipinski & Gupta, 2003, 2005) and lexical
decision (e.g., Storkel, Armbruster, & Hogan, 2006; Vitevitch & Luce, 2005) have been shown
to be influenced by the phonological structure of the stimuli with a similarly facilitative effect of
phonotactic frequency.
Taken together, findings demonstrating that NWR performance is influenced by
participants' linguistic experience as well as lexical and sublexical features of the items to be
repeated argue against the notion that NWR is supported by a storage mechanism (the
phonological loop; Baddeley & Hitch, 1974) separate from extant language knowledge. This has
led to the suggestion that systems involved in speech perception and production may be
sufficient to support NWR (e.g., Acheson & MacDonald, 2009; Jacquemot & Scott, 2006).
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If we are to gain insight into the nature of PWM deficits in developmental disorders
through studying NWR, we must first understand this skill in typical development. Doing so
would require, at a minimum, the use of an experimental NWR task which features stimuli
varying in PWM load, and participants spanning a wide, continuous age range including
childhood and young adulthood. Despite its demonstrated clinical and theoretical significance,
however, there is a surprising paucity of such studies to date. Most behavioral studies of NWR
in TD children have sampled (usually small) cross-sections of participants whose ages fall into
narrow, often non-overlapping ranges, an approach which inherently fails to capture the
developmental progression of this skill. This situation is not remedied by the few longitudinal
studies (which have largely focused on the relationship of NWR and vocabulary, e.g.,
Gathercole, Willis, Emslie, & Baddeley, 1992), as these only followed participants over a
relatively short time (1-4 years). Furthermore, the bulk of the work has focused on children six
years old or younger: of the 23 studies of NWR in TD reviewed in a recent meta-analysis (Coady
& Evans, 2008), only four studies have included children over age nine (Dollaghan et al., 1993,
1995; Gathercole, Frankish, Pickering, & Peaker, 1999; Simkin & Conti-Ramsden, 2001). Even
more problematically, many of these studies did not employ well controlled load-varying (and
thus span-varying) NWR, leaving questions of PWM development unanswered.
Given how little attention NWR in older children and teenagers has received, the age at
which mature (adult-like) performance is typically achieved also remains unresolved. In the
original publication of her widely-used clinical assessment of NWR, the Children's Test of
Nonword Repetition (CNRep), Gathercole et al. (1994) only provided norms for children ages 49 (though 9 year old norms were unreliable due to the smaller sample size in this age group). As
performance continued to rise across this whole range, it is not clear why the authors determined
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this to be the oldest age cutoff point). This group later reported adult-like NWR performance by
age 10.5 (Gathercole et al., 1999), but this finding has not been replicated, and the study only
included children whose age was within one year of this (so if this point is reached at a younger
age, we would not know). Another study found increased rates of PWM performance up to age
14 (Gathercole, Pickering, Ambridge, et al., 2004), but this was based on digit span and word-list
matching, only; the NWR task in this study was not administered to the older (14-15 years)
participant group. No extant cross-sectional nor longitudinal study of behavioral NWR
performance has included participants whose ages span all of the formal schooling years as well
as adults.
Additional knowledge about the development of NWR can be gathered from the clinical
literature. In a typical study, a group of children with some form of "disorder" (e.g., SLI or
dyslexia) is compared to a group of "control" (TD) children matched for chronological (CA) or
mental (MA) age (or some cognitive/linguistic measure, e.g., vocabulary). An impairment in the
clinical group when compared to the CA-matched, but not the MA-matched group, is thought to
indicate developmental "delay," whereas impaired performance compared to both the CA- and
MA-matched groups is thought to indicate developmental "deviance." Such comparisons,
however, offer no insight into the pattern of change across time nor the causal mechanisms of
any demonstrated impairment (Thomas, Karaminis, & Knowland, 2010). Thus, the extant body
of work in both TD and atypically-developing children (comprising a mosaic of static snapshots
of discontinuous periods of development) leaves us with a fractionated, at best, view of the
maturation of NWR.
An alternative approach, advocated by Karmiloff-Smith as well as others, involves the
use of developmental trajectories (Rice, 2004; Thomas et al., 2010 - though these authors
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discuss growth trajectories in the context of developmental disorders, this approach can naturally
be extended to the typical population). In this method, the progression of one or more skills is
mapped across a wide range of development (age and/or ability), and relationships between this
-

skill and related skills of interest are explored. Collecting (cross-sectional and/or longitudinal
in the present study, cross-sectional) data from participants representing a wide range of

development allows one to construct functions relating performance on the tasks of interest with
age, and also to establish relations between different experimental tasks across development
(Thomas et al., 2010). This approach not only yields a richer picture of development of the skill
of interest, but, unlike the traditional matching approach, by examining relations between tasks at
different points in development, also allows explorations of mechanistic causes.
The overarching goal of the current study was to elucidate the maturational trajectory of
load-varying NWR in typically-developing (TD) children and young adults ranging from 5 to 35
in age.

In being the first to sample load-varying NWR performance across this wide age range,

we aimed to discover the typical pattern of development of this skill from early childhood
through young adulthood. Several alternatives are possible - it could be, for example, that NWR
performance grows linearly across the entire age range, with a constant slope (indicating
consistent rate of change of NWR performance - for example, 2 points increase per year across
the whole age range). It could also be, however, that different rates of (still linear) change seen
at different points of development (e.g., 2 points per year for participants age 5-15, but 1 point
per year for ages 16-35). Alternatively, another (non-linear) function could be found to better
characterize the relationship between age and NWR performance. Here, we used
regression/curve estimation and analysis of variance (ANOVA) methods to arbitrate between
these possibilities, to determine whether and at which age a distinct maturational point in NWR
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performance (at which children achieve adult-like levels of performance) is reached (c.f.
Gathercole et al., 1994, 1999; Gathercole, Pickering, Ambridge, et al., 2004), and whether this
age divided the group into behaviorally distinct subsets as characterized by other measures (in
other words, if the dividing age generalized to other cognitive domains). Given the clinical
significance and theoretical implications of the parametric effect (markedly worse performance
on longer stimuli; e.g., Gathercole, 1994), we also explore the pattern of performance for
different syllabic conditions across development.
We also hoped to go beyond simply describing the behavioral maturation of NWR and
gain insight into the mechanisms underlying its development. This was achieved in two ways.
First, we employed NWR tasks varying in the degree to which stimulus items resembled real
English words, as measure by phonotactic probability. We use one experimental NWR task
(modeled after the CNRep; Gathercole et al., 1994), and two standardized (though not for the
entire age range in this study) NWR assessments: the CNRep itself, and the NWR subtest of the
Comprehensive Test of Phonological Processing (CTOPP; Wagner, Torgesen, & Rashotte,
1999). The CNRep (and by extension, the experimental task) uses nonwords which resemble
real English words (CNRep: "penneriful," "blonterstaping"; experimental task "sploiter,"
"benopify"), while the CTOPP uses nonwords bearing less resemblance to real words
("chasseedoolid, mawgeebooshernusheik). As by-syllable scores can be computed for our
experimental task as well as the CNRep, we also explore the pattern of development for different
syllabic conditions. The potential finding of differences in the developmental progression of
word-like and non-word-like tasks would shed light on the relative contributions of the core
language system vs. the PWM system to NWR ability across age. Second, along with our target
(NWR) tasks, we administered additional measures of cognitive processes related to or
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underlying NWR ability (e.g., phonological memory, phonological processing and other
language functions), to all participants. Exploring correlations among these various measures
and performance on high- and low-word-like NWR tasks across age should help us to interpret
the pattern of growth seen in our experimental task and inform our understanding of the
behavioral maturation of NWR.
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Methods
Design
These data are part of a study exploring the neural basis of the development of nonword
repetition (NWR) and grammatical processing using behavioral methods and functional magnetic
resonance imaging (fMRI). This paper considers the behavioral component of the NWR study,
only; all aspects of the imaging paradigm and data are discussed in Perrachione, Ghosh,
Ostrovskaya, Gabrieli, and Kovelman (2014). Likewise, all aspects of the grammatical paradigm
are discussed in Kovelman et al. (2014).
Participants
Sixty-five participants (30 males; ages 5-35, mean age = 16.5 +/- 9.8) successfully
completed this study. All subjects were right-handed (as assessed by a modified version of the
Dean Laterality Scale; Dean, 1988) native speakers of American English. Participants had no
speech, hearing, reading, language difficulties or Autism Spectrum Disorder (and no family
history of the same), no history of cognitive or motor developmental difficulties, no neurological
or psychiatric disorder, and were not currently taking medication affecting the nervous system.
This study was approved by the MIT Committee on the Use of Humans as Experimental
Subjects. All adult participants, and parents/guardians of child participants, provided informed,
written consent for participation, and each child provided verbal or written assent. Adult
participants received monetary compensation, and child participants received the equivalent in
bookstore gift certificates, for their time.
Overall Procedure
Participants completed 2-3 study visits, as needed. During visits 1-2, participants
completed neuropsychological assessments and were familiarized with the scanner environment.
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During the last visit, participants first learned and practiced the experimental NWR task, and,
upon demonstrating proficiency, completed this task while undergoing fMRI. Participants
completed the NWR and grammaticality judgment tasks in the same MRI session. Presentation
order was randomly assigned and counterbalanced among all participants, such that half
completed the NWR task first, while the other half completed the grammaticality judgment task
first.
Neuropsychology - Behavioral Assessments
All participants completed a battery of standardized clinical and non-standardized
experimental assessments of phonological memory, nonverbal cognition and related expressive
and receptive language skills. Adult participants also completed a detailed background
questionnaire describing their speech, language and reading development (e.g., developmental
milestones) as well as their family history, and parents completed comparable questionnaires
about child participants. All assessments were administered either by the author or by trained
research staff under the supervision of a licensed Speech-Language Pathologist. Testing was
conducted in a quiet room during one or two (as needed, to avoid fatigue in child participants),
testing sessions each lasting approximately 2 hours. Each assessment was scored by two
independent, trained scorers (the tester who administered the test and another trained staff
member) to ensure reliability, and any disagreements between the two scorers were resolved by a
third scorer.
Scoring.
Each standardized assessment yielded raw and standard scores. Raw scores are typically
calculated by summing the total number of items answered correctly on each test. In order to
account for the effect of age, raw scores are often converted to standardized scores, which can
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then be used to compare raw scores of test takers of different ages. Standard scores are
calculated by converting raw scores to a scale that has a designated mean and standard deviation,
based on the norming sample of the test. Scores within one standard deviation of the mean of
each assessment are typically considered to be in the "normal" range. In the current study, raw
scores were considered for main analyses of developmental effects, as these best reflect effects
of maturation and were (unlike standard scores) available for all ages of participants for each
assessment. Standard scores were used when ensuring that neither nonverbal cognitive abilities
nor general language skills varied substantially throughout the sample.
Nonverbal cognition.
Nonverbal cognitive ability was assessed using the Matrices subtest of the Kaufman Brief
Intelligence Inventory -

2 "d

Ed. (KBIT; Kaufman & Kaufman, 1990). In this assessment,

participants were presented with a series of pictures that relate to one another on a page and
asked to select a picture that best fits with the target pictures from multiple choices. The KBIT is
standardized for ages 4;0 to 90; 11. Raw scores range from I to 96, and the standard score scale
is set to a mean is 100 and the standard deviation is 10.
Phonological working memory.
Phonological working memory (PWM) was assessed with three tests of NWR, one test of
digit recall, and one test of sentence recall. The NWR measures consisted of 1) the Children's
Test of Nonword Repetition (CNRep; Gathercole et al., 1994), 2) the Nonword Repetition
subtest from the Comprehensive Test of Phonological Processing (CTOPP; Wagner et al., 1999),
and 3) the experimental NWR task (described below).
In the CNRep, participants heard pre-recorded nonword stimuli of varying lengths (2-5
syllables) and were required to immediately repeat them aloud. Since the published version of

23

this test includes recordings produced by a British English speaker, these stimuli were rerecorded by an adult female native speaker of American English, with careful attention to
maintaining the intended phonemic constituents but with standard American pronunciation.
Participants' repetitions were recorded and transcribed, and overall as well as by-syllable
accuracies were calculated. The CNRep is standardized for use with children age 4 - 8;9 years
only. As such, only raw scores (ranging from I to 40) on the CNRep were used for analysis.
The CTOPP NWR subtest is structured similarly to the CNRep. In this assessment,
participants heard pre-recorded nonword stimuli of varying lengths (3 to 15 phonemes) and were
required to repeat them aloud immediately. Notably, stimuli on the CTOPP ("teebudieshawlt",
"gekieziesaekad") resemble real English words much less than the stimuli on either the CNRep
("thickery", "woogalamic") or the experimental NWR task (see "stimuli," below). Since the
CTOPP is standardized for use with participants up to 24; 11 years, only, for participants study
aged 25-35, CTOPP standard scores were computed from the oldest standardized age bracket
(17-24; 11 years). Raw scores range from I to 18, and the standard score scale is set to a mean of
100 and standard deviation of 15.
The Memory for Digits (MfD) subtest of the CTOPP paralleled the NWR tests in
structure. Participants heard recordings of increasingly long sequences of digits (ranging from
three to seven digits in length), and were required to repeat each sequence aloud in the same
order that they heard it. Raw scores ranged from I to 21, and standardization is as described
above (see CTOPP NWR).
Additionally, the Recalling Sentences (RS) subtest from the Comprehensive Evaluation
of Language Fundamentals (CELF-IV; Semel, Wiig, & Secord, 2003) was administered. This
assessment also taps PWM (as well as additional linguistic abilities, such as semantics and
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grammar), and is clinically powerful in identifying language impairment (Archibald & Joanisse,
2009). In this test, participants heard, and were required to repeat verbatim, increasingly longer
and more grammatically complex sentences read by the experimenter. The CELF is standardized
up to 21; 11 years of age, standard scores for participants aged 22-3 5 were computed from the
oldest standardized age bracket (17-21; 11). Raw scores range from 1 to 96, and the standard
score scale is set to a mean of 100 and standard deviation of 15.

Phonological processing.
In addition to the phonological memory measures described above, we examined the
related linguistic ability of phonological processing (PP) in all participants. This skill refers to
the awareness of and ability to manipulate the sounds of language, and was assessed with the
Blending and Elision subtests of the CTOPP. These assessments involve combining individual
sounds in a word into that word (Blending) or repeating a given word with a target phoneme
deleted (Elision). Raw scores for both range from 0 to 20, and the standardization is described
above (see CTOPP NWR).
Experimental Nonword Repetition (NWR) Task

Stimuli.
The experimental NWR task included 92 nonwords, equally distributed among 2-, 3-, 4and 5-syllable conditions (24 stimuli/condition). Nonword stimuli were designed to resemble the
structural and statistical properties of real English words (and thus be phonologically,
phonotactically and morphologically plausible). Examples of stimuli include: two-syllable:
"klamic", "riftoon"; three-syllable: "misinter", "gronify"; four-syllable: "reaquisment",
"metastrocy"; five-syllable: "ionificate", "hereomatic". Phonotactic probabilities for all stimuli

in the experimental NWR task, as well as those in the CTOPP and CNRep clinical nonword
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repetition tests, were calculated using the online probability calculator provided by Vitevitch and
Luce (1998). Both phoneme frequency (how often a particular segment occurs in a certain
position in a word) and biphone frequency (segment-to-segment co-occurrence probability of
sounds within a word) were calculated. These analyses (fully described in Perrachione et al.,
2014) revealed that nonword phonotactics for stimuli in the experimental NWR task did not
differ among syllabic conditions. Moreover, CTOPP nonwords were significantly less word-like
than either those in the experimental NWR task or those on the CNRep, which did not differ
from one another (Perrachione et al., 2014). Examples of 3-syllable stimuli from all three tasks,
as well as their phonotactics, are provided in Table 1.
All stimuli were spoken by a female native speaker of American English who was
extensively familiarized with the nonwords to ensure correct pronunciation. Stimuli were
digitally recorded using a SHURE SM58 microphone and Edirol UA-25EX sound card sampling
at 44.1kHz, equalized for loudness (RMS amplitude normalized to 70dB) using Praat
(http://www.fon.hum.uva.nl/praat/), and presented using E-Prime v ].1 software (Psychology
Software Tools Inc., 2003).
Procedure.
The experimental NWR task was designed to be optimal for the fMRI environment,
where it was performed. A known challenge of conducting auditory experiments in fMRI is the
noise produced by the scanner during data collection. To minimize the impact of this noise, care
was taken to ensure participants could adequately hear the stimuli with minimal interference.
This was achieved by employing a "sparse" event-related experimental design, in which auditory
stimuli were presented and participants' vocal responses were recorded during periods of silence
between fMRI data acquisition (Belin, Zatorre, Hoge, Evans, & Pike, 1999; Hall et al., 1999).
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Such a design is optimal for auditory studies, minimizing the impact of scanner noise on
participant performance (Gaab, Gabrieli, & Glover, 2007a, 2007b).
Each experimental trial lasted 6 seconds. During first 2 seconds, while the scanner was
silent, the nonwords were presented dichotically through Sensimetrics S-14 MRI-compatible
insert earphones (Sensimetrics, Malden, MA) while a child-friendly alien cartoon figure
appeared on the screen. During the next 2 seconds of the trial (scanner silent), participants were
instructed to repeat each nonword aloud as quickly and accurately as possible, and the word
"repeat" appeared on the screen. During the last 2 seconds of each trial, participants rested while
the scanner acquired data. During rest trials, participants received no auditory stimulation and
saw a white fixation cross on a black background on the screen; they were instructed to simply
relax until the next task stimulus came up.
The task consisted of 96 experimental trials, equally split among the five syllable
conditions, as well as 24 rest trials, distributed across three runs, such that each run consisted of
32 task and 8 rest trials (40 trials/run) and lasted 4 minutes and 12 seconds. Stimuli were first
randomized across all conditions, and then grouped into blocks of two per syllabic condition
(such that each block contained two stimuli of the same length). The order of blocks was then
randomized across all conditions and runs. Participants were trained and practiced the task
outside the scanner until they demonstrated proficiency. The practice task included stimuli
matched to, but distinct from, those used in the actual experiment.
Data Analysis
Behavioral.
Behavioral data analyses were performed using Statistical Package for the Social
Sciences (SPSS) version 22 (IBM Corp., 2013). Pairwise means were compared using paired-
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sample or independent sample t-test. Where Levine's Test indicated an unequal of variance
among groups, adjusted t statistics and p statistics were used.
For the experimental NWR task as well as for the CNRep test, repetitions of nonwords
were acoustically recorded and phonetically transcribed, and mean overall- and by-condition
accuracies were calculated for each participant. All transcription and scoring was performed by
the author or trained research assistants, and two independent scorers transcribed and scored each
participants' data to establish reliability.
For the experimental NWR task, repeated measures analysis of variance (ANOVA) was
used to explore differences in accuracy among experimental conditions (2, 3, 4, and 5-syllable).
Analogous analyses were carried out for the CNRep. Across-group differences were examined
by adding group (mature/immature) as between-group factor to these ANOVAs, and differences
between individual conditions were explored via planned pairwise comparisons. In analyses of
variance, Mauchly's Test of Sphericity was used to determine if the assumption of sphericity had
been met. In cases when the assumption has been violated (as evidenced by p < .05),
Greenhouse-Geisser adjusted F and p statistics were used.
All other correlational and regression analyses, including linear modeling and curveestimation, were performed using SPSS. Details of each analysis are provided in the results
section.
Consideration of measurement sensitivity.
One concern about the apparent maturation of PWM around age 10 is whether the
asymptotic performance in adolescents and adults reflects true maturation of PWM or is instead
an artifact due to loss of measurement sensitivity at higher levels of performance (ceiling
performance on NWR tasks and CNRep). Additional analyses were carried out in order to assess
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the likelihood of these alternatives. First, we quantified a) the total number of participants, as
well as b) the number of participants older than age 12, and c) the number of adult participants
who scored perfectly on the experimental NWR task and the CNRep overall, and on each
condition of each task (Figure 10). We also compared, via independent sample t-test, overall
performance as well as performance on each syllabic condition of the experimental NWR task
and the CNRep to perfect performance for the whole group of participants and for subgroups of
participants who were older, and thus more subject to be affected by ceiling effects. Although
older participants were likely to approach ceiling for easier conditions (e.g., 1- and 2-syllable
nonwords), they may have performed less well for harder conditions (e.g., 3- and 4-syllable
nonwords).
Imaging.
Details of structural and functional MRI analyses, including preprocessing as well as
statistical analysis are discussed in Perrachione et al. (2014).
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Results
Neuropsychological Assessments
Results of the neuropsychological assessments for cognitive and language ability for all
participants in the study are summarized in Table 2. All except three participants had normal or
-

above-normal nonverbal cognitive ability, as assessed by Kaufman Brief Intelligence Inventory

2 " Ed. (KBIT; Kaufman & Kaufman, 1990) Matrices (standard score >90). Two children (aged
6.60 and 7.90 years) scored 85 and 82, respectively, and one adult (age 21.20) scored 88.
Because these participants scored within the normal range on all other assessments and showed
no signs nor reported any history of cognitive impairment, their data were not excluded from
analysis. General cognitive ability did not vary across the age range of participants in our study
(the Pearson correlation coefficient between age and KBIT Matrices score was not significant, r
= 0.15, p = 0.23), indicating that any developmental changes in nonword repetition (NW R)
ability should not be attributable to differences in general cognitive ability.
Experimental NWR Task
Whole-group performance and correlations.
Experimental NWR task data was available for 61 participants (technical issues resulted
in the loss of audio recordings of this task for two adult and two child participants). Performance
on this task varied widely (min = 25.93%, max = 98.95%; M= 83.29%, SD = 13.85%). Because
raw scores on this and all other assessments were significantly positively correlated with age (r

=

0.48, p = 0.00), age-independent relationships between measures were examined via partial
correlations. After controlling for age, performance on the NWR task was significantly
correlated with performance on the other tests of phonological working memory (PWM)
[Children's Test of Nonword Repetition (CNRep): r = 0.70, p = 0.00; Comprehensive Test of
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Phonological Processing (CTOPP) NWR: r = 0.60, p = 0.00; CTOPP Memory for Digits (MFD):
r = 0.51, p = 0.00; CELF Recalling Sentences (RS), r = 0.76, p = 0.00] and phonological

processing (PP) [CTOPP Elision (EL): r = 0.52, p = 0.00; CTOPP Blending Words (BW): r
0.28, p = 0.04].
Performance across age.
Growth trajectory of NWR.

Performance on the experimental NWR task consisted of

rapid growth at younger ages followed by nearly flat, asymptotic of performance for older
participants. This shape was shared by the growth trajectories of other PWM measures in this

study [Children's Test of Nonword Repetition (CNRep; Gathercole & Baddeley, 1996), CTOPP
NWR, CTOPP MFD, CELF RS]. The SPSS Regression/Curve Estimation module was used to
fit a series of linear and non-linear models to the NWR accuracy vs. age data. Along with
allowing us to more precisely characterize the relationship between age and NWR performance,
this modeling approach was advantageous because it yielded a quantitative measure of the rate of
growth that could be compared among tasks or conditions of a task.
Compared to linear, polynomial, exponential, logarithmic and sigmoid models, the
inverse regression function (Y = A + B/X, with A and B describing the asymptote and growth
term, respectively) yielded the highest coefficient of determination and level of significance
between age and NWR performance. (Although the cubic model exhibited an even higher
coefficient of determination (R2 = 0.44) than the inverse, this model was dismissed because cubic
growth did not make mechanistic sense given the nature of the data and age range of the
participant sample.) For values of x in the range of the participants in this study (5-35), the
inverse function exhibits rapid growth followed by saturation at higher values, a pattern
consistent with that seen in the data (Figure 1, left). Given this, the inverse model (NWR
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Accuracy = 0.99 - 1.85/age; R 2 = 0.38, F1, 59 =35.95, p = 0.00) was selected to describe the
nature of NWR growth in our sample. In order to allow comparisons among measures, this
model was then applied to each condition of the task and to the other assessments of PWM.
Model parameters are provided in Tables 4 and 8.
Growth trajectories of each syllabic condition. Mean performance on each syllabic
condition of the experimental NWR task and the CNRep by the whole group and each subgroup
of participants is provided in Table 3. The pattern of NWR growth was broadly similar across
conditions of each of these tasks, and the maturational trajectory of each condition was again
examined using SPSS Curve Estimation (Figure 2). As with overall performance, among
mechanistically plausible models, the inverse function provided the best fit for the pattern of
accuracy scores for each syllabic condition as a function of age (model fit and statistics provided
in Table 4). For the most part, beta values (growth terms) decreased (became more and more
negative) as the number of syllables per condition increased, confirming the visually apparent
trend that, as the length of the to-be-remembered stimulus increased, so did the age at which
proficient performance is achieved (with the exception of the 4-syllable condition for the
experimental NWR task, which was more challenging than other conditions and thus had the
oldest transitional age). It does not appear that our findings were a byproduct of older
participants hitting ceiling performance on the task, as, both for participants in the mature group
for adult participants, only, performance on all syllabic conditions of the task (including the most
challenging, 4- and 5-syllable conditions) differed significantly from perfect performance (the
comparison of the mean of performance on each syllabic condition to perfect performance for
each age group was significant at p <0.01).
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Determining transitional age between immature and mature performance.
In order to identify the age at which performance transitions to from child-like to adultlike levels, we performed a variant of piecewise linear regression using Matlab 2010b
(MathWorks Inc, 2010). We were interested in when performance stops improving, at which
point adult-like levels of achievement are reached. For every point on the plot of in-scan NWR
overall accuracy vs. age, two linear models were estimated, one for all points to the left of the
target point (corresponding to "immature" performers) and another for all points to the right of
the target point ("mature" performers). For each such combination, the squared residuals from
the two linear models were summed. The age which minimized the residual sum of the squares
of the two linear models was taken to be the optimal dividing point between mature and
immature performance. For the experimental NWR task, this was found to be 9.45 years (Figure
3; Tables 4, 8). We next examine differences in performance among participants younger than
or equal to 9.45 (N= 21 with intact recordings), and those older than this age (N= 44 total, 40
with recordings), hereafter referred to as the immature and mature group, respectively.
Mature and immature performers: trends within each group.
Participants in the immature group differed significantly from those in the mature group
on several factors.
NWR growth. Regression analysis for NWR task accuracy (with dummy variables
coding for group, and using age, group, and the product of age and group as predictors in the
regression) confirmed that the regression slope of the linear model for NWR growth in the
immature group was significantly greater than that of the mature group (tdf = 17.07, p = 0.00).
This formally showed that the rate of improvement in NWR task performance in children
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decreased around age 9.45. This rapid linear growth for the immature, and very slow growth for
the mature, group of participants is illustrated in Figure 3.
Neuropsychological performance and relationships between measures. In order to
confirm the transitional age found in the linear regression analyses divided participants into
significantly different groups, independent-sample t-tests between the mature and immature
groups were performed on each measure of PWM and PP.
Patterns of performance on the experimental NWR task and other neuropsychological
measures differed between groups. Participants over age 9.45 scored, on average, significantly
higher on the experimental NWR task, as well as the other assessments of PWM and PP, than did
those 9.45 years old or younger [89.36 +/-5.51% vs. 71.73 +/- 17.38%, t 22 1=

4.53 (adjusted for

unequal variances), p = 0.00] (Table 5). The pattern of (partial, age-controlled) correlations
between experimental NWR task performance and other measures of PWM and PP differed
between the groups, as well: there were more, and stronger, relationships in the immature group
[task performance correlated significantly with performance on the CNRep (r = 0.55, p = 0.00),
CTOPP NWR (r = 0.56,p = 0.02), CTOPP MfD (r = 0.60,p = 0.01) and CELF Recalling
sentences (r = 0.75, p = 0.00)], and fewer, weaker, relationships in the mature group, in which
task performance correlated only with the CNRep (r = 0.52, p = 0.00) (Table 6).
Effect of increasing PWM load.
Effect of condition on whole-group experimental NWR performance. Accuracy scores
for each syllabic condition for all groups are presented in Table 3. The effect of stimulus length
(and thus PWM load) on repetition accuracy in the whole group of participants was examined via
repeated-measures analysis of variance (ANOVA) with syllabic condition (2, 3, 4 or 5-syllable)
as within-subjects factor. This yielded a significant main effect of condition (F(3.1so)

=

15.55,p =

34

0.00). Participants scored highest for the 2-syllable condition, followed by the 3-syllable
condition, and then 4- and 5-syllable conditions (which were at similar levels of accuracy)
(Figure 4, left). Post-hoc tests among conditions (with significance taken as p < .05; Bonferroni
corrected for multiple comparisons) indicated that participants were significantly more accurate
in the 2-syllable condition than each of the other syllable lengths, and more accurate on the 3syllable condition than the 4-syllable and 5-syllable conditions; the difference in accuracy
between the 4 syllable and 5 syllable conditions was not significant. (Table 7).
Effect of group on experimental NWR performance. The parametric effect across age

was examined by adding group (mature or immature) as between-subjects factor to the repeatedmeasures ANOVA [syllabic condition (2, 3, 4 or 5-syllable) remained as the within-subjects
factor] (Figure 5, left). This revealed a significant main effect of group (F,59) = 36.42, p =

0.00), indicating that participants above the age of 9.45 performed with a higher degree of
accuracy (89.36 +/- 5.51%) than did participants age 9.45 or younger (71.73 +/- 17.36%), and of
condition (F(
3 ,1 77 )= 21.65, p = 0.00).
Effect of condition on experimental NWR performance within each group. Planned

comparisons among syllabic conditions within each group (Bonferroni corrected at p < .05)
showed that the mature group was significantly more accurate in the 2-syllable condition than the
4-syllable and 5-syllable conditions, and in the 3-syllable than the 4-syllable condition; accuracy
in the 2-syllable condition was marginally higher than in the 3-syllable condition (p = 0.07).
Although 4-syllable stimuli were repeated less accurately than both the 3-syllable and 5-syllable
stimuli, neither of these differences were statistically significant. Unlike the mature group, the
effect of stimulus length on accuracy in the immature group was a more straightforward function
of syllable length. Immature participants were significantly more accurate in the 2-syllable
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condition than each of the 3-, 4- and 5-syllable conditions, and significantly more accurate in the
3-syllable than in the 5-syllable condition; they were marginally more accurate in the 3-syllable
than the 4-syllable condition, and more accurate, though not significantly so, in the 4-syllable
than the 5-syllable condition (Table 7).
Effect of the interaction of group and condition on NWR performance. The mixedlevel ANOVA also revealed a significant interaction of group and condition (F(3177)= 7.04, p
0.00), indicating that the effect of increasing stimulus length differed between the two groups of
participants. This was further explored by collapsing the "short" (2- and 3-syllable) and "long"
(4- and 5-syllable) conditions, and repeating the mixed-level ANOVA for NWR accuracy with
only two levels of the condition factor. This again yielded main effects of group and condition,
with significantly higher performance in the mature group than the immature group (Fy,5 9)=
36.42, p = 0.00) and on short than on long stimuli (F(1,59)= 51.83, p = 0.00). The presence of a
significant interaction effect between group and condition (F(1,59)= 11.61, p = 0.00) indicated
that the magnitude of difference between short and long stimuli, or the decrement in accuracy
due to length, was larger in the immature group than the mature group (Figure 5, right).
Children's Test of Nonword Repetition
Whole-group performance and correlations.
Performance on the CNRep ranged from 50% to 98% (N= 64, mean = 83.44%, SD
13.06%). CNRep performance was highly correlated (p = 0.00 for all comparisons) with
performance on the experimental NWR task, upon which its design was modeled, in the whole
group (r = 0.77), the mature group (r = 0.63) and the immature group (r = 0.52) of participants.
Although CNRep scores were significantly correlated with age (r = 0.54, p = 0.00), partial
correlations between NWR and CNRep indicated that their performance remained significantly
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related after the effects of age have been accounted for (whole group: r = 0.70; mature group: r
0.53; immature group: r = 0.55; p = 0.00 for all comparisons). Performance on the CNRep was
also significantly partially correlated (atp = 0.00) with performance on CTOPP NWR (r = 0.63),
CTOPP MfD (r = 0.49), CELF RS (r = 0.71), CTOPP EL (r = 0.30) and CTOPP BW (r = 0.29, p
=

0.02).
Performance across age.
Growth trajectory of CNRep. Like that of the experimental NWR task, the growth

trajectory of the CNRep contained a period of rapid growth, a qualitative change in late
elementary school years, and static performance thereafter. SPSS Curve Estimation indicated
that the inverse model significantly described the relationship of performance and age (CNRep
2
accuracy = 1.00 - 1.94/age), R = 0.45, F,6 2 = 51.20, p = 0.00) (Figure 1, right). The maturation

of each syllabic condition was similarly described; again, shorter syllabic lengths were mastered
before longer ones (Figure 2, Table 3). The CNRep continued to be applicable across the entire
age range included in the study, as mean performance most difficult conditions of the task was
significantly below 100% not only in the whole group of participants but also when considering
only the oldest subsets (either the mature group, or adults subgroup) participants: the comparison
of the mean of performance on each syllabic condition to perfect performance for each age group
was significant at p < 0.01). The Matlab optimization procedure indicated that mature
performance on the CNRep was achieved at age 7.96 years. The slightly older estimate from the
NWR task, 9.45 years, was nonetheless retained as the dividing point between mature and
immature performance.
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Mature and immature performers: trends within each group.
Participants in the mature group (older than 9.45, N= 20 with CNRep scores available)
scored significantly higher on the CNRep than those in the immature group (age 9.45 and below,
N= 44) [89.26 +/- 6.30% vs. 70.63 +/- 14.98%, t22 12= 5.35 (adjusted for unequal variances), p =
0.00] (Table 5). Once again, there were more, and stronger, partial (age controlled) correlations
between performance on the CNRep and other PWM and PP measures in the immature group, in
which CNRep performance was significantly correlated with performance on CTOPP NWR (r =
0.59, p

=

0.01), CTOPP MfD (r = 0.51, p = 0.00), CELF RS (r = 0.72, p = 0.00), and CTOPP

BW (r =0.60, p = 0.01)] than in the mature group, in which CNRep performance was
significantly correlated only with CTOPP NWR (r = 0.43, p = 0.00) and CELF RS (r = 0.30, p =
0.05) and marginally correlated with CTOPP MfD (r = 0.30 , p = .055) (Table 6).
Effect of increasing PWM load on CNRep performance.
Effect of condition on whole-group CNRep performance. The effect of increasing
stimulus length (PWM load) on performance on the CNRep was examined identically to the
experimental NWR task. For the whole group of participants, a repeated-measures ANOVA on
)

CNRep accuracy by syllabic condition yielded a significant main effect of condition (F(3 ,1 8 9
17.88, p = 0.00) (Figure 4, right). Participants scored highest for the 2- syllable condition,

followed by the 3-syllable condition, and then the 4-syllable condition; the 5-syllable condition,
however, was repeated with higher accuracy than the 4-syllable condition. Post-hoc tests among
conditions (with the Bonferroni-corrected threshold for significance set at p < 0.05) indicated
that participants were significantly more accurate on the 2-syllable than the 3-syllable, 4-syllable
and 5-syllable conditions, and on the 3-syllable than the 5-syllable condition. Participants were
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less accurate in the 4-syllable condition than both the 3- and 5-syllable conditions, but these
differences were not statistically significant (Table 7).
Effect of condition on CNRep performance within each group. A mixed level ANOVA
(with the addition of group as between-subjects variable) revealed significant main effects of
condition (F 3,18 6) = 19.44, p = 0.00) and of group (F(I, 62) = 50.15, p = 0.00) (Figure 6, left),
indicating that the mature group performed with a higher overall degree of accuracy (89.26 +/6.3%) than did the immature group (70.63 +/- 14.98%). Planned comparisons among syllabic
conditions within each group revealed that the mature group was significantly more accurate in
the 2-syllable than the 3-, 4- and 5-syllable conditions. Higher accuracy was also achieved on
the 3-syllable as compared to both the 4- and 5-syllable conditions, and on the 5-syllable than the
4-syllable condition, but none of these differences were statistically significant. The immature
group was significantly more accurate on the 2-syllable condition as compared to both 4- and 5syllable conditions. Higher accuracy was also achieved on the 2- than the 3-syllable condition,
and on the 3- than the 4- and 5-syllable conditions, and on the 5- than the 4-syllable condition;
none of these differences, however, were statistically significant (p <0.05) (Table 7).
Lack of interaction of group and condition in CNRep performance. Unlike on the
experimental NWR task, the interaction between group and condition was not significant for the
CNRep (F(3 .189) = 9.82, p = 0.13); this was confirmed when running a similar ANOVA with short
and long conditions collapsed (Figure 6, right). This indicates that although the mature group
scored higher than the immature group for all conditions, the pattern of accuracy across different
syllabic conditions in this task was similar in both groups.
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CTOPP Nonword Repetition
Performance on the Comprehensive Test of Phonological Processing, Nonword
Repetition subtest (CTOPP NWR), the stimuli of which are less word-like than those of the
experimental NWR task and the CNRep, was examined in order to shed light on the role of
lexicality on NWR performance across age.
Whole-group performance and correlations.
For ease of comparison with other measures, raw scores on the CTOPP NWR were
converted to percentages (e.g., 15 correct items/i 8 total items * 100). Performance was widely
distributed, with scores ranging from 22.22% to 100% (N= 65, M= 67.45%, SD = 14.61%).
Performance was significantly correlated with age (r = 0.34, p = 0.01) and significantly partially
correlated (controlling for age) with performance on the experimental NWR task (r = 0.50, p =
0.00), the CNRep (r = 0.63, p = 0.00), CTOPP MfD (r = 0.53, p = 0.00), CELF RS (r = 0.50, p

=

0.00), and CTOPP EL (r = 0.30, p = 0.02).
Performance across age.
Although they were more wide.ly distributed than the other two assessment (with a
particularly large amount of spread near the transition between mature and immature
performance), CTOPP NWR scores followed the same overall pattern across age as that of the
other measures, with rapidly growing scores in early childhood flattening out in late childhood
(Figure 8). The inverse model provided a significant fit to the CTOPP NWR data CTOPP NWR
accuracy = 0.79 - 1.42/age, R 2 = 0.20, F1 ,5 9 = 15.15, p = 0.00), although the fit was poorer than
for the experimental NWR task or the CNRep (Table 8), likely due to the large amount of spread
in the data. Several findings supported the notion that the CTOPP NWR was more difficult than
the other two NWR measures: not only was the A coefficient, or asymptote, reached at around
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80% accuracy (significantly lower than the other assessments), but also, the age division point
for this assessment was higher than that any of the other measures, at 10.8 years old (Table 8,
Figure 9).
Mature and immature groups.
Age 9.45 was retained as a dividing point for all measures in the study; as for the other
NWR measures, this point divided the CTOPP NWR data into significantly different groups,
with participants in the mature group scoring significantly higher than those in the immature
group [72.22 +/- 5.69% vs. 56.94 +/- 18.10%, t 32 92 = 4.84 (adjusted for unequal variances),p

=

0.00] (Table 7). In the immature group, CTOPP NWR performance was (with age partialled out)
significantly correlated with performance on the experimental NWR task (r = 0.58, p = 0.0 1) and
CNRep (r = 0.60, p = 0.01), CTOPP MfD (r = 0.68, p = 0.00), CELF RS (r = 0.54, p = 0.02), and
CTOPP BW (r = 0.65, p = 0.00). In the mature group, the only measure which correlated
significantly with CTOPP NWR performance was the CNRep (r = 0.43, p = 0.00) (Table 6).
Additional PWM Measures
CTOPP Memory for Digits.
Overallperformance. CTOPP MfD performance, also provided in raw percentages (total
number of items correct divided by 21 items on the test) ranged from 22.22% to 100% (N= 65,
mean = 67.45%, SD = 14.61%). Performance on this measure was (with age partialled out)
significantly correlated with performance on the experimental NWR task (r = 0.51, p
CNRep (r = 0.49, p = 0.00), CTOPP NWR (r = 0.53, p = 0.00), CELF RS (r = 0.55, p

=
=

0.00), the
0.00)

and CTOPP EL (r = 0.42, p = 0.00).
Performanceacross age. Performance on this measure followed a similar trend across
age as the other PWM assessments, with rapid growth for younger ages and relatively flat
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performance for older ages. The SPSS curve-estimation procedure again confirmed that the
inverse function was the best fit for the data which made mechanistic sense, described by
CTOPP MfD accuracy = 0.94 - 2.27/x (R2 = 0.45, F1 ,63 = 51.50, p = 0.00). The age division
point for this test was found to be slightly younger than the other measures (5.99 years, Table 8).
Mature and Immature groups. As before, age 9.45 continued to successfully divide the
data into significantly different groups, with participants older than age 9.45 scoring significantly
higher on CTOPP MfD than those age 9.45 and younger (80.95 +/- 11.98% vs. 63.04 +/14.82%, t 63 = 5.2l,p

=

0.00) (Table 7). Performance on this measure, after controlling for age,

correlated significantly with performance on the experimental NWR task (r = 0.61 p = 0.00),
CNRep (r = 0.50, p

0.03), CTOPP NWR (r = 0.68, p = 0.00), CELF RS (r = 0.53 p = 0.02),

and CTOPP BW (r = 0.51, p = 0.03) in the immature group, but only with CELF RS (r = 0.50 p
= 0.00) in the mature group, although there was a marginally significant partial correlation with
CNRep (r = 0.29 p = 0.06) (Table 6).
CELF Recalling Sentences.
Overall performance. The Comprehensive Examination of Language Fundamentals
(CELF), Recalling Sentences subtest consists of 32 increasingly complex sentences, and
participants could earn up to 3 points per sentence depending on how many errors they made in
repetition. Performance on this measure, again provided in raw percentages (total number of
items correct divided by 96 possible points) ranged from 31% to 100% (N= 64, mean = 82.94%,
SD = 16.42%). In the whole sample of participants, CELF Recalling Sentences performance was
(with age partialed out) significantly correlated with performance on the experimental NWR task
(r = 0.78, p = 0.00), the CNRep (r = 0.72, p = 0.00), CTOPP NWR (r = 0.51, p = 0.00), CTOPP
MfD (r = 0.55, p = 0.00), CTOPP EL (r = 0.48, p = 0.00), and CTOPP BW (r = 0.26, p = 0.04).
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Performance across age. Performance on this measure followed the same trend as those
presented above. The inverse curve once more corresponded to the best fit for the data given its
nature and constraints, with CELF Recalling Sentences accuracy = 1.07 + -2.89/x (R 2

=

0.64, F1 6 2 = 109.88, p = 0.00) describing the relationship between CELF performance and age.
The age division point for this test was found to be a 7.96 years (Table 8).
Mature and immature groups. The 9.45 age point continued to divide the data
meaningfully into mature and immature groups, with participants above 9.45 scoring
significantly higher than those age 9.45 and below on this measure [90.51 +/- 7.96% vs. 66.30
+/- 18.09%, t 2 2 .4 2 = 5.74 (adjusted for unequal variances), p = 0.00] (Table 7). After controlling
for age, CELF Recalling Sentences performance correlated significantly with performance on the
experimental NWR task (r = 0.75 p = 0.00), CNRep (r = 0.72, p = 0.00), CTOPP NWR (r =
0.54, p = 0.02) and CTOPP MfD (r = 0.53 p = 0.02) in the immature group, and with
performance on CNRep (r = 0.30, p = 0.05), CTOPP MfD (r = 0.50 p = 0.00) and CTOPP EL (r
= 0.34 p = 0.03) in the mature group (Table 6).

Relationship Among Measures of PWM Across Age
Growth trajectories.
The pattern of accuracy across age was broadly similar for all PWM measures, with
initially rapid growth followed by relatively static performance. The inverse model (y = A + B/x)
was significant for all data fitted (p < 0.00 1), although the goodness of the fit (as quantified by
R 2, F statistic andp value) varied for each assessment. Growth trajectories for all PWM
assessments are presented in Figure 7, and the models, fit statics and age estimates for each
PWM assessment are presented in Table 8.
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Direct comparison of the three NWR tests (experimental NWR task, CNRep, CTOPP
NWR) indicated that these differed in overall difficulty rather than pattern of development:
although CTOPP NWR was more difficult, across age, than the experimental NWR task or the
CNRep, the rate of growth did not differ significantly among the three assessments. As Figure 9
[which presents the A (asymptote) and B (growth) terms for each assessment of NWR]
illustrates, the B coefficients, and therefore the overall rates of growth, did not differ
significantly among the three NWR measures, while the asymptote of CTOPP NWR was
significantly lower than that of the other two tests. This supported the notion that, although
overall higher levels of performance were achieved on the experimental NWR task and the
CNRep had than on CTOPP NWR, all three assessments grew at very similar rates across age.
Mean performance.
In line with the pattern seen in the asymptotes of the tests, a three-by-two repeatedmeasures ANOVA with task (experimental NWR, CNRep, CTOPP NWR) as within- and group
(mature or immature) and between-subjects factors yielded a significant effect both of task
(F(
2 114) =62.33, p = 0.00) and of group (F(J.57)= 53.01, p = 0.00), though no interaction between
the two. As Figure 8 illustrates, although the mature group performed with higher accuracy than
the immature group for each measure, the relationship among tasks (relative to one another) was
remarkably similar for both groups. The mature group scored significantly lower on CTOPP
NWR than both the experimental NWR task (t39 = 10.20, p = 0.00) and the CNRep (t43 = 12.48, p
= 0.00); the same was true for the immature group (experimental NWR vs. CTOPP NWR: tJg =
3.78, p = 0.01; CNRep vs. CTOPP NWR: t18 = 3.84, p = 0.00). Experimental NWR and CNRep
scores did not differ significantly in either group (Table 9).
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Age of maturation.
Maturational ages for all PWM measures ranged from 5.99 for CTOPP Memory for

Digits to 10.9 for CTOPP NWR (Table 8). With respect to the NWR, specifically, the
transitional age for the CTOPP NWR was found to be higher than that of the experimental NWR

task (9.45) and the CNRep (7.96), a finding consistent with the relative difficulty of CTOPP
NWR in comparison to the other NWR assessments.
Immature vs. Mature Performers
The transitional age calculated for the experimental NWR task was used to divide
participants into immature and mature groups, which were retained across measures (regardless
of what the specific transitional age calculated for that measure was). Age 9.45 successfully
separated the participants into significantly different groups for all assessments of PWM and PP,
with the older group scoring significantly higher than the younger one in all cases (Table 5). For
all assessments, performance grew rapidly with age in the immature group (had a high slope) and
was nearly flat (slope close to 0) in the mature group. Accordingly, performance on all measures
was more strongly interrelated in the immature group than in the mature group (Table 6).
Consideration of measurement sensitivity.
No participant of any age performed with 100% accuracy on either the experimental
NWR task or the CNRep.

For the experimental NWR task, only 4/61 (6.56%) of all participants

scored at 100% for either the 4- or 5-syllable conditions. When considering participants older
than 12, only 7.14% and 3.57% of those above the age of 12 and scored at 100% on the 4syllable and 5-syllable conditions, respectively; these numbers changed to 9.09% and 4.55% for
adult participants (those above the age of 18). Similar, though slightly higher, performance was
seen on the CNRep: 14% and 25%, respectively, of all participants scored at 100% on the 4-
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syllable and 5-syllable conditions; this corresponded to 20% and 33% of those older than 12, and
to 20.83% and 25% of adults. Mean performance on all conditions (including the 4- and 5syllable conditions) of both the experimental NWR task and the CNRep differed significantly
from perfect performance in all participants (mean of accuracies on 4- and 5-syllable conditions
vs. perfect performance: NWR: t60 =9.29, p = 0.00, CNRep: t63 = 10.15, p = 0.00), in those
above the age of 12, well over the division age between mature and immature performance,
(NWR:

t27

=1 1.00, p = 0.00, CNRep: t29= 8.06, p = 0.00), and in adult participants (NWR: t 21 =

10.81, p = 0.00, CNRep: t23

=

7.59, p = 0.00). Thus, the NWR task did not appear to involve

ceiling effects in participants over 12 years of age. There may have been a ceiling effect in the
CNRep test, in which 1/4 - 1/3 of participants above the age of 12 performed perfectly.
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Discussion
This was the first study to characterize the full maturational progression of phonological
working memory (PWM) in typical development (TD) through the window of load-varying
nonword repetition (NWR). This was accomplished by quantifying age-related changes in
performance on several measures of PWM across the full range of childhood and early
adulthood. There were broadly similar developmental trajectories across the different measures,
characterized by rapid growth among younger participants and slow growth for older
participants, with a transition between mature and immature performance occurring in the 8-11
year old age range. These results provide strong evidence that PWM, and specifically NWR,
matures in late childhood/early pre-adolescence.
Maturational Trajectory of PWM
The first objective of this study was to discover the shape of the developmental trajectory
of NWR (a measure of PWM) between the ages of 5 and 35 years. Despite the recognition of the
centrality of PWM, as measured by NWR, for language learning (e.g., Baddeley et al., 1998),
&

literacy (e.g., Dufva, Niemi, & Voeten, 2001) and educational attainment (e.g., Jarvis

Gathercole, 2003; Gathercole, Pickering, Knight, & Stegmann, 2004), prior research has largely
focused either on clinical populations or on very young TD participants and has not examined
this skill in a continuous age range from early childhood to adulthood. The few longitudinal
studies also fail to provide this information, as these have focused on changes within younger
ages 5-8, Gathercole et al., 2005) or used tasks other than parametrically-varying NWR (e.g.,
Gathercole, Pickering, Ambridge, et al., 2004).
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Shape of trajectory.
Across multiple PWM measures, the pattern of performance across age was characterized
by steep growth for younger ages and no further growth for older ages. For all measures,
regression analyses demonstrated that developmental change in performance was best
represented by an inverse curve function rather than linear, exponential, logarithmic, or quadratic
functions. This was the case for the three measures of NWR (the experimental NWR task, the
CNRep and CTOPP NWR as other measures sensitive to PWM, including digit and sentence
recall (respectively, CTOPP Memory for Digits and CELF Recalling Sentences).
Although a lack of other studies examining all of these measures comprehensively and
continuously from childhood to adulthood preclude direct comparisons, the steep development in
younger children followed by a plateau from adolescence through adulthood appears broadly
consistent with previous findings. As reviewed by Gathercole (1999), short-term memory
capacity (including simple and complex phonological, as well as visuospatial, memory) increases
steeply up to eight years of age and shows more gradual improvement thereafter to asymptotic
levels at 1 1 or 12 years, a pattern similar to that seen in our data. Similarly-shaped growth of
verbal short-term memory in 4-11 year old children has also been demonstrated using a range of
tasks including word, nonword and digit recall (Alloway, Gathercole, & Pickering, 2006).
Likewise, another study examining the development of phonological, spatial and complex short
term memory in 4-15 year old children found similarly-shaped developmental trajectories

(Gathercole, Pickering, Ambridge, et al., 2004).
Similarly shaped developmental trajectories have also been noted in other domains of
language, such as vocabulary. For example, a longitudinal study of receptive vocabulary that
followed children with and without language impairment at age 2;6 through age 21 reported

48

three phases of vocabulary development: 5 year and under, 6-10, and adolescence into
adulthood; the strong linear growth seen in early childhood decelerated in later childhood (Rice
& Hoffman, 2015). We did not examine children younger than 5 years of age, but our findings
parallel the developmental division around age 10.
Other forms of cognition exhibited more protracted forms of development continuing into
young adulthood. Complex working memory span, for example, displays a constant steep
developmental slope extending up to 16 years of age (summarized in Gathercole, 1999).
Likewise, voluntary response suppression appears to mature in late teenage years (Luna et al,
2004), and long-term memory (Ofen et al., 2007) as well as emotion regulation (McRae et al.,
2012) both continue to develop from childhood through adolescence and into young adulthood.
The rapid growth of NWR performance in early childhood is thought to be due to a
&

number of factors. These include changes in the quality of encoding (Bowey, 2006; Neath

Nairne, 1995), increased rate of rehearsal which enables children to maintain increasing amounts
of verbal material in the phonological store (Hulme, Thomson, Muir, & Lawrence, 1984),
changes in the speed of memory scanning during retrieval (Cowan et al., 1998), and changes in
output processes (Cowan et al., 1992) including articulatory maturity and oromotor control
(Vance et al., 2005, Krishan et al., 2013). Future studies could investigate the extent to which
each of these processes influence NWR performance at various points during development by
directly testing each in the same sample of participants whose ages span a large range, and
examining relationships between measures over time.
Transitional age between mature and immature performance.
For the age range considered in the present study, the growth curves for each measure of
PWM consisted of consisted of two nearly linear patterns of growth for younger and older

49

participants. The intersection of these two linear fits was taken to be the transitional age between
immature and mature performance. Across several measures of PWM which varied in the length
and structure of the stimuli, the transitional ages between immature (child-like) and mature
(adult-like) performance fell in the 8-11 years old age range, with the exception of the slightly
younger age found for digit recall from the CTOPP (5.99 years old), which may be due to the
familiarity of stimuli (see discussion on lexicality, below). Maturational ages for NWR
measures, specifically, ranged from 7.96 for the CNRep to 10.9 for the CTOPP NWR. These
findings should be interpreted with caution, however, as they may be influenced by the uneven
distribution of participants across ages.
Our findings regarding the transitional age between immature and mature PWM
performance appear to be in line with prior findings, although available evidence in older
children or teenagers is limited, leaving the maturational age of NWR not established. In the
standardization study for the CNRep, mean scores were reported to not increase between ages 8
and 9 (the oldest participants tested) (Gathercole et al., 1994). However, only 16 nine year-old
participants were tested (as opposed to 80 - 140 participants of every other age between 4 and 8
years), and neither 8 nor 9 year-old participants performed at ceiling levels (mean accuracy was
~32/40, or 80%); it was concluded that "the developmental limits on the sensitivity of the
test.. .have yet to be identified." Seeking to expand the standardization range of the test, another
study examined CNRep performance in 10- 11 year-old children; mean performance of 93.15%
(SD = 8.55%) with "a cluster of scores" at ceiling (100%) was found, and performance above
87.5% was deemed within the normal range for this age (Simkin & Conti-Ramsden, 200 1).
Given that no other ages were tested, however, the claim that mature performance was achieved
by age 10- 11 seems premature. Furthermore, although Gathercole, Pickering, Knight, et al.
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(2004) examined PWM in both 7-8 and 14-15 year children, these authors only administered the
NWR task to the younger age band, claiming (but not providing any evidence) that the task was
too easy for older participants and again precluding knowledge of when in this age range mature
performance was achieved.
Measurement sensitivity of tasks employed.
One concern was whether the finding of maturation of nonword repetition ability around
age 12 was an artifact of ceiling performance above that age. Analyses of the NWR task,
however, indicated that performance in adolescents and adults was far from ceiling, especially in
the more difficult 4- and 5-syllable conditions. The leveling of performance above age 12,
however, was evident in these more difficult conditions. Thus, although ceiling performance
could have affected some aspects of performance, the finding the leveling of performance
occurred also in the most difficult conditions suggests that there is a true maturation of PWM, as
measured by nonword repetition, around age 10.

Cognitive Differences Between Mature and Immature Groups
Given that the experimental NWR task was the focus of this study, the maturational age
for this task was used to separate the participant group into mature (those older than 9.45 years,
N= 44) and immature (those 9.45 years old or younger, N= 21) subgroups. Several notable
differences between participants in the immature group and those in the mature group suggest
that subgroups identified on the basis of NWR scores reflected genuine developmental
differences in cognitive profile.
First, the mature group scored significantly higher than the immature group not only on
the experimental task, upon which the group division was based, but also for the CNRep and for
every other PWM and PP measure considered. Additionally, a greater decrement in accuracy
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with increasing PWM load (stimulus length) was seen for the experimental NWR task in the
immature than the mature group, though no such effect was evident for the CNRep (see
discussion re. effect of syllabic length, below). Furthermore, a comparison of age-controlled
partial correlations among measures between groups suggest that there were more, and stronger,
associations between NWR and other PWM and PP measures in the immature group than in the
mature group. As nonverbal IQ scores were not significantly correlated with age in our sample,
these differences do not appear to be a byproduct of general cognitive abilities. This is broadly
consistent with previous work, which has found a weakening of the relationship between NWR
and other language measures (e.g., vocabulary) by age 8 (Gathercole & Baddeley, 1993; Metsala,
1999). It is unclear, however, whether stronger correlations in the younger than in the older
group were due to a genuine change in the strength of the relationship of these measures, or the
general flattening of performance (restriction of range) in the older group.
Effect of Lexicality
The effect of lexicality (operationalized as phonotactic frequency; c.f. Vitevitch & Luce,
1998) on the pattern of developmental growth and transitional age was examined by comparing
performance on the two NWR measures with highly wordlike stimuli (the experimental NWR
task and the CNRep) to that on the CTOPP NWR, which consisted of stimuli which were much
less wordlike. There was consistency in not only the overall shape of the maturational
trajectories among the three tasks but, more specifically, in the Beta terms (which describe the
rate of growth) of the curves. This finding indicates that the rates of growth of NWR
performance across age were not significantly affected by the extent to which stimuli resembled
real English words. Significant differences were found only in the overall difficulty of the tasks,
reflected in the asymptote terms (peak level of performance) and means of the tests, with overall
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poorer performance on the non-word-like CTOPP NWR than the two word-like tests, which did
not differ significantly from one another. This pattern was also upheld in the transitional ages
found for these tasks, with that of the CTOPP NWR being slightly older than that of the
experimental NWR task and the CNRep.
The superior performance observed on NWR tasks with word-like stimuli is in line
findings that adults and children, with or without language impairments, perform better when
nonwords are more like words (Coady, Evans, & Kluender, 2010; Gathercole, 1995; Munson,
Kurtz, &Windsor, 2005; Vitevitch & Luce, 1999; Vitevitch, Luce, Charles-Luce, & Kemmerer,
1997). This is thought to be due, at least in part, to the facilitative effect of lexical knowledge
(Graf Estes et al., 2007). This facilitative effect may also be evident in the maturational age of
the CTOPP Memory for Digits subtest, which consists of familiar lexical items, as opposed to
unfamiliar nonwords; this age, 5.99 years, was younger than any of the other PWM measures.
Others have suggested that the facilitative effect of increased phonotactic probability
(closely related to word-likeness) decreases over development as the lexicon increases in size
(Edwards, Beckman, & Munson, 2004). Similarly, Gathercole and colleagues proposed that
early in language learning, phonological working memory skills support vocabulary growth, but
that, after approximately age 5, vocabulary knowledge may support nonword repetition
performance (Gathercole &Baddeley, 1989; Gathercole,Willis, Emslie, & Baddeley, 1992). In
contrast, in the current study, the facilitative effect of lexicality on NWR performance did not
appear to be impacted by age, as the relative difficulty of the NWR tasks was similar in the
immature and mature groups of participants. This finding suggests that the facilitative effect of
lexicality remained constant throughout development in our sample of participants.
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Effect of Syllabic Length
The effect of stimulus length on NWR was examining via performance on different
conditions of the experimental NWR task and the CNRep, both of which consisted of stimuli
varying in length from 2 to 5 syllables. Consistent with Baddeley's phonological loop model
(Baddeley, 1986; Baddeley & Hitch, 1974), mean performance on the experimental NWR task
declined with increasing stimulus length, although not all between-condition differences were
statistically significant. Performance on the shorter (2- and 3-syllable) stimuli conditions
matured more quickly than performance on the longer (4- and 5-syllable) conditions,
accompanied by less negative growth terms (indicating a faster progression toward peak
performance) and younger transitional ages. Nearly the same pattern was seen in CNRep
performance, with the exception that participants were more accurate on the 5-syllable than the
4-syllable condition on this test. This seemingly paradoxical finding parallels what was seen in
the standardization of the CNRep, which the authors ascribed to the distinct morphological
construction of 5-syllable nonwords - because the extra morphemes added to construct these
stimuli tended to be morphological units of great familiarity to children (e.g., "confrantually,"
"defermication"), the additional familiarity afforded by these morphemes may have offset the
decline in accuracy caused by maintaining increasingly long phonological constructions in
working memory (Gathercole et al., 1994).
Our fundamental interest in the current study lay in the effect of memory load (the
decrease in accuracy with increasing stimulus length) across age. Previous studies comparing
the magnitude of load effects among different groups have generally focused on clinical
populations, consistently reporting a greater cost of increased memory load for children with
language impairments than children with typical language development (reviewed in Graf-Estes
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et al., 2007). In TD participants, greater load effects, which decreased with development
(presumably due to an increase in PWM ability), were seen on the CNRep in younger children
(see Figure 2 in Gathercole et al., 1994); however, differences in the relative difficulty of the
easier and harder conditions at various ages were not great (the difference in accuracy between
the 2-syllable and 4-syllable conditions from ranged from approximately 40% in 4 year olds to
approximately 22% in 8 year olds). This difference in relative difficulty was partially replicated
in the current study. For the experimental NWR task, a larger effect of increasing PWM load
(syllabic length) was found in the immature group than in the mature group. However, no
interaction effect was found for the CNRep - the relative difficulty of the different conditions did
not differ significantly among participant groups. It is possible that this lack of significant
interaction was in part due to the fact that the immature group included participants up to age
9.45, by which time the disproportional effect of PWM load may no longer be evident (as the
division age for the CNRep was found to be 7.96 years). It is also possible that the increased
difficulty posed by the scanner environment (see limitations, below) played a greater role in
younger participants, contributing to the interaction effect evident in the experimental NWR task,
and that the lack of this increased difficulty contributed to the lack of interaction effects in the
CNRep.
Limitations and Future Directions
There are several methodological limitations which should be considered when
interpreting the results of this study. First, our sample size, which consisted of 24 adults (ages
18-35) and 40 children (ages 5-17) had limited statistical power. More problematically,
participant ages, and the number of participants per age, were not distributed evenly across the 535 age range. A more optimal design would include the same, large, number (at least 10) of
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participants at every age between 5 and 35. This would allow for more powerful, and reliable,
analyses. Furthermore, we estimated transitional ages between mature and immature
performance using a rather simple piecewise linear regression consisting of only two phases. It
is possible that a more sophisticated method, using more "pieces" (c.f. Luna et al., 2004) may
have yielded slightly different ages.
The second major consideration is that in contrast to all of the other assessments
administered, the experimental NWR task was performed while participants were undergoing
functional magnetic resonance imaging (fMRI). This introduces differences in administration
environment which may influence performance, presenting a confound in the direct comparison
of in-scanner and out-of-scanner tasks. Although child participants were extensively trained and
familiarized with the scanner environment, and every effort was taken to maximize comfort and
motivation, participants, particularly children, may still find lying still in an a relatively narrow
space for a prolonged length of time uncomfortable or anxiety-provoking. It is possible that this
could have negatively impacted participant performance, contributing to the slightly lower
accuracies achieved on the experimental NWR task as compared to the CNRep.
The scanner noise inherent to functional imaging is an important consideration for all
auditory fMRI studies. The process of image acquisition generates a high amplitude background
noise, and this noise can interfere with participants' ability to hear the experimental stimuli and
their own responses with appropriate clarity and loudness. In order to minimize the impact of
scanner noise on the acoustic quality of the stimuli, we employed a sparse imaging paradigm, in
which stimuli were presented, and responses recorded, during 4-second-long silent periods, and
image acquisition (accompanied by scanner noise) occurred during 2-second long periods after
response collection. Although such paradigms have been shown to minimize the impact of
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scanner noise on fMRI data quality (Gaab et al., 2007a, 2007b), it is still likely that listening
conditions were less optimal in the scanner than during typical test administration, negatively
impacting participants' performance. In order to empirically determine the performance cost of
the scanner environment on NWR, future studies could directly compare performance on the
experimental NWR task administered both in and out of the scanner.
There were several limitations with regard to the neuropsychological assessment battery.
First, there is a scarcity of measures which appropriately capture our cognitive constructs of
interest and are standardized for abroad range of ages from 5-35. Tests standardized for young
children are often too easy for adults and tests standardized for adults or adolescents are often too
difficult for young children. Thus, compromises had to be made about which measures would be
best suited to measure PWM, PP. and related processes in all ages. Because of their widespread
use in clinical and developmental literature, we chose to employ the CTOPP and CELF-4 to
assess PWM and PP, which are standardized for ages 5-21;11 and 24; 11, respectively. In order
to account for the lack of standardization for the older participants in our sample, developmental
analyses were performed on raw scores (converted to raw percentages for comparison among
tasks), and partial correlations, with age controlled, were computed instead of bivariate
correlations. It is possible that results may have differed slightly had different assessments been
used, and future research may wish to include more sensitive measures for adult participants.
Second, the neuropsychological assessment battery did not include a direct measure of
receptive vocabulary, the most commonly-found correlate of NWR ability (summarized in
Gathercole, 2006; but see Melby-Lervag et al., 2012 for arguing that non-word repetition and
vocabulary are dissociable). The decision to not include such a measure was made in order to
economize total testing time, a particularly important consideration given the inclusion of young
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participants, who are prone to fatigue and boredom. As such, only measures critical to the
question at hand (the developmental trajectory of PWM, as measured by NWR) were included.
Future can include a direct measure of receptive vocabulary such as the Peabody Picture
Vocabulary.Test (PPVT-4; Dunn & Dunn, 2007), which would allow for the analysis of the
relationship of NWR and vocabulary across development. Such analyses may also yield insight
into the cognitive constructs underlying NWR.
The final limitation of our study was the cross-sectional design. Although cross-sectional
designs allow for the analysis of developmental in a more time-efficient manner, a longitudinal
design is better suited to provide insight into causal mechanisms across development.
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Table I
Examples of 3-Syllable Stimulifrom Assessments of Nonword Repetition with Phonotactic
Probabilities

Misinter
Seblantic
Trumpetine
Frescovent

Phonetic
Transcription
mIzIntX
sxbl@ntlk
trlmpxtin
frEskxvxnt

Phoneme
Probability
0.43
0.50
0.56
0.64

Biphone
Probability
0.03
0.06
0.04
0.05

Bieleedoge

bYlidoJ

0.27

0.01

Task

Stimulus

Experimental NWR task
CNRep

CTOPP

Voesutoov
vozEtuv
0.23
0.01
Note. Phoneme and biphone probabilities calculated based on Vitevitch and Luce (1998).
Abbreviations: Experimental NWR, experimental Nonword Repetition task; CNRep, Children's

Test of Nonword Repetition (Gathercole, Willis, Emslie, & Baddeley, 1994); CTOPP NWR,
Comprehensive Test of Phonological Processing, Nonword Repetition subtest (Wagner,
Torgesen, & Rashotte, 1999).
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Table 2
Participants'Performance on NeuropsychologicalAssessments

Measure
Age (years)
KBIT Matrices
Experimental NWR
CNRep
CTOPP NWR

N total
65
65
61
64
64

N immature a
21
21
21
20
20

N matureb
44
4440
44
44

CTOPP MFD
CELF RS
CTOPP EL
CTOPP BW

65
64
65
64

21
20
21
20

44
44
44
44

16.54
117.25
83.29
83.44
67.45

SD
9.77
13.52
25.93
50.00
22.22

Min.
5.2
82
25.93
50.00
22.22

Max.
34.73
152
98.95
97.50
100.00

75.16
82.94
85.31
79.92

33.33
31.25
30.00
30.00

33.33
31.25
30.00
30.00

100.00
100.00
100.00
100.00

M

Note. KBIT Matrices standard scores are provided; all other scores are provided as raw scores converted to percentages by dividing
the raw score by the total number of items on the test and multiplying by 100. Abbreviations: KBIT, Kaufman Brief Intelligence Test
(Kaufman & Kaufman, 1990); Experimental NWR, experimental Nonword Repetition task; CNRep, Children's Test of Nonword
Repetition (Gathercole, Willis, Emslie, & Baddeley, 1994); CTOPP NWR, Comprehensive Test of Phonological Processing (Wagner,
Torgesen, & Rashotte, 1999), Nonword Repetition subtest; CTOPP MFD, CTOPP Memory for Digits subtest; CELF RS, Clinical
Evaluation of Language Fundamentals, Recalling Sentences subtest (Semel, Wiig, & Secord, 2003); CTOPP EL, CTOPP Elision
subtest; CTOPP BW, CTOPP Blending Words subtest.
almmature group: participants 5-9.45 years old; bMature group: participants 9.46-35 years old.

61

Table 3
Participants'Performance on the ExperimentalNonword Repetition task and the Children's Test of Nonword Repetition

Whole group
Condition
2-syllable
3-syllable
4-syllable
5-syllable
Total

88.83
84.52
80.58
80.31
83.29

(10.50)
(14.00)
(16.44)
(18.63)
(13.84)

Immature group
Experimental Nonword Repetition Task
.81.32 (13.29)
73.64 (16.58)
69.24 (21.32)
64.19 (21.65)
71.73 (17.38)

Mature group
92.77
90.25
86.55
88.78
89.36

(5.81)
(7.97)
(8.79)
(8.94)
(5.51)

Children's Test of Nonword Repetition (CNRep)

2-syllable
91.41 (12.07)
81.00 (15.53)
96.14 (5.79)
3-syllable
84.38 (13.55)
74.00 (15.01)
89.09 (9.84)
4-syllable
78.13 (19.26)
62.50 (23.81)
85.23 (11.31)
5-syllable
80.00 (18.86)
65.00 (22.12)
86.82 (12.35)
Total
89.26 (6.30)
70.63 (14.98)
83.44 (13.06)
Note. For all cells, mean (standard deviation) percent accuracy is shown. Abbreviations: Experimental NWR, experimental Nonword
Repetition task; CNRep, Children's Test of Nonword Repetition (Gathercole et al., 1994). N values for each group are provided in
Table 2.
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Table 4
Inverse Model Parameters and Ages Indicating Transition From Immature to Mature Performancefor the Experimental Nonword
Repetition Task and the Children's Test of Nonword Repetition
Transition Age
6.16
5.67
1.01
0.00
37.14
1, 59
0.38
3 syl
Experimental
4 syl
0.26
1, 59
20.93
0.00
0.96
7.96
NWR
9.45
0.42
-2.45
0.04
1.01
0.00
34.14
1, 59
0.37
5 syl
9.45
0.31
-1.85
0.03
0.99
0.00
35.95
1, 59
0.38
Overall
7.90
0.29
-1.39
0.03
1.03
0.00
23.11
1,62
0.27
2 syl
7.96
0.30
-1.74
0.03
0.99
0.00
33.76
1, 62
0.35
3 syl
9.10
0.44
-2.40
0.04
0.98
0.00
29.38
1, 62
0.32
4 syl
CNRep
7.96
0.44
-2.21
0.04
0.99
0.00
24.57
1, 62
0.28
5 syl
7.96
0.27
-1.94
0.03
1.00
0.00
51.20
1, 62
0.45
Overall
Note. For each measure, the form of the inverse model equation is Accuracy = A + B/age, where A is the asymptote and B is the
growth term of the function (such that the more negative the B value, the more slowly that measure approaches the A value).
Abbreviations: Experimental NWR, experimental nonword repetition task; CNRep, Children's Test of Nonword Repetition
(Gathercole, Willis, Emslie, & Baddeley, 1994).
Task

Condition
2 syl

R2
0.31

df
1, 59

F
26.56

p
0.00

A
1.00

SE(A)
0.02
0.03
0.04

B
-1.28
-1.89
-1.83

SE(B)
0.25
0.31
0.40
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Table 5
BehavioralPerformanceon Phonological Working Memory and PhonologicalProcessingMeasuresfor Each Group of Participants
Experimental NWR
CNRep
CTOPP NWR CTOPP MFD CELF RS
CTOPP EL CTOPP BW
Immature group
89.36 (5.51)
89.26 (6.30)
13.00 (1.74)
17.00 (2.52)
86.89 (7.64)
18.68 (1.22)
17.82 (6.58)
Mature group
71.73 (17.38)
70.63 (14.98) 10.25 (3.26)
13.24 (3.11) 63.65 (17.36) 13.67 (4.13)
11.95 (4.02)
t (2-tailed)
4.53
5.35
4.41
5.22
5.74
3.02
3.68
df
22.14
22.12
24.06
63
22.42
21.67
56.45
0.00
0.00
0.00
0.00
0.00
0.00
0.00
p
Note. For all assessments, mean (standard deviation) percent accuracy is shown. T and dfvalues have been adjusted for unequal
variances. Abbreviations: Experimental NWR, experimental Nonword Repetition task; CNRep, Children's Test of Nonword
Repetition (Gathercole, Willis, Emslie, & Baddeley, 1994); CTOPP NWR, Comprehensive Test of Phonological Processing (Wagner,
Torgesen, & Rashotte, 1999), Nonword Repetition subtest; CTOPP MFD, CTOPP Memory for Digits subtest; CELF RS, Clinical
Evaluation of Language Fundamentals, Recalling Sentences subtest (Semel, Wiig, & Secord, 2003); CTOPP EL, CTOPP Elision
subtest; CTOPP BW, CTOPP Blending Words subtest.
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Table 6
PartialCorrelationsBetween Measures of PhonologicalWorking Memory and PhonologicalProcessingfor Each Group of
Participants
1

2

3

Immature group
5
4

6

1

7

2

Mature group
4
5
3

6

7

1.

1. Experimental NWR
2. CNRep

0.57*

2.

0.52**

3. CTOPP NWR
4. CTOPP MFD

0.58** 0.59**
0.61 ** 0.50* 0.68**

3.
4.

0.13
0.14

0.43**
0.29 0.25

5. CELF RS

0.75** .72**

5.

0.23

0.30*

.54*

.53*

0.20

0.50**

6.
0.31 0.19 0.25 0.17 0.34*
0.23 -0.14 0.06 0.43 0.05
6. CTOPP EL
0.19 0.04 -0.02 -0.03 0.16 0.20
7.
0.33 0.60** 0.65** 0.51* 0.23 -0.02
7. CTOPP BW
Note. Partial correlations were calculated with age controlled. N values are provided in Table 2. Abbreviations: Experimental NWR,
experimental Nonword Repetition task; CNRep, Children's Test of Nonword Repetition (Gathercole, Willis, Emslie, & Baddeley,
1994); CTOPP NWR, Comprehensive Test of Phonological Processing (Wagner, Torgesen, & Rashotte, 1999), Nonword Repetition
subtest; CTOPP MFD, CTOPP Memory for Digits subtest; CELF RS, Clinical Evaluation of Language Fundamentals, Recalling
Sentences subtest (Semel, Wiig, & Secord, 2003); CTOPP EL, CTOPP Elision subtest; CTOPP BW, CTOPP Blending Words subtest.
*Correlation is significant at 0.05 level. **Correlation is significant at 0.01 level.
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Table 7
PairwiseContrastsAmong Syllabic Conditions on the ExperimentalNonword Repetition Task and the Children's Test of Nonword
Repetitionfor Each Group of Participants

Contrast
2 vs.
2 vs.
2 vs.
3 vs.
3 vs.
4 vs.

3
4
5
4
5
5

Whole group'
t
p
Mean Difference
4.30 (9.54)
8.24 (11.75)
8.52 (13.14)
3.94 (9.13)
4.22 (10.81)
0.28 (12.37)

3.52
5.48
5.06
3.37
3.05
0.17

Immature group
Mature group'
t
p
d
Mean Difference
t
p
d
Mean Difference
Experimental Nonword Repetition Task (NWR)

d

0.00
0.00
0.00
0.00
0.00
0.86

0.45
7.68 (10.65)
3.31 0.00 0.72
2.53 (8.51)
1.88 0.07 0.30
0.70
12.08 (12.53)
4.42 0.00 0.96
6.23 (10.95)
3.60 0.00 0.57
0.65
17.13 (15.14)
5.19 0.00 1.13
4.00 (9.33)
2.71
0.01 0.43
0.43
4.40 (9.96)
2.02 0.06 0.44
3.70 (8.79)
2.66 0.01 0.42
0.39
9.45 (12.29)
3.52 0.00 0.77
1.47 (8.93)
1.04 0.30 0.16
0.02
5.05 (14.31)
1.62 0.12 0.35
-2.23 (10.57)
-1.33 0.19 -0.13
Children's Test of Nonword Repetition (CNRep)
2 vs. 3
7.03 (12.43)
4.52 0.00 0.57
7.00 (13.42)
2.33 0.03 0.52
7.05 (12.12)
3.86
0.00 0.58
2 vs. 4
13.28 (17.09)
6.22 0.00 0.78
18.50 (22.54)
3.67 0.00 0.82
10.91 (13.61)
5.32
0.00 0.80
2 vs. 5
11.41 (17.08)
5.34 0.00 0.67
16.00 (22.34)
3.20 0.00 0.72
9.32 (13.88)
4.45
0.00 0.67
3 vs. 4
6.25 (16.38)
3.05 0.00 0.38
11.50 (22.54)
2.28 0.03 0.51
3.86 (12.24)
2.09 0.04 0.32
3 vs. 5
4.37 (16.41)
2.13 0.04 0.27
9.00 (19.97)
2.02 0.06 0.45
2.27 (14.28)
1.06 0.30 0.16
4 vs. 5
-1.88 (14.79)
-1.01 0.31 -0.13
-2.50 (20.23)
-0.55 0.59 -0.12
-1.59 (11.80)
-0.89 0.38 -0.21
Note. For mean differences, mean (standard deviation) percent accuracy is shown. Abbreviations: Experimental NWR, experimental
Nonword Repetition task; CNRep, Children's Test of Nonword Repetition (Gathercole, Willis, Emslie, & Baddeley, 1994).
adf = 60 (NWR), 63 (CNRep) for the whole group. bdf = 20 (NWR), 19 (CNRep) for the immature group. N = 39 (NWR), 43
(CNRep) for the mature group.
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Table 8

Inverse Model Parametersand Ages of Transitionfrom Immature to Mature Performancefor Measures of Phonological Working
Memory and PhonologicalProcessingandNonverbal CognitiveAbility
Measure

R2

df

F

p

A

SE (A)

B

Experimental Nonword Repetition Task

0.38

1, 59

35.95

0.00

0.99

0.03

-1.85

0.31

9.45

Children's Test of Nonword Repetition

0.45

1, 62

51.20

0.00

1.00

0.03

-1.94

0.27

7.96

CTOPP Nonword Repetition

0.20

1, 62

15.15

0.00

0.79

0.04

-1.42

0.37

10.9

CTOPP Memory for Digits

0.45

1, 63

51.50

0.00

0.94

0.03

-2.27

0.32

5.99

SE (B) Transition Age

7.96
0.30
-2.89
0.03
1.07
109.88 0.00
1, 62
0.64
CELF Recalling Sentences
Note. For each measure, the form of the inverse model equation is Accuracy = A * B/x, where A is the asymptote and B is the growth
term. N values are provided in Table 2. Abbreviations: Experimental NWR, experimental Nonword Repetition task; CNRep,
Children's Test of Nonword Repetition (Gathercole, Willis, Emslie, & Baddeley, 1994); CTOPP NWR, Comprehensive Test of
Phonological Processing (Wagner, Torgesen, & Rashotte, 1999), Nonword Repetition subtest; CTOPP MFD, CTOPP Memory for
Digits subtest; CELF RS, Clinical Evaluation of Language Fundamentals, Recalling Sentences subtest (Semel, Wiig, & Secord, 2003).
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Table 9
PairwiseContrastsAmong Measures of Nonword Repetitionfor Each Group of Participants

Immature group
Mature group
Contrast
Mean Difference
t
p
d
Mean Difference
t
p
d
Exp. NWR vs. CNRepa
2.75 * 10-3 (0.14) 0.09
0.93
0.02
-2.00 * 10-3 (0.59) -0.21
0.83
-0.03
Exp. NWR vs. CTOPP NWRb
0.14 (0.16)
3.78
0.00
0.85
0.17 (0.10)
10.20
0.00
1.61
CNRep vs. CTOPP NWR'
0.13 (0.15)
3.84
0.00
0.88
0.17 (0.09)
12.48
0.00
1.88
Note. For mean differences, mean (standard deviation) percent accuracy is shown. Abbreviations: Experimental NWR, experimental
Nonword Repetition task; CNRep, Children's Test of Nonword Repetition (Gathercole, Willis, Emslie, & Baddeley, 1994); CTOPP
NWR, Comprehensive Test of Phonological Processing, Nonword Repetition subtest (Wagner, Torgesen, & Rashotte, 1999)
adf=

19 (immature group), 39 (mature group);

bdf=

19 (immature group), 39 (mature group); cdf= 18 (immature group), 43 (mature

group).
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Figure 1. Mean performance on the experimental NWR task (left) and the Children's Test of Nonword Repetition (CNRep;
Gathercole, Willis, Emslie, & Baddeley, t994) (right) as a function of participant age. Accuracy (proportion correct responses) for
each participant is averaged across all experimental conditions. N = 61 (NWR); 64 (CNRep) .Inverse curve fits for each test illustrate
the pattern of maturation over time; model equations and fit parameters are provided in Table 5.
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Figure 2. Mean performance on the each syllabic condition of the experimental nonword repetition task (NWR, left) and the
Children's Test of Nonword Repetition (CNRep; Gathercole, Willis, Emslie, & Baddeley, 1994) (right) as a function of participant
age. Accuracy (proportion correct responses) for each participant is averaged across all trials of each experimental condition. N = 61
(NWR); 64 (CNRep). Inverse curve fits for each condition for each test illustrate the pattern of maturation over time; model
equations and fit parameters are provided in Table 5.
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Nonword Repetition subtest; CTOPP MFD, CTOPP Memory for Digits subtest; CELF RS, Clinical Evaluation of Language
Fundamentals, Recalling Sentences subtest (Semel, Wiig, & Secord, 2003). Inverse curve fits for each test illustrate the pattern of
maturation over time. Model equations and fit parameters are provided in Table 5; N values are presented in Table 2. The pattern of
developmental growth was quite similar among different assessments, in each case marked by a period of rapid growth followed by
nearly flat, asymptotic growth.
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Experimental NWR, experimental Nonword Repetition task; CNRep, Children's Test of Nonword Repetition (Gathercole, Willis,
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Chapter 2

Finiteness Processing in Typical Development
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Introduction
What is Finiteness?
The development of syntactic ability in children is characterized by a progression of
skills, a crucial one of which is the ability to appropriately mark finiteness, or tense, on verbs.
Developmental studies have indicated that children acquiring language typically in many
languages go through a period in which they experience disproportional difficulty with the
appropriate use of morphemes which mark finiteness, resulting in systematic errors known as

"optional infinitives" (01; Schitze & Wexler, 1996; Wexler, 1994, 1998, 2003). A finite verb is
one marked both for tense (i.e., past/present/future) and for agreement (i.e., I st/ 3

d person)

by a

grammatical morpheme (such as "s" or "-ed"). For example, in the sentence "Mary gives Joe the
book," the correct (finite) form of the verb "to give" is used; in contrast, in "Mary give Joe the
book*," the verb is (erroneously) used in its non-finite (or "infinitival") form. Although the only
acceptable (grammatically correct) verb form for a given context may be the finite form, young
children treat this requirement as optional, employing correct, finite, verb forms interchangeably
with incorrect, non-finite (infinitival), ones in contexts which mandate finiteness (Wexler, 1998).
Accordingly, this period has been termed the "Optional Infinitive" (01) phase of linguistic
development (Rice, Wexler, & Cleave, 1995; Wexler, 1994, 1998).
&

Although the 01 stage is typically characteristic of the preschool years (e.g., Rice

Wexler, 1996), there is evidence that processing grammatical constructions involving finiteness
remains challenging even through young adulthood (Kovelman et al., 2014). As of yet, the
developmental course of finiteness marking has been undocumented. The goal of the present
study was to chart the full maturational progression of this theoretically and clinically significant
grammatical ability.
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Theoretical and Clinical Significance of Finiteness
The 01 developmental phase is both theoretically interesting and clinically significant
due to its purported biological basis. The notion that this stage might be biologically constrained
derives in part from the observation that the speed and efficiency with which typical
development (TD) children transition out of it appear unaffected by parental education or the
child's IQ, factors that strongly influence many other aspects of language acquisition, such as
vocabulary (Rice, 2004; Rice & Wexler, 1996). Clinically, it has long been known that children
with Specific Language Impairment (SLI), who have difficulty with spoken language acquisition
despite otherwise typical development, appear to have a protracted 01 stage, continuing to make
finiteness errors into teenage years (Rice, Hoffman, & Wexler, 2009). This observation has led
to the influential "Extended Optional Infinitive" (EOI) account of SLI (Rice & Wexler, 1996).
Importantly, both behavioral and molecular genetic studies suggest that this grammatical deficit
may have a specific genetic basis, altogether suggesting a neurobiological basis for syntax
(Bishop, Adams, & Norbury, 2006; Falcaro et al., 2008). The optional use of finiteness is highly
&

diagnostic at indicating both present and past language impairment (Norbury, Tomblin,

Bishop, 2008), so much so that it used as a clinical marker (Botting & Conti-Ramsden, 2001).
Interestingly, the development of 01 also appears to be protracted in a proportion of individuals
with Autism Spectrum Disorder (ASD; Roberts, Rice, & Tager-Flusberg, 2004).

Characteristics of the 01 Stage
Scope and limits.
The 01 phenomenon appears to affect core linguistic mechanisms, as it cannot be
accounted for by problems with language output or phonology. Moreover, processes affected
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during the 01 stage appear to be specific to finiteness, indicating that this phenomenon is distinct
from and cannot be explained by broader grammatical nor cognitive development.
Generality.
01 is evident in both expressive and receptive language. The defining characteristic of
the 01 period is difficulty appropriately assigning finiteness to verbs. Accordingly, common
production mistakes made during this stage include omissions of the third-person singular -s
("she emptv the trash daily"*), regular past tense -ed ("yesterday I walk the dog*"), as well as
copula and auxiliary to be ("She _happy"*) and to do ("she - not walk to school"*). However,
processing challenges associated with 01 are not limited to expressive language. In contrast,
grammaticality judgment studies have found that children in the 01 stage make similar errors of
finiteness during comprehension as they do during production, erroneously accepting as
grammatically correct sentences which use nonfinite verb forms when finite ones are required
(Grinstead et al., 2012; Rice et al., 2009; Rice, Wexler, & Redmond, 1999). This may occur in
part because young children often favor the semantic context over the syntactic one, and errors of
finiteness do not typically change the meaning of the verb or sentence, which is further bolstered
by discourse information (Grinstead, 2004; Wexler, 1998). This perception-production parallel
suggests that underlying linguistic, rather than sensory or motor, mechanisms give rise to the 01
phenomenon.
01 is a) cross-linguistic and b) not a byproduct of phonology. The 01 developmental
period is not idiosyncratic to one specific language or dialect. In contrast, cross-linguistic
findings of robust 01 effects in many languages, including English, Dutch, French, Russian and
German (Gordishevsky & Avrutin, 2004; Poeppel & Wexler, 1993; Wexler, 1994) suggest 01
affects universal linguistic mechanisms. This cross-linguistic work also indicates that optional
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infinitives are not merely reductions of more complex (and more challenging) forms to simpler,
less demanding forms. Although 0I errors in English involve omitting the requisite morpheme
from the phrase, in other languages, the infinitival form of the verb is longer than the finite form,
and, finiteness errors can involve commission as well as omission. For example, Frenchspeaking children in the 01 stage may use the longer, infinitival, "il dormir"* (he + to sleep)
when the finite "il dort" (he sleeps) is appropriate (Pierce, 2012). Findings such as these suggest
that finiteness errors result from the selection of the incorrect grammatical form rather than a
phonological simplification of the appropriate form.
Specificity.
During the 01 stage, ungrammatical omission of tense morphology coexists with
preserved competence for grammatical form choice and word order (rare are productions like "he
are running" or "he not is running," respectively). Similarly preserved is the ability to detect
ungrammatical usage of structures not related to tense, such as omission of "-ing" (e.g., "he is
jump*") (Rice, 2003; Rice, Wexler, & Hershberger, 1998; Wexler, 1994). These observations
indicate that linguistic challenges evident in the 0I stage appear to be specific to finiteness rather
than affecting grammatical processing more generally.
Theoretical Basis of 01: UCC Model
One explanation for the protracted acquisition of finiteness is that this computation
necessitates the simultaneous performance of two cognitive operations rather than one,
presumably requiring extra cognitive resources, and is thus especially challenging for children.
Every verb used in the English language must be checked for the proper assignment of both tense
(e.g., present "today we bake a cake" vs. past "yesterday we baked a cake") and of agreement
(e.g., first person "today we bake a cake" vs. third person "today he bakes a cake"; Wexler,
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1994). The Unique Checking Constraint (UCC) account of the 01 stage proposes that young
children can check for only one feature at a time, and are thus unable to complete these two
computations, which presumably compete for cognitive resources, simultaneously (Wexler,
1998). As a result, when assigning finiteness, the child sometimes omits either tense or
agreement, which, in English, results in the production of an infinitival bare-stem form, as in
"today he go home"*.
Consistent with this account, children do not systematically make grammatical mistakes
when only one computation is required: agreement-only violations, such as subject-verb
agreement errors ("Today Iis home"*) rarely occur (Harris & Wexler 1996; Poeppel & Wexler,
1993; Wexler, 2003). This contrasts with the need to simultaneously assign both tense and
agreement in the computation of finiteness, and the consequent prevalence of finiteness errors in
development. Note that finiteness is either not assigned at all or assigned correctly; erroneous
finiteness assignment is unlikely to occur. For example, children do not use present tense where
past tense is appropriate (Rice & Wexler, 1996, Rice et al., 1995).
Developmental Course of Finiteness
Previous work on the development of finiteness.
Prior research has indicated that TD children stop making finiteness errors in production
approximately by the time they enter kindergarten (Rice & Wexler, 1996; Rice et al., 1995,
1998). For example, in a longitudinal study of TD children age 2;6 - 8;9 years, Rice et al.
(1998) found proficient production of tense-marking morphemes in obligatory contexts in
elicitation tasks as well as spontaneous speech by age 4. This same sample of children made
similar errors in comprehension as they did in production, erroneously accepting sentences with
incorrect use of finiteness-marking morphemes as correct, through age 4-5 (Rice et al., 1999).
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Other work using grammaticality judgment paradigms has supported these findings, together
indicating that the development of finiteness processing, regardless of whether this is observed in
expressive or receptive language, is complete by age 5 (Grinstead et al., 2012; Rice et al., 2009).
Recent evidence on finiteness.
Previous research on the maturation of finiteness processing in the TD population,
including Rice et al's work, has largely utilized expressive measures and, more problematically,
almost exclusively been conducted with young children (decreasing the likelihood that any
changes occurring in later childhood or adulthood be discovered). While it is true that overt 01
production errors are no longer being made, we have recently shown that linguistically proficient
adults, long past the 01 developmental period and with no history of language difficulty or delay,
were significantly less accurate and slower at judging the grammaticality of sentences with
finiteness errors than sentences with non-developmental grammatical errors of agreement
(Kovelman et al., 2014). Thus, even in adulthood, 01 constructions remained differentially
taxing, demanding additional processing resources and effort, as compared to constructions that
do not present such a challenge.
Prior work on development of other grammatical skills.
Kovelman et al.'s findings are less surprising when considering prior work on the
development of other grammatical abilities, which have been shown to continue maturing from
childhood through adolescence and into early adulthood (ages 20-29), stabilizing only in middle
age (Nippold, Hesketh, Duthie, & Mansfield, 2005). For example, TD children and adolescents
gradually become faster and more accurate at interpreting and producing complex sentences and,
crucially, at detecting grammatical violations in these sentences (Berman, 2004; Nippold et al.,
2005; Wulfeck, Bates, Krupa-Kwiatkowski, & Saltzman, 2004). The growth of standardized
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scores with age on tests of grammatical ability such as the Test of Reception of Grammar
(TROG-2; Bishop, 2003), which measures comprehension of various syntactic structures (e.g.,
"the book the scarf is on is blue"), also support the notion that grammatical ability continues to
develop throughout childhood and adolescence. However, these findings do not shed light on the
development of finiteness, specifically, because even when grammatical violations that could be
classified as Ols were included as stimuli, only one type of finiteness error was use, and, often,
as finiteness errors were not separated from other types grammatical errors, such as those of
word order. Nonetheless, taken together with this prior work, Kovelman et al.'s findings suggest
that the processing of finiteness may be one of several grammatical subskills with a
developmental timecourse which stretches long past early childhood.
Thus far, no one has examined the continuous progression of finiteness-related
processing from early childhood to adulthood using a receptive (or any) measure. The
demonstration of differences between the processing of 01 and non-Ol grammatical errors at the
end point of development suggests that this skill is not fully developed by the age dictated by 01
theory (4-5). In the current work, we address this question in a sample of TD children and adults
ranging in age from 5 to 35 years old in hopes of illuminating the development of finitenessrelated grammar from early to late childhood, through teenage years, and into adulthood.
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Methods
Design
These data are part of a study exploring the neural basis of the development of tenserelated grammatical processing using behavioral methods and functional magnetic resonance
imaging (fMRI). This chapter considers the behavioral component of the study, only; details of
the imaging paradigm and data are discussed in Kovelman et al. (2014). Likewise, all aspects of
the grammatical paradigm are discussed in Perrachione, Ghosh, Ostrovskaya, Gabrieli, and

Kovelman (2014).
Participants
Seventy two (72) participants (36 males; ages 5.67 - 34.73 years, mean age = 15.84 +/9.56) successfully completed this study. All participants were right-handed (as assessed by a
modified version of the Dean Laterality Scale; Dean, 1988) and were native speakers of
American English. Participants had no speech, hearing, reading, language difficulties or Autism
Spectrum Disorders (and no family history of the same), no history of cognitive or motor
developmental difficulties, no neurological or psychiatric disorder, and were not currently taking
medication affecting the nervous system. This study was approved by the MIT Committee on
the Use of Humans as Experimental Subjects. All adult participants, and parents/guardians of
child participants, provided informed, written consent for participation, and each child provided
verbal or written assent. Adult participants received monetary compensation, and child
participants received the equivalent in bookstore gift certificates, for their time.
Overall Procedure
Participants completed 2-3 study visits, as needed. During visits 1-2, participants
completed neuropsychological assessments and were familiarized with the scanner environment.
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During the last visit, participants first learned and practiced the experimental grammaticality
judgment task, and, upon demonstrating proficiency, completed this task while undergoing
fMRI. Participants completed the Nonword Repetition (NWR) and grammaticality judgment
tasks in the same MRI session. Presentation order was randomly assigned and counterbalanced
among all participants, such that half completed the NWR task first, while the other half
completed the grammaticality judgment task first.
Neuropsychology - Behavioral Assessments
All participants completed a battery of standardized clinical and non-standardized
experimental assessments of grammatical ability, nonverbal cognition and related expressive and
receptive language skills. Adult participants also completed a detailed background questionnaire
describing their speech, language and reading development (e.g., developmental milestones) as
well as their family history, and parents completed comparable questionnaires about child
participants. All assessments were administered either by the author or by trained research staff
under the supervision of a licensed Speech-Language Pathologist. Testing was conducted in a
quiet room during one or two (as needed, to avoid fatigue in child participants), testing sessions
each lasting approximately 2 hours. Each assessment was scored by two independent, trained
scorers (the tester who administered the test and another trained staff member) to ensure
reliability, and any disagreements between the two scorers were resolved by a third scorer.
Scoring.
Each standardized assessment yielded raw and standard scores. Raw scores are typically
calculated by summing the total number of items answered correctly on each test. In order to
account for the effect of age, raw scores are often converted to standardized scores, which can
then be used to compare raw scores of test takers of different ages. Standard scores are
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calculated by converting raw scores to a scale that has a designated mean and standard deviation,
based on the norming sample of the test. Scores within one standard deviation of the mean of
each assessment are typically considered to be in the "normal" range. In the current study, raw
scores were considered for main analyses of developmental effects, as these best reflect effects
of maturation and were (unlike standard scores) available for all ages of participants for each
assessment. Standard scores were used when ensuring that neither nonverbal cognitive abilities
nor general language skills varied substantially throughout the sample.
Nonverbal cognition.
Nonverbal cognitive ability was assessed using the Matrices subtest of the Kaufman Brief
Intelligence Inventory -

2 nd

Ed. (KBIT; Kaufman & Kaufman, 1990). In this assessment,

participants were presented with a series of pictures that relate to one another on a page and
asked to select a picture that best fits with the target pictures from multiple choices. The KBIT is
standardized for ages 4;0 to 90; 11. Raw scores range from I to 96, and the standard score scale
is set to a mean is 100 and the standard deviation is 10.
Receptive grammar.
All participants. All participants completed the experimental grammaticality judgment
task, which was designed to assess receptive grammatical abilities specific to finiteness. As this
measure was developed for a specific research question, it is not standardized; as such, only raw
accuracy (proportion of correct responses) and reaction time (number of milliseconds before
response onset) data are reported. Details of task design, presentation and scoring are discussed
below.
Child participants. For participants age 5-18, receptive grammar was assessed using the
Test for Reception of Grammar (TROG-2; Bishop, 2003). This measure tests understanding of
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20 grammatical constructs four times each. Each construct is tested in one block containing four
trials, all four of which must be correctly answered in order to pass the block. In each trial,
participants were shown four pictures on a page containing lexical and grammatical foils and
hear a sentence spoken by the examiner; participants must selected the picture that matches the
sentence. The TROG-2 is standardized for ages 4;0 and up, with the oldest standardization
bracket including ages 14 and above (this standardization bracket was applied to participants age
14-17 years). Raw scores (number of blocks passed) range from I to 20, and the standard score
scale is set to a mean of 100 and a standard deviation of 15.
Adult participants. Pilot testing suggested the TROG-2 was not sensitive enough to
capture individual differences in grammatical ability for participants above the age of 18 years
due to ceiling effects. Therefore, no direct assessment of receptive grammar was given to these
participants.
Expressive grammar.
All participants. All participants in the study completed the Recalling Sentences (RS)
subtest from the Comprehensive Evaluation of Language Fundamentals (CELF-IV; Semel,
Wiig,& Secord, 2003). In addition to expressive grammatical ability, this assessment also taps
phonological short-term memory and semantic knowledge, and is clinically sensitive to language
impairment (Archibald & Joanisse, 2009). In this test, participants heard, and were required to
repeat verbatim, increasingly longer and more grammatically complex sentences read by the
experimenter. Each of 32 items can yield a score ranging from 3 (for perfect repetition) to 0
(four or more errors in repetition), thus raw scores range from I to 96. The standard score scale
is set to a mean of 100 and standard deviation of 15. As the CELF-IV is standardized up to
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21; 11 years of age, standard scores for participants aged 22-3 5 were computed from the oldest
standardized age bracket (17-21 ;1 1).
Child participants. Participants age 5-18 also completed the Formulated Sentences (FS)
subtest of the CELF-IV, which indexes both expressive grammatical ability and phonological
short-term memory and also draws on the semantic system. In each trial, participants were
shown a picture and asked to formulate a grammatically and semantically complete sentence
about the picture using a target word or phrase spoken by the examiner. There are 28 test items,
and each can yield a score ranging from 2 (for a grammatically and semantically correct
sentence) to 0 (for a grammatically incorrect or unrelated sentence). Raw scores for this subtest
range from I to 56, and normative data is as described for CELF RS, above. This subtest also
limited by ceiling effects in adult participants, and was therefore only given to participants in the
age 5-18 years.

Related language skills
While this study focused on the development of grammatical processing (as assessed by

the experimental grammaticality judgment task, TROG and CELF), related language abilities,
including phonological memory and phonological processing were also assessed to allow
examination of possible relationships among measures.
Phonological memory. Phonological working memory (PWM) measures included the
Memory for Digits subtest of the Comprehensive Test of Phonological Processing (CTOPP;
Wagner, Togesen, & Rashotte, 1999), as well as three tests of NWR. For CTOPP Memory for
Digit, participants heard recordings of increasingly long sequences of digits (ranging from 3 to 7
digits in length), and were required to repeat each sequence aloud in the same order that they
heard it. Raw scores range from I to 21, and the standard score scale is set to a mean of 100 and
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standard deviation of 15. Since the CTOPP is standardized for use with participants up to 24; 11
years only, for participants study aged 25-35, standard scores for all subtests of the CTOPP were
computed from the oldest standardized age bracket (17-24; 11). NWR measures included the
Children's Test of Nonword Repetition (CNRep; Gathercole, Willis, Emslie, & Baddeley, 1994),
the NWR subtest from the CTOPP, and our experimental NWR task, details of which are
discussed in Chapter 1 of this document.
Phonological processing. Phonological processing (PP), the awareness of and ability to
manipulate the sounds of language, was assessed with the Blending Words (BW) and Elision
subtests of the CTOPP. These assessments involved combining individual sounds in a word into
that word (BW) or repeating a given word with a target phoneme deleted (Elision). Raw scores
for both range from 0 to 20, and the standardization is described above (see CTOPP).
Experimental Grammaticality Judgment Task
Stimuli.
The experimental grammaticality judgment task included 108 five-word sentences, with
36 sentences per each of the following 3 conditions (01, GE, Cor):
1) 01: Grammatically incorrect sentences containing one of three types of errors typical of
the Optional Infinitive (01) stage of language development. These 36 01-error sentences
were split evenly among three types, with 12 sentences per OI-error type:
a) Omissions of past tense /-ed/ (e.g., "yesterday she water the plants" instead of
"yesterday she wateredthe plants").
b) Omissions of present tense 3rd-person singular /-s/ ("today he eat his dinner" instead
of "today he eats his dinner").
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c) Omissions of copular /to be! ("she the nicest in town" instead of "she is the nicest in
town"). Sentences with -ed and -s omissions contained a temporal adverb, so as to
provide the temporal context for the sentence and assist the participant in establishing
the morpheme that is missing (-ed for past and -s for present). For 3rd-person
singular omissions, only verbs whose 3rd-person singular form ends with the voiced
consonant "/z/" (e.g., "hurry"/"hurries" rather than "sit"/"sits") to facilitate the
saliency of this omission were used. The omission of a 3rd person singular marker,
likewise, was never preceded a word with a sibilant (/s/, /z/, /s/ or /2/) onset.
2) GE: Grammatically incorrect sentences containing non-developmental "General" Errors
(GE). Sentences comprising the GE condition contained grammatical errors which do
not systematically occur during typical or atypical language acquisition and which
children in the 0I stage mostly judge as ungrammatical (Rice et al., 1999). This
condition was included in order to isolate the effect of processing 01 constructions
specifically, as opposed to overall non-grammaticality. GE-error sentences were evenly
split among the following two types, with 18 sentences per error type:
a) Sentences containing verb suffix omission (omission of the past participle /-ing/; "we
are go to the movies" instead of "we are going to the movies".

Although these

sentences parallel the 01 condition in that both contain a morpheme omission,
omissions of /-ing/elicit behavioral and neural error recognition responses which are
not present for 01-type morpheme omissions (eg. -s, -ed) (Silva-Pereyra, RiveraGaxiola, & Kuhl, 2005). Note that /-ing/ omissions also constitute a verb-verb
agreement violation, since the presence of a form of /to be! requires /-ing/ on the main
verb.
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b) Sentences containing subject-verb agreement errors (e.g., "she an a brown dog"
instead of "she is a brown dog").
3) Cor: Grammatically correct (Cor) sentences which were designed to structurally parallel
the ungrammatical sentences.
a) One half (18) of the sentences paralleled those in the 01 error condition, 6 matching
each of the error types:
i) Sentences containing correct use of past tense ("yesterday he rangthe bell").
ii) Sentences containing correct use of 3rd person singular ("she always copies my
answers").
iii) Sentences containing correct use of copular /to be/ ("we are outside the tent").
b) The remaining half (18) of the sentences were similar to those in the GE condition,
divided among:
i) Nine (9) sentences contained proper use of /-ing/ ("he is helping his brother").
ii) Nine (9) sentences contained the proper use of agreement ("Dad is washing the
car").
Stimuli were matched within and across conditions for verb and noun age of acquisition,
written frequency, concreteness, imageability, and familiarity (MRC Psycholinguistic database;
Wilson, 1988). All sentences were spoken in a natural cadence by the same female native
speaker of American English. Stimuli were digitally recorded using a SHURE SM58
microphone and Edirol UA-25EX sound card sampling at 44.1kHz, equalized for loudness (RMS
amplitude normalized to 70dB) using Praat (http://www.fon.hum.uva.nl/praat/), and presented
using E-Prime v 1.1 software (Psychology Software Tools Inc., 2003). Mean sentence duration
was 1808 ms (SD = 208 ms).
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Procedure.
As participants performed the experimental grammaticality judgment task while
undergoing fMRI, the task was optimized for the fMRI environment. Due to the noise produced
by the scanner, care was taken to ensure participants could adequately hear the stimuli with
minimal interference. We therefore employed a "sparse" event-related design, in which auditory
stimuli were presented and participants' vocal responses recorded during periods of silence
between fMRI data acquisitions (Belin, Zatorre, Hoge, Evans, & Pike, 1999; Hall et al., 1999).
Such a design is optimal for auditory studies, minimizing the impact of scanner noise on
participant performance (Gaab et al., 2007a, 2007b).
Each trial was 6 seconds long. During the first 4 seconds of the trial, the scanner was
silent while stimulus presentation and response collection occurred. During the last 2 seconds,
imaging data were collected (with accompanying scanner noise). Stimuli were presented
dichotically through Sensimetrics S-14 MRI-compatible insert earphones (Sensimetrics, Malden,
MA) during the silent portion of each trial while a child-friendly cartoon alien figure on a black
background was projected on the screen; a white question mark appeared on the screen in
addition to the cartoon figure following stimulus presentation. For each sentence, participants
were instructed to indicate as quickly and accurately as possible whether the sentence was
correct or incorrect via a hand-held, MRI-compatible button box, and responses could occur at
any time during the sentence presentation period or the two second period that followed.
Participants were randomly assigned to indicate correct response with either their right or left
hand.
In addition to the 108 sentence trials, there were 36 rest trials (12/run) during which
participants received no auditory stimulation and saw a white fixation cross on a black
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background on the screen; they were instructed to simply relax until the next task stimulus
occurred. Stimuli were presented in a pseudorandomized sequence determined by OptSeq (Dale,
1999), which determines the optimal presentation order for MRI. Presentation order was kept
constant for all participants. The task was broken up into three 48-trial runs, each lasting 5
minutes, for a total task duration of-15 minutes. Participants were trained and practiced the task
outside the scanner (using stimuli matched to, but distinct from, those used in the actual
experiment) until they demonstrated proficiency.
Data Analysis
Behavioral.
Behavioral data analysis was performed using Statistical Package for the Social Sciences
(SPSS) version 22 (IBM Corp., 2013). Pairwise means were compared using paired-sample or
independent sample t-test. Where Levine's Test indicated an unequal of variance among groups,
adjusted t statistics and p statistics were used.
All scoring was performed by the author or trained research assistants. Two independent
scorers transcribed and scored each participants' data to establish reliability. For the
grammaticality judgment task, mean accuracy (raw percentage) and mean reaction time (ms,
measured from the onset of the error for the 01 and GE conditions) were calculated overall and
for each condition. Responses occurring before error onset for the 01 and GE conditions, and
before the end of the sentence for the Cor condition, were discarded from analysis, as these were
unlikely to reflect a valid response. Reaction time was calculated both for all answered trials,
and for correctly-answered trials, only.
Repeated Measures analysis of variance (ANOVAs) were conducted to examine accuracy
and reaction time differences among conditions (01, GE, Cor). Across-group differences in
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accuracy were examined by adding group (mature/immature) as between-group factor to these
ANOVAs, and planned pairwise follow-up comparisons were carried out to examine differences
among individual conditions. In analyses of variance, Mauchly's Test of Sphericity was used to
determine if the assumption of sphericity had been met. In cases when the assumption has been
violated (as evidenced by p <.05), Greenhouse-Geisser adjusted F and p statistics were used.
All other correlational and regression analyses, including linear modeling and curveestimation, were performed using SPSS. Details specific to each analysis are provided in the
results section.
Consideration of measurement sensitivity.
One concern about the apparent maturation of 01 around age 8 is whether the asymptotic
performance in adolescents and adults reflects true maturation of finiteness processing or is,
instead, an artifact due to loss of measurement sensitivity at higher levels of performance (ceiling
performance, particularly on the GE condition of the task). In order to assess the likelihood of
these alternatives, we quantified a) the total number of participants, b) the number of participants
older than age 12 and c) the number of adult participants (above the age of 18) who obtained
perfect scores (100%) on each condition of the task.
Imaging.
Details of structural and functional MRI analyses, including preprocessing as well as
statistical (single-subject and whole-group) analysis, are discussed in Kovelman et al. (2014).
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Results
Neuropsychological Assessments
Results of the neuropsychological assessments for cognitive and language abilities for
participants are summarized in Table 1. All participants had normal or above-normal nonverbal
cognitive ability, as assessed by Kaufman Brief Intelligence Inventory -

2 nd

Ed. (KBIT;

Kaufman & Kaufman, 1990) Matrices (>85). Age was not correlated with nonverbal IQ (r
0.19, p = 0. 11) nor with language ability as assessed by standard scores on the Recalling
Sentences (RS) subtest of the Comprehensive Evaluation of Language Fundamentals (CELF-IV;

Semel et al., 2003) (r = -0.20, p = 0.10).
Experimental Grammaticality Judgment Task
Whole group performance.
Participants generally performed the task with high overall accuracy, with ceiling effects
evident (M= 0.93, SD = 0.08, range = 0.48) (Table 2, Figure 1). Overall performance accuracy
improved significantly (r = 0. 4 9 , p = 0.00) and performance speed increased (reaction times
decreased) significantly (r = -0.63, p = 0.00) with advancing age.
Effect of condition on grammaticality judgment accuracy.
Performance accuracy varied significantly across the three conditions when analyzed
with a repeated-measures analysis of variance (ANOVA) on mean accuracy (F(2, 40) = 22.97, p =
0.00; as Mauchley's test indicated that the assumption of sphericity had been violated,
Greenhouse-Geisser adjusted F and p statistics were used). Planned pairwise comparisons
(Table 3) indicated that participants were less accurate when judging sentences containing 01
errors as compared to other trial types [01 vs. GE: t 70 = 6.20, p = 0.00; 01 vs. Cor: t7o = 4.20, p =
0.00], and less accurate when judging grammatically correct sentences than sentences containing
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GE errors, GE vs. Cor: t7 0

=

2.06, p = 0.04). (Cohen's d values: 01 vs. GE: d = 0.73; 01 vs. Cor:

d = 0.50; GE vs. Cor: d = 0.25).
Effect of condition on grammaticality judgment reaction time.
Reaction times differed significantly across conditions in a repeated-measures ANOVA,
which yielded a main effect of condition (F(2,140)= 7.36, p = 0.00). Planned comparisons (Table

01 errors than they were to those with GE errors (t70

=

3 .83,

p = 0.00) or correct sentences (t7

-

3) indicated that participants were slower when judging the accuracy of sentences that contained

2.08, p = 0.04), the latter two of which did not differ significantly from one another. Reaction
times for all answered trials and those for correctly-answered trials, only did not differ
significantly (Figure 2) and all ANOVA results were highly similar regardless of which type of
reaction time measure was considered. Therefore, only overall reaction time will be discussed in
further analyses.
Given our goal of discovering the specific syntactic computation involved in detecting
grammatical violations of finiteness (rather than detecting the presence of a grammatical
violation, in general), our primary interest was in the contrast of the two non-grammatical
conditions, which differed in the type of grammatical error but were otherwise well matched for
"no" responses. Further analyses, therefore, focused on the 01 and GE conditions, only.
Development of Finiteness Processing
Effect of age and condition on grammaticality judgment accuracy.
The effect of participant age on grammaticality judgment by-condition performance was
examined by adding age as a covariate to the repeated-measures two-condition (01, GE)
ANOVA on accuracy. This yielded main effects both of condition (F(1, 69 )

42.03, p = 0.00,
-

indicating more accurate performance for the GE than the 01 condition) and of age (F(1, 69)
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16.07, p = 0.00, indicating increasingly accurate grammaticality judgments with advancing age).
Critically, a significant condition by age interaction (F(1, 69 )= 1 2 .69, p = 0.00), stemming from
the disproportionate effect age had on the 01 condition as compared to the GE condition, was
found.
Effect of age and condition on grammaticality judgment reaction time.
69

)

The analogous analysis of covariance on reaction time yielded a main effect of age (F(,
45.46, p = 0.00), but no main effect of condition, nor any interaction effects. Thus, when the
effect of age was taken into account, the condition effect on reaction time disappeared. This
indicates that age disproportionately influenced improvements in accuracy for sentences with
developmental 01 errors as compared to those with non-developmental GE errors; in contrast,
the improvement in speed with age was constant across conditions.
Pattern of growth of grammaticality judgment.
In order to better understand the developmental pattern in accuracy scores, the SPSS
Regression/Curve Estimation module was used to assess the fit of a variety of linear and non-

linear models to the accuracy vs. age data. Several models were moderately good fits to the data
(R 2 values in the range of 0.38 - 0.48) and were highly statistically significant (F-values in the
range of 18 - 51). After eliminating models that did not make mechanistic sense (e.g
polynomials such as the cubic), the inverse model (y = A + B/x, with y = accuracy and x
participant age) exhibited the best fit to the data (model fit parameters are presented in Table 4).
This model, described by the function Accuracy = 1.04 - 1.17/age, was therefore selected as best
describing the relationship between age and overall accuracy on the grammaticality judgment
task (R2 = 0.42, F, 69 = 50.46, p = 0.00). Consistent with initial visual impression, this equation
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confirms that the curve grows sharply to a point, after which relatively stable performance is
seen.
Pattern of growth for different conditions.
We next repeated this procedure for the 01 and GE conditions, fitting an inverse curve to
the accuracy vs. age data of each condition (Figure 3). In a model of the form y = A + B/x, the A
term corresponds to the asymptote of the curve, and B corresponds to the growth term (rate of
growth). Indeed, the growth term for the curve corresponding to the 01 condition was
significantly smaller (and thus indicative of slower growth) than that of the GE condition (-1.72
vs. -0.69; Table 4; Figure 8). In order to verify these findings were not a byproduct of the
specific function selected, we fit the other function that exhibited a highly significant fit to the
overall accuracy data, the sigmoid, (R2= 0.39, F1,69 = 44.76, p = 0.00), to accuracy data for each
condition. Consistent with the inverse model, the sigmoid model yielded a significantly smaller
(more negative) growth term for the 01 than the GE condition (-2.24 vs. -0.83; Table 4). Thus,
by all analyses, accuracy on the 01 condition grew more slowly with age relative to the GE
condition.
When Do Children Achieve Adult Levels of Performance on Grammaticality Judgment?
We next asked at what age children's performance matured (became adult-like) for the
01 and GE conditions using an optimization curve-fitting procedure from Matlab 2010b
(MathWorks Inc, 2010). The goal of this procedure was to identify the point that best divided
the accuracy data into two subsets, each characterized by linear growth. In order to do so, the
program cycled through every data point on the plot of the accuracy vs. age data for each
condition. Each such point was taken as the dividing age between mature and immature
performance (such that points to the left of this point on the plot would correspond to
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"immature" performers, and points to the right of this point would correspond to mature
performers.) For each such point, a linear model was fit to all "mature" (left) and another one to
all immature (right) values. Next, for each such 2-line combination, the squared residuals from
each of the 2 linear models were summed. The two lines yielding the lowest summed squared
residuals represented the two best linear fits to subsets of the data, oriented around the optimal
dividing point (age) between mature and immature performance.
Age of maturation for different conditions.
Consistent with the difference in growth terms (B coefficients) for the models estimated
for each condition above, this analysis confirmed that mature performance on the 01 condition
was achieved later (7.98) than for the GE condition (6.16).
Age of maturation for task overall.
We then applied a similar analysis to the accuracy difference between the 01 and GE
conditions (Figure 4) and used the age determined from this estimate (7.98, henceforth shortened
to 8) to divide the sample into "mature" and "immature" groups. Linear models fitted to overall
grammaticality judgment accuracy data below and above this age (Figure 5) showed that the
regression slope for ages 5-8 was significantly greater than that for ages 8-35 (0.047 vs. 0.0015;
F1,209 = 20.85, p = 0.00) confirming that the accuracy difference between the GE and 01
conditions for participants below age 8 grew faster (had a steeper slope) than that of participants
above this age.
Consideration of measurement sensitivity.
Thirty percent of participants above the age of 12 and 40% of adults (participants above
age 18) achieved perfect performance on the 01 condition, a majority (62% of those above age
12 and 58% of adults) scored 100% on the GE condition (Figure 9). Given this, we cannot rule
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out the possibility that our results were influenced by ceiling effects, particularly in the 01
condition of the task.
Confirming Age Division: Group by Condition Analyses of Variance
Effect of group and condition on grammaticality judgment accuracy.
In order to better understand the impact of the age division identified above on bycondition performance, we conducted a repeated-measures ANOVA on overall grammaticality
judgment accuracy with condition (01, GE) as within-subjects factor and group (immature: ages
5-8; mature: ages 8-35) as between-subjects factor. This analysis showed that older participants
were more accurate than younger participants (main effect of group: F( 1,69 )= 42.42, p = 0.00),
that the 01 condition was performed less accurately than the GE condition (main effect of
condition: F(1,69 )= 73.00, p = 0.00), and that there was a significant interaction between group
and condition (F(,

69)=

23.10, p = 0.00; immature group: 01 vs. GE: t17= 4.60, p = 0.00, d=

1.08; mature group: 01 vs. GE: t52

=

5.83, p = 0.00, d= 0.80) (Figure 6, Table 3). The

interaction reflected a disproportionate effect of age on accuracy for the 01 condition (e.g., while
the participants in the mature group scored, on average, 20% higher than participants in the
immature group on the 01 condition, they only scored 7% higher on the GE condition).
The group - by - condition ANOVA on reaction time yielded a main effect of condition
(F(1,69) = 13.18, p = 0.00) and of group (F(1, 69) = 23.80 p = 0.00), but no interaction between the
two. Thus, both younger and older participants were significantly slower on the 01 condition as
compared to GE condition (immature group: 01 vs. GE t17 = 4.60, p = 0.00; mature group: 01 vs.
GE ts2= 5.83, p = 0.00; Figure 6, Table 3), but age-related improvements in speed of
performance were not affected by condition (e.g., the mature group, on average, responded 320340 ms faster than the immature group on both the 0! and the GE conditions).
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Arefurther subdivisions informative? To validate that the primary developmental
change in performance on the experimental grammaticality judgment task occurred around the
age of 8 and that, in terms of finiteness-processing, participants older than this age could be
considered one homogenous group, we further subdivided participants above 8 years old into
older children (age 8-17, N = 29) and adults (age 19-35, N = 24) (the youngest group consisted
of 18 children age 5-8). We then performed 3 X 3 group-by-condition ANOVAs on accuracy
and reaction time, as well as planned pairwise comparisons to isolate differences between
groups. As is apparent in Figure 7, the youngest group of participants was, on average,
significantly less accurate and slower in performing this task than both the older child group and
the adult group. In contrast, older children and adults performed the task at comparable levels of
mean accuracy, although older children were slower at performing the task than adults. Thus,
continuous improvements were seen on reaction time for every group transition, but no
substantial improvements were seen in accuracy after age 8.
Grammaticality Judgment and Other Cognitive Factors
Role of nonverbal IQ.
In order to ensure that grammaticality judgment performance differences found among
our mature and immature groups as defined above could not be accounted for by nonverbal IQ,
we directly compared standard scores on KBIT Matrices between the two groups. Since
participants above age 8, on average, had significantly higher scores on KBIT Matrices than
participants below this age (119 vs. 110, t69 = 2.10, p = 0.047), we repeated the group-bycondition analyses of variance on accuracy and reaction time with the addition of KBIT Matrices
SS as a covariate. Findings were essentially unchanged with this addition: the significant
interaction between group and condition for accuracy (F(1, 68)= 18.85, p = 0.00), confirming a
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disproportionate effect of condition on grammaticality judgment accuracy in the immature vs.
the mature group, remained. Once more, there was no such interaction for reaction time,
confirming overall faster performance in the mature group (main effect of group: F(1, 68)= 26.71,
p = 0.00) which was not affected by condition. Analogously, there was no significant difference
in CELF RS standard score among groups (113.24 for the immature group vs. 112.83 for the
immature group, t68= 0.12, p = 0.93). Given this, we conclude that differences in
grammaticality judgment performance in participants below and above age 8 reflect genuine
developmental differences in the ability to accurately compute finiteness rather than merely a
byproduct of differences in other cognitive abilities.
Relationship of finiteness processing to other grammatical abilities.
In child participants (ages 5-18), the relative difficulty of the 01 condition (to the GE
condition) was associated with performance on independent standardized assessments of
receptive and expressive grammar, even when effects of age have been controlled for.
Significant negative partial correlations (age controlled) were found between the 01-GE
accuracy difference and raw scores on the TROG (r = -0.34, p = 0.02), CELF FS (r = -0.42, p
0.01) and CELF RS (r = -0.42, p = 0.00) (scores on which were all strongly correlated among
themselves with r > 0.69 and p = 0.00). No significant correlations between grammaticality
judgment performance and independent measures of grammar were seen in adult participants
(ages 18-35) after controlling for age. However, a marginally significant partial correlation
between the relative difficulty of the 01 condition (to the GE condition) and raw scores on CELF
RS (r = 0.41, p = 0.056) was seen in this group.
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Discussion
While much grammatical development takes place in very early childhood (Rice, 2004),
certain kinds of syntactic operations appear to remain differentially challenging in both typical
and atypical populations. This study investigated the development of one such operation: ability
to appropriately mark tense, or finiteness, on verbs, which is known for its protracted maturation
in typical development (TD) and particular vulnerability in developmental language disorders
but is not usually studied past the age of 8. In order to characterize the full maturational
trajectory of finiteness and identify the age at which proficiency is achieved, we measured agerelated changes in performance on grammaticality judgments of sentences with developmentallysensitive errors of finiteness (optional infinitives, 01) relative to sentences with developmentallyinsensitive "general" grammatical errors (GE) beyond the early childhood years in which they
have been well characterized (e.g. Rice et al., 2009) into adulthood.
In participants aged 5-35 years, we found evidence for two stages of prolonged
development when 01 processing was measured via grammatical judgments, rather than
production errors. First, we found evidence for a maturation of 01 processing until about 8 years
of age. In this maturational stage, children ages 5-8 made a disproportionate number of 01
judgment errors relative to either errors for grammatically correct sentences or grammatically
incorrect sentences that had errors that were not characteristic of development. Second, we
found further evidence that from age 8 through age 35, 01 error processing continued to remain
more difficult than other forms of grammatical error processing: although the relative difficulty
of finiteness errors to other grammatical errors'decreased with development, older children and
adults nonetheless took consistently longer and were consistently less accurate at detecting
finiteness violations than non-developmental grammatical violations. Both stages of
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development occurred independent of nonverbal cognition as measured by the KBIT or general
language as measured by the CELF. These findings provide new evidence that the development
of finiteness-based processing is protracted, and that, even in proficient speakers, differences in
processing may remain even when no overt errors are evident.
Whole Group Performance
Across all participants, there was increased accuracy and increased speed of response
with age in all three experimental conditions. Critically, sentences with 01 errors were
responded to less accurately and more slowly relative to grammatically correct sentences or
sentences with non-developmental GE errors. This indicates that, regardless of which metric of
performance was considered, sentences with errors of finiteness were consistently more
challenging than those with non-developmental errors for participants aged 5-35. This refines
the notion that 01-based processing is mature by age 5 in typical development (c.f. Rice et al.,
1998, 1999).
Maturation of Grammaticality Judgment
Developmental trends.
Although participants improved on all conditions with advancing age, the effect of
condition on accuracy varied across age, such that disproportionate gains in accuracy were made
on the 01 condition relative to the GE condition. This indicates that a greater amount of agerelated improvement in performance occurred on the 01 condition than other conditions. These
findings are broadly consistent with the disproportionate difficulty young children have with
finiteness noted in prior research, which has documented improvements in performance on both
expressive and receptive tasks involving finiteness with advancing age (Rice and Wexler, 1996;
Rice et al., 1998, 1999, 2009).
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Gains in reaction time, in contrast, were not sensitive to condition. Thus, although
participants got faster at making grammaticality judgments with advancing age, they did so to
equal extents for all grammatical operations (examined here). This finding is consistent with
increases in performance speed on receptive grammar tasks which have been observed by others
(e.g. Wulfeck, 1993). However, as speed of performance increases in multiple areas with
development, including both cognitive (e.g. complex working memory, e.g., Gathecole, 1999)
and non-cognitive (e.g. motor) domains (reviewed in Wulfeck, 1993), it is difficult to speculate
as to which factors mediated this age-related improvement in response time. Given the nonspecific developmental nature of improved reaction time across sentence types, further analyses
focused on accuracy.
Shape of developmental trajectory.
Accuracy on the grammaticality judgment task was characterized by steep growth for
younger ages and little further growth for older ages. Regression analyses demonstrated that
developmental change in performance was best represented by an inverse curve function rather
than linear, exponential, logarithmic, or quadratic functions, although the sigmoid curve also
exhibited a significant fit. Such a function can accommodate both rapid growth and an
asymptote, a pattern seen in our data.
The developmental trajectory of grammaticality judgments for finite vs. non-finite
(infinitival) constructions past the age of 8 has not previously been charted, but steep
development at younger ages followed by shallow growth or a plateau from adolescence through
adulthood appears broadly consistent with other kind of grammatical development, such as that
&

of conversational processing (Berman, 2004; Loban, 1976; Nippold, Hegel, Sohlberg,

Schwarz, 1998). Similarly shaped developmental trajectories have also been noted in other
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domains of language, such as vocabulary. For example, a longitudinal study of receptive
vocabulary that followed children with and without language impairment at age 2;6 through age
21 reported three phases of vocabulary development: 5 year and under, 6-10, and adolescence
into adulthood; the strong linear growth seen in early childhood decelerated in later childhood
(Rice & Hoffman, 2015). In contrast, other forms of cognition exhibit more protracted forms of
development continuing into young adulthood. Complex working memory span, for example,
displays a constant steep developmental slope extending up to 16 years of age (summarized in
Gathercole, 1999). Likewise, voluntary response suppression appears to mature in late teenage
years (Luna, Garver, Urban, Lazar, & Sweeney, 2004), and long-term memory (Ofen, Chai,
Schuil, Whitfield-Gabrieli, & Gabrieli, 2007) as well as emotion regulation (McRae et al., 2012)
both continue to develop from childhood through adolescence and into young adulthood.
Maturation of Finiteness
Two pieces of evidence indicate that the maturation of proficiency in judging sentences
with finiteness-based errors as was delayed compared to other grammatical errors.
Developmental trajectory.
Like the maturational trajectory of overall performance, performance on each condition
of the on the grammaticality judgment task was well described by either an inverse or sigmoid
curve. However, although the overall shape of the trajectories was similar among conditions,
there was evidence of protracted development of performance on the 01 condition relative to the
GE condition. Regardless of which model was selected to describe growth of accuracy across
age, a comparison of model parameters among conditions indicated that while the asymptotes
(peak performance) of the models did not differ significantly among conditions, the growth
parameter of the model for the 01 condition was significantly smaller (larger in magnitude and
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more negative) than that of the GE condition. Thus, children were significantly slower to
acquire the ability to detect grammatical violations (omissions of) finiteness than the ability to do
so for other grammatical violations.
Transitional age between mature and immature performance.
The transitional age between immature and mature performance (calculated based on the
intersection of best fit linear models for developmental growth of performance in younger and
older participants) was significantly higher for the 01 condition (7.98 years) than the GE
condition (6.16). This confirms that the maturation of proficiency in judging sentences with
finiteness-based errors as was delayed compared to other grammatical errors.
These findings indicate that children appear to master comprehension of both 01 and GE
grammatical constructions in a similar pattern across development, in both cases improving
rapidly in early childhood up to a point of mastery, after which performance is relatively flat.
However, children are slower to master the 01 condition, and thus proficiency is achieved later
in development. Two caveats should be noted. First, the shape of growth trajectories is common
to many developmental processes (children often improve rapidly on skills in early development
and little thereafter. Thus, it may be that the exact shape of the trajectory found is less important
than the relative (delayed, and never fully "resolving") trajectory of finiteness to other
grammatical processes. Second, performance on the 0! condition remained slightly but
significantly lower than that of GE condition. This finding suggests that, although no overt
difficulty with the processing of finiteness is evident in school-aged TD children or adults,
"mastery" of this operation may not ever be achieved.
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Measurement sensitivity of tasks employed.
Studies examining performance over a broad range of ages and abilities face the problem
of differential sensitivity of the instruments at various ages, and thus the possibility that findings
may reflect a loss of measurement sensitivity on one end of the scale rather than the intended
variable. In the current study, one concern was whether the finding of maturation of finiteness
processing ability around age 8 was an artifact of ceiling performance above that age. This
transitional age was calculated based on the accuracy difference between the 01 and GE
conditions of the task. Ceiling effects were evident on the GE condition, in which a majority of
teenagers and adults achieved perfect performance. The overall transitional age identified for the
task, however, was the same as that for the 01 condition, which was less subject to ceiling effects
(only a minority of older participants achieved perfect scores, and a leveling of performance
around age 8 was still evident). Reaction time data, which is not subject to ceiling effects, could
not help to disambiguate the results, as no interaction between condition and age was found in
task reaction times. We conclude that although ceiling performance could have affected some
aspects of performance, the finding the leveling of performance occurred also in the most
difficult condition suggests that there is a true maturation of finiteness, as measured by
grammaticality judgment, around age 8.
Stages of Development of Finiteness
Differences between mature and immature groups.
The shape of the developmental trajectory of performance on the grammaticality
judgment task indicated two distinct patterns of performance for younger and older participants.
In order to explore differences among the two groups, a transitional age between immature and
mature performance which was sensitive to finiteness but applicable to the for the task as a

113

whole needed to be calculated. Given our interest in the relative improvement in performance of
the 01 condition to the GE condition, this age was calculated based on the intersection of optimal
linear models for younger and older participants fitted to the difference in accuracy between the
two conditions across age. The age identified, 7.98 years, was the same as that found for the 01
condition alone, which is not surprising given the near-ceiling performance on the GE condition
(see discussion on measurement sensitivity in limitations section, below).
Direct comparisons of immature and mature groups as defined by this age revealed the
significant differences which were consistent with the results of trajectory analyses. As
expected, linear growth of overall accuracy on the task as a function of age was significantly
faster in the immature than the mature group of participants. The mature group of participants
performed significantly more accurately and faster than the immature group, and both groups
were more accurate and faster when responding to sentences with violations of finiteness than
sentences with non-developmental grammatical violations. Furthermore, there was a greater
improvement in accuracy of response to the 01 condition in the immature group than there was
in the mature group, while similar relative gains in the speed of performance on both conditions
occurred with development. Stated another way, there was a greater improvement in accuracy
on the 01 condition than there was on the GE condition in the immature group of participants
(with similar relative gains in reaction time), which is consistent with the developmental nature
of finiteness.
These differences are unlikely to have stemmed from more general differences in
cognitive ability among groups, as groups did not differ on standardized measures of nonverbal
IQ [standard scores on Kaufman Brief Intelligence Test (KBIT) Matrices] nor language ability
[standard scores on Clinical Examination of Language Fundamentals-Recalling Sentences
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(CELF RS)], and grammaticality judgment task results were not changed by the addition of these
measures as covariates (however, see limitations for discussion of limited standardization range
of the CELF).

Relationship of finiteness to other cognitive factors.
Note that these results are discussed with respect to child (5-18 year old) and adult (19-35
year old) groups rather than mature and immature groups, as dictated by the neuropsychological
assessment battery.
In the child participants (ages 5-18), the relative difficulty of the 01 condition (to the GE
condition) was associated with performance on independent standardized assessments of
receptive and expressive grammar [the Test for Reception of Grammar (TROG-2), CELF
Formulated Sentences (CELF FS) and CELF RS], even when effects of age have been controlled
for. These partial correlations were negative, indicating that the smaller the difference in
accuracies among sentences with errors of finiteness and those with control grammatical errors
(thus, the higher the accuracy on the 01 condition of the task), the higher the performance on
other assessments of grammar. This indicates that the stronger a child's grammatical abilities are
in general, the better his or her ability to appropriately assign finiteness in grammaticality
judgment.
For adult participants, neither the TROG nor CELF FS were administered because pilot
testing indicated that these assessments were too easy for this population. No significant agecontrolled correlations between grammaticality judgment performance and raw scores on CELF
RS were seen in the adults, but it is likely that this subtest may also not have been sensitive
enough to capture variations in grammatical ability in this group. Thus, although no relationship
between finiteness processing and other grammatical abilities were seen in adult participants in
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the current study, sensitive measures of syntactic ability appropriate for teenagers and adults may
have revealed relationships that were not evident here (see limitations).
Are further subdivisions informative?
In order to verify that participants older the age of 8 comprised one ability group with
respect to finiteness processing, 3-by-2 group by condition analyses of variance on
grammaticality judgment accuracy and reaction time were conducted on three groups of
participants: 15 children age 5-8, 32 older children and teenagers age 8-18, and 24 adults (age
18-35). Consistent with results of trajectory analyses, older children and adults performed the
task with comparable accuracy, substantiating the notion that no further substantial change in
finiteness processing ability occurred after age 8. Differences in reaction time were seen for
every group contrast, but, again, appeared to be indexing general developmental changes rather
than those specific to finiteness or even grammar. Therefore, we conclude that two, rather than
three, stages of grammaticality judgment ability are present between the ages of 5 and 35.
Synthesis with Previous Research
The maturational age of finiteness processing identified in the current study was higher
than previous suggested. Based on their extensive research of 01, Rice, Wexler and colleagues
have claimed that the processing of finiteness in the expressive and receptive domains is
complete by age 5. In contrast, we found evidence of protracted development through age 8, and
continued performance cost thereafter.
Previous studies of finiteness in healthy and language-impaired children (e.g. Rice et al.,
1998, 1999, 2009) have focused on accuracy measures, only; reaction times were not analyzed.
In the current study, the performance differences between 01 and GE conditions in participants
above the age of 8 were consistent but small. Moreover, in adult participants, differences
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between these two conditions were highly significant for reaction time, only; differences in
accuracy were only marginally significant (p = 0.056). Significant differences in reaction time
for the analogous contrast were also found in both the audio and visual modality in the only other
study to directly compare grammaticality judgments for sentences with errors of finiteness vs.
control grammatical errors in healthy adults, whereas the accuracy contrast was only significant
in one modality (Kovelman et al., 2014). It is thus possible that the relative difficulty of
finiteness as compared to other grammatical operations past the age of 5 may have been revealed
had more sensitive, reaction time, measures been employed previous studies.
One explanation for the why sentences with 01 errors were processed with lesser
efficiency and accuracy in older children and adults is provided by the unique checking
constraint (UCC) account of the 01 stage (Wexler, 1998). This account proposes that children
omit agreement or tense (both of which are necessary computations for assignment of finiteness)
from a sentence when they experience the computational difficulty of checking that both are
assigned correctly. Adults are assumed to have outgrown the UCC stage, and thus are able to
successfully check tense and agreement features at the same time. Nonetheless, the
computational load of checking two features at the same time remains, leading the adult to
consider (presumably unconsciously) the possibility that the 01 sentences missing a feature are
correct. Thus, when an adult is presented with an optional infinitive, that is, a sentence in which
the required features are not present, it may take extra time and effort to compute that the
necessary features must be present. Therefore, older participants largely judge sentences with 01
errors as ungrammatical, but require longer processing times to arrive at responses and may
occasionally make erroneous assignments.
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It should also be considered that our finding of a delayed maturational age of finiteness
may have been influenced by the additional challenged posed by the imaging environment (see
limitations). However, the persistent small but significant performance cost of processing
finiteness as compared to other grammatical violations cannot be explained as such. Therefore,
we conclude that the cognitive operations entailed in computing finiteness are inherently more
challenging, and continue to be so, throughout development.
Limitations and Future Directions
There are several methodological limitations which should be considered when
interpreting the results of this study. First, our sample size, which consisted of 24 adults (ages
18-35) and 40 children (ages 5-17) had limited statistical power. More problematically,
participant ages, and the number of participants per age, were not distributed evenly across the 535 age range. A more optimal design would include the same, large, number (at least 10) of
participants at every age between 5 and 35. This would allow for more powerful, and reliable,
analyses. Furthermore, we estimated transitional ages between mature and immature
performance using a rather simple piecewise linear regression consisting of only two phases. It
is possible that a more sophisticated method, using more "pieces" (c.f. Luna et al., 2004) may
have yielded slightly different ages.
The second major consideration is that in contrast to all of the other assessments
administered, the experimental grammaticality judgment task was performed while participants
were undergoing functional magnetic resonance imaging (fMRI). This introduces differences in
administration environment which may influence performance, presenting a confound in the
direct comparison of in-scanner and out-of-scanner tasks. Although child participants were
extensively trained and familiarized with the scanner environment, and every effort was taken to
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maximize comfort and motivation, participants, particularly children, may still find lying still in
an a relatively narrow space for a prolonged length of time uncomfortable or anxiety-provoking.
It is possible that this could have negatively impacted participant performance, contributing to
the delayed maturational age identified.
The scanner noise inherent to functional imaging is an important consideration for all
auditory fMRI studies. The process of image acquisition generates a high amplitude background
noise, and this noise can interfere with participants' ability to hear the experimental stimuli and
their own responses with appropriate clarity and loudness. In order to minimize the impact of
scanner noise on the acoustic quality of the stimuli, we employed a sparse imaging paradigm, in
which stimuli were presented, and responses recorded, during 4-second-long silent periods, and
image acquisition (accompanied by scanner noise) occurred during 2-second long periods after
response collection. Although such paradigms have been shown to minimize the impact of
scanner noise on fMRI data quality (Gaab et al., 2007a, 2007b), it is still likely that listening
conditions were less optimal in the scanner than during typical test administration, negatively
impacting participants' performance. In order to empirically determine the performance cost of
the scanner environment, future studies could directly compare performance on the experimental
grammaticality judgment task administered both in and out of the scanner.
A limitation of the grammaticality judgment task was the design of task stimuli. Central
to this experiment was the comparison of sentences with developmental 01 errors and those with
non-developmental GE errors. The two kinds of syntactically erroneous sentences were matched
on many dimensions, including verb and noun age of acquisition, written frequency,
concreteness, imageability, and familiarity. Nevertheless, sentences in the two conditions
differed in other ways. For example, temporal adverbs were included in only the 01 condition to
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support performance in that condition, particularly in young participants, and these may have
affected the different patterns of performance between the sentence types.
The major limitation of the neuropsychological assessment battery was the scarcity of
measures which appropriately capture the cognitive constructs of interest and are standardized
for ages including 5-35. Tests standardized for young children are often too easy for adults and
tests standardized for adults or adolescents are often too difficult for young children. As this
subtest incorporates receptive and expressive sentence-level linguistic processing, standard
scores on CELF RS were used as a general measure of language ability for all participants and
ensure that groups did not differ significantly in this domain. However, this test is standardized
for ages 5-24; 11, only, and thus the oldest standardization bracket was applied to all participants
25 years old and above, which, we recognize, is an approximation. It is possible that results may
have differed slightly had assessments standardized for all ages considered here been used, and
future research may wish to include such measures.
In order to account for the lack of standardization for the older participants in our sample,
developmental analyses were performed on raw scores (converted to raw percentages for
comparison among tasks), and partial correlations, with age controlled, were computed instead of
bivariate correlations. However, with regards to grammatical processing, neither the CELF FS
nor the TROG was sensitive enough to capture performance differences in adult participants,
precluding analyses of the relationship of finiteness processing to other morphosyntactic abilities
adults. Future studies employing sensitive measures of grammatical ability in teenagers and
adults are necessary in order to reveal such relationships.
The final limitation of this study was the cross-sectional design. Although crosssectional designs allow for the analysis of developmental in a more time-efficient manner, a
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longitudinal design is better suited to provide insight into causal mechanisms across
development.
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Table I
Participants'Performance on NeuropsychologicalAssessments

Standard Scores

Raw Scores
Test

Subtest

N

M

SD

Range

KBIT-2

Matrices

71

32.30

12.99

2-46

116.77 13.31

85-152

CTOPP

Elision

71

17.59

8.30

6-79

108.59

80-135

Blending
Memory for Digits

70

6.31
3.17

6-58
7-21

106.23 10.34

80-130

71

15.69
15.55

109.37 12.65

85-130

Nonword Repetition

70

12.01

2.91

2-18

101.07 11.88

70-140

CNRep

--

70

33.31

5.45

19-40

CELF-4

Recalling Sentences

70

78.17

16.34

30-96

112.93 12.35

80-140

Formulated Sentencesa

43

44.35

9.29

28-56

117.91

95-135

M

-

SD
8.99

9.08

Range

19-40

&

Note. The mean, standard deviation (SD) and sample range (minimum-maximum) are listed for
both raw and standard scores (when available). Abbreviations: KBIT, Kaufman Brief
Intelligence Test (Kaufman & Kaufman, 1990); CTOPP NWR, Comprehensive Test of
Phonological Processing (Wagner, Torgesen, & Rashotte, 1999), Nonword Repetition subtest;
CTOPP MFD, CTOPP Memory for Digits subtest; CTOPP EL, CTOPP Elision subtest; CTOPP
BW, CTOPP Blending Words subtest; CNRep, Children's Test of Nonword Repetition
(Gathercole & Baddeley, 1996; Gathercole, Willis, Emslie, & Baddeley, 1994); CELF RS,
Clinical Evaluation of Language Fundamentals, Recalling Sentences subtest (Semel, Wiig,
Secord, 2003); CELF FS, Clinical Evaluation of Language Fundamentals, Formulated Sentences
subtest (Semel et al., 2003).
aSubtest only administered to child participants (ages
5-18 years).
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Table 2
Participants'Performanceon the Experimental GrammaticalityJudgment Task
Whole group'
Condition

Immatureb

Mature'

Accuracy (proportion correct)

01

0.89 (0.13)

0.74 (0.18)

0.94 (0.06)

GE

0.96 (0.07)

0.91 (0.12)

0.98 (0.02)

Cor

0.95 (0.08)

0.87 (0.11)

0.97 (0.04)

Total

0.93 (0.08)

0.84 (0.11)

0.96 (0.03)

Reaction time (ms)
01

1722.46 (299.86)

1979.11(240.87)

1635.30 (267.44)

GE

1668.89 (289.35)

1910.27 (246.10)

1586.91 (256.69)

Cor

1693.02 (305.34)

1940.66 (266.85)

1608.92 (271.64)

Total
1697.49 (291.27)
1955.08 (229.57)
1610.01 (257.30)
Note. For all cells, M(SD) is shown. Abbreviations: 01, 01 condition: sentences with
developmentally vulnerable "optional infinitive" errors (erroneous use of finiteness); GE, GE
condition = sentences with developmentally-insensitive "general" errors (of agreement); Cor,
Correct condition: grammatically correct sentences. aN= 71 participants age 5-35 years bN= 18
participants 5-8 years old 'N= 53 participants 8-35 years old.
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Table 3
PairwiseContrastsAmong Conditions on GrammaticalityJudgment Task
Whole group'
p
t
Contrast Mean Difference
-6.19 0.00
-0.08 (0.10)
01 vs. GE
-4.19 0.00
-0.07 (0.12)
0I vs. Cor
2.06 0.04
0.02 (0.07)
GE vs. Cor

Immature group
Mature group'
d
p
Mean Difference t
d
p
t
Mean Difference
d
-0.05 (0.06) -5.83 0.00 -0.80
-4.60 0.00 -1.08
-0.17 (0.15)
-0.73
-0.04 (0.07) -4.01 0.00 -0.55
-2.71 0.01 -0.64
-0.13 (0.20)
-0.50
0.01 (0.04) 1.68 0.10 0.23
1.41 0.18 0.33
0.04 (0.12)
0.25
Reaction Time (ms)
48.39 (91.87) 3.83 0.00 0.53
1.66 0.12 0.39
68.83 (176.13)
3.83 0.00 0.45
01 vs. GE 53.57 (117.83)
26.37 (93.71) 2.05 0.05 0.28
0.92 0.37 0.22
38.45 (176.71)
2.09 0.04 0.25
01 vs. Cor 29.44 (118.89)
-22.01 (108.65) -1.47 0.15 -0.20
-30.38 (141.64) -0.91 0.38 -0.21
GE vs. Cor -24.13 (116.85) -1.74 0.09 -0.21
Note. For mean difference, M (SD) is shown. Abbreviations: 0!, 01 condition: sentences with developmentally vulnerable "optional
infinitive" errors, or erroneous use of finiteness; GE, GE condition: sentences with developmentally-insensitive "general" errors (of
agreement); Cor, Correct condition: grammatically correct sentences.
adf= 70bdf= 17 cdf= 52.
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Table 4
Parametersfor Models DescribingAccuracyfor the 01 and GE Conditions of GrammaticalityJudgment Task as a Function ofAge
R2

df

F

p

A

SE(A)

B

SE(B)
Transition Age

Inverse function

Condition
01

0.33

1, 69

33.17

0.00

1.04

0.029

-1.72

0.30

7.98

GE

0.20

1, 69

16.69

0.00

1.02

0.016

-0.69

0.17

6.16

Overall

0.42

1, 69

50.46

0.00

1.04

0.016

-1.17

0.17

7.98

Sigmoid function
o

0.26

1, 69

24.39

0.00

0.059

0.044

-2.24

0.45

7.98

GE

0.43

1, 69

15.09

0.00

0.032

0.021

-0.83

0.21

6.16

'Overall

0.39

1, 69

44.77

0.00

0.045

0.020

-1.37

0.20

7.98

Note. For the inverse function, equation is: Accuracy = A + B/Age. For the sigmoid function, equation is: Accuracy = e(A + B/Age)In
both cases, A refers to the asymptote and B refers to the growth term of the function. Abbreviations: 01, 0! condition: sentences with
developmentally vulnerable "optional infinitive" errors (erroneous use of finiteness); GE, GE condition: sentences with
developmentally-insensitive "general" errors (of agreement).
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conditions. N= 71.
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bars represent 1 SE. The overlapping error bars indicate that, for all conditions, reaction times
for all answered trials did not differ significantly from reaction times of only those trials which
were answered correctly, only.

129

1.001
.95-

900
0

.85-

%Id

.802

00

S

S

F

I

.750 .70:E .650
U
CL .600 .550.

-a

A.
0

4

.50-

* I

-

. 45
0 .40h.
:0. .35-

.25.20.15-'

4

I

-

.1 0.05.00-' i

-001
- -0 GE
6

i

I

I

I

I

I

I

I

I

- -- 1 1

8 10 12 14 16 18 20 22 24 26 28 30 32 34 36

Age (years)
Figure 3. Mean accuracy for the O and GE conditions of the grammaticality judgment task as a
function of participant age. Abbreviations: 01, O condition: sentences with developmentally
vulnerable "optional infinitive" errors (erroneous use of finiteness); GE, GE condition: sentences
with developmentally-insensitive "general" errors (of agreement). Inverse curve fits for each
condition illustrate the pattern of maturation over time (solid line: 01; dashed line: GE). Vertical
lines indicate the transitional age between immature and mature performance for each group.
Model parameters and transitional ages are provided in Table 4.

130

.60=P
.55-

o

0

.50-

U
r

.45-

.o

t
0
C.
0L
20.

0

.40.35-

OO
0

.30U

.25

~

20

0

0
0

Lu

0

0

.15-

000

00O

a0

0

0
ca o oo
@O00o0
0000
0(90OD

fl5
U

0

.00-

00OO

0
0

0

0

o00
0

W0

.05

6

00

0

oo
o0 0
0

0

0 W0
0
00

0

-.10-

4

0

8

I
I I
I
I I I
10 12 14 16 18 20 22 24 26 28 30 32 34 36

Age (years)
Figure 4. Difference in accuracies among the 0! and GE conditions of the grammaticality
judgment task as a function of participant age. Abbreviations: 0!, 01 condition: sentences with
developmentally vulnerable "optional infinitive" errors (erroneous use of finiteness); GE, GE
condition: sentences with developmentally-insensitive "general" errors (of agreement). N= 71.
This plot was used to estimate the age at which children achieved adult-like levels of
performance on the grammaticality judgment task.

131

0

.900

.8580-

0

.75-/

:

0

0
E

.70-'
.65-

0
CL

.60.5-

L.

CL
0

.45.40.35-

.30.252.10.15.10

0 Immature
. Mature

.05TT~T~~1
T TI~I~TTV~T~
8 10 12 14 16 18 20 22 24 26 28 30 32 34 36

.00I T- ~

4

6

Age (years)

Figure 5. Mean accuracy for grammaticality judgment task as a function of participant age. The
dotted vertical line indicates the transitional age between mature and immature performance
(7.98 years). The dashed and solid diagonal lines depict linear fits for performance growth over
time for, respectively, the immature and mature groups of participants. The dotted vertical line
indicates the transitional age between mature and immature performance (7.98 years);
performance increased rapidly per year before his age, and very slowly thereafter. Immature
group: 18 participants age 5-7.99; mature group: 53 participants 8-35.

132

1.00i

2100]
20001

0.95- - ----

1900-

0.900
L_

E 18000.851700

0L

0.804

1600

----------

I-

.

0

1500H
'U

1400-

0.70-

1300Immature
Mature

-

0.65-

1200

Immature
-

u.uu

11

0I

GE

Condition

-

Mature

II.U

01

GE

Condition

Figure6. Mean performance on the 01 and GE conditions of the grammaticality judgment as a function of group. Accuracy
(proportion correct responses) is displayed on the left and reaction time (ms) is displayed on the right. Abbreviations. 01, 01
condition: sentences with developmentally vulnerable "optional infinitive" errors (erroneous use of finiteness); GE, GE condition:
sentences with developmentally-insensitive "general" errors (of agreement). Immature group (closed circles): 18 participants age 5-8;
mature group (open circles): 53 participants 8-35.

133

2100
--

-

1.00-4
-

2000

0. 95
---

1900

0. 90
18007

CL

0

0.851

04A

1700-+

--- ---- - - - -

-

0

E

0.80-1

E
EU

0.765-

16001
-

-

L

1500

a,
1400

0.70
-

0.65-1

Immature

---- 8-18
Adult

1 3001200-"

-

Immature

-

5-8
Adult

-

01

GE

Condition

1100

0I

GE

Condition

Figure 7. Mean performance on the 01 and GE conditions of the grammaticality judgment as a function of group. Accuracy
(proportion correct responses) is displayed on the left and reaction time (ms) is displayed on the right. Abbreviations. 01, 0!
condition: sentences with developmentally vulnerable "optional infinitive" errors (erroneous use of finiteness); GE, GE condition:
sentences with developmentally-insensitive "general" errors (of agreement). <8 (closed circles): 18 participants age 5-8; >8 (open
circles): 29 participants 8-18; adult (stars): 24 participants age 19-35.

134

,.1.04

r

-

-0.2

I

0~

-0.4

_~1

-

I

0.0

Inverse

-0.6

-

-

1.06

E01
E GE

L

Sigmoid

-

1.08

-

-

-0.8

-1.0

-

E 1.02

-C -1.2

( 1.00.

O -1.4
1)

0.98

-1.8
0.96

-

CO-1.6

-2.0

I.

01
o GE

-2.2

-

0.94

-

-2.4
0.92

I

-

-2.6

Sigmoid

Inverse

Figure 8. Asymptotes (left) and growth terms (right) for inverse and sigmoid models describing the relationship of performance to
age for each condition of the grammaticality judgment task. Model parameters are presented in Table 4. Abbreviations: 01, 0!
condition: sentences with developmentally vulnerable "optional infinitive" errors (erroneous use of finiteness); GE, GE condition:
sentences with developmentally-insensitive "general" errors (of agreement). Regardless of the model used, significant differences
were present for the B terms, only, as evident from the overlapping error bars in the graph on the right, and lack thereof in the graph in
the graph on the left. This indicates that while the growth terms differed significantly among the two conditions, the asymptotes did
not.

135

100%
90%

o 80%
0

mall
m>12
D>18

70%

0

0 60%
(A

CL50%

~40%
o

30%

2 20%
0)
10%
0%
GE

01

Condition
Figure9. Percentage of participants scoring 100% on the 01 and GE conditions of the
grammaticality judgment task, by age range. Black bars: percentage of all participants age 5-35
(N= 71); gray bars: percentage of participants 12 years old or older (N= 32); white bars:
percentage of participants 19 years old or older (N= 24). Abbreviations: 01, 01 condition:
sentences with developmentally vulnerable "optional infinitive" errors (erroneous use of
finiteness); GE, GE condition: sentences with developmentally-insensitive "general" errors (of
agreement)

136

References
Abrahams, B. S., & Geschwind, D. H. (2008). Advances in autism genetics: on the threshold of a
new neurobiology. Nature Reviews Genetics, 9(5), 341-355.
Acheson, D. J., & MacDonald, M. C. (2009). Verbal working memory and language production:
Common approaches to the serial ordering of verbal information. PsychologicalBulletin, 135,
50-68.
Acheson, D. J., Hamidi, M., Binder, J. R., & Postle, B. R. (2011). A common neural substrate for
language production and verbal working memory. Journalof Cognitive Neuroscience, 23, 13581367.
Adams, A. M., & Gathercole, S. E. (1995). Phonological working-memory and speech
production in preschool-children. Journalof Speech and HearingResearch, 38, 403-414.
Adams, A. M., & Gathercole, S. E. (1996). Phonological working memory and spoken language
development in young children. QuarterlyJournalof ExperimentalPsychology Section A:
Human Experimental Psychology, 49, 216-23 3.
Adams, A. M., & Gathercole, S. E. (2000). Limitations in working memory: Implications for
language development. InternationalJournalofLanguage & Communication Disorders, 35(1),
95-116.
Ahmad, Z., Balsamo, L. M., Sachs, B. C., Xu, B., & Gaillard, W. (2003). Auditory
comprehension of language in young children: Neural networks identified with fMRI.
Neurology, 60(10), 1598-1605.
Allen, M., Badecker, W., & Osterhout, L. (2003). Morphological Analysis in Sentence
Processing: An ERP Study. Language and Cognitive Processes 18(4), 405-430.
Alloway, T. P., Gathercole, S. E., & Pickering, S. J. (2006). Verbal and Visuospatial Short-Term
and Working Memory in Children: Are They Separable? Child development, 77(6), 1698-1716.
Archibald, L. M., & Joanisse, M. F. (2009). On the sensitivity and specificity of nonword
repetition and sentence recall to language and memory impairments in children. Journalof
Speech, Language, and HearingResearch, 52(4), 899-914.
Archibald, L. M., & Gathercole, S. E. (2006). Short-term and working memory in specific
language impairment. InternationalJournalof Language & Communication Disorders,41(6),
675-693.
Arosio, F., Branchini, C., Forgiarini, M., Roncaglione, E., Carravieri, E., Tenca, E, Guasti, M. T.
(2010). SLI children's weakness in morphosyntax and pragmatics. The Proceedingsof the Tenth
Tokyo Conference on Psycholinguistics, Tokyo, Japan.
Atchley, R. A., Rice, M. L., Betz, S. K., Kwasny, K. M., Sereno, J. A., & Jongman, A. (2006). A
comparison of semantic and syntactic event related potentials generated by children and adults.
Brain and Language, 99(3), 236-46.

137

Avants, B. B., Epstein, C. L., Grossman, M., & Gee, J. C. (2008). Symmetric diffeomorphic
image registration with cross-correlation: Evaluating automated labeling of elderly and
neurodegenerative brain. Medical Image Analysis, 12, 26-41.
Baddeley, A. D. (1986). Working memory. Oxford, England: Oxford University Press.
Baddeley, A. (2003). Working memory: Looking back and looking forward. Nature Reviews
Neuroscience, 4, 829-839.
Baddeley, A., Gathercole, S., & Papagno, C. (1998). The phonological loop as a language
learning device. PsychologicalReview, 105(1), 158-173.

Baddeley, A. D., & Hitch, G. (1974). Working Memory, The psychology oflearningand
motivation, 8, 47-90.
Baddeley, A., Lewis, V., & Vallar, G. (1984). Exploring the articulatory loop. The Quarterly
Journal of ExperimentalPsychology, 36(2), 233-252.
Baddeley, A. D., Papagno, C., & Vallar, G. (1988). When long-term learning depends on shortterm storage. Journalof Memory and Language, 27, 576-596.
Baddeley, A. D., Thomson, N., & Buchanan, M. (1975). Word length and the structure of shortterm memory. Journalof Verbal Learningand Verbal Behavior, 14, 575-5 89.
Baddeley, A. D., & Wilson, B. A. (1993). A developmental deficit in short-term memory:
Implications for Language and Reading. Memory, 11, 65-78.
Bailey, P. J., & Snowling, M. J. (2002). Auditory processing and the development of language

and literacy. British Medical Bulletin, 63(1), 135-146.
Barry, J. G., Sabisch, B., Brauer, J., & Friederici, A. D. (2009, March). It's not what they do but
the way they do it: exploring differences in verbal working memory in parents of children with
specific languageimpairment. Poster presented at the 16th Annual Meeting of the Cognitive
Neuroscience Society (CNS), San Francisco, CA.
Bates, E. A. (2004). Explaining and interpreting deficits in language development across clinical
groups: Where do we go from here? Brain and Language, 88(2), 248-253.
Beckman, M. E., & Edwards, J. (2000). The ontogeny of phonological categories and the
primacy of lexical learning in linguistic development. Child development, 71(1), 240-249.
Bedore, L. M., & Leonard L. B. (1998). Specific language impairment and grammatical
morphology: A discriminant function analysis. Journalof Speech, Language, and Hearing

Research, 41(5), 1185-1192.
Belin, P., Zatorre, R. J., Hoge, R., Evans, A. C., & Pike, B. (1999). Event-related fMRI of the
auditory cortex. Neurolmage, 10(4), 417-429.

Belton, E., Salmond, C., Watkins, K., Vargha-Khadem, F., & Gadian, D. G. (2002). Bilateral
grey matter abnormalities in a family with a mutation in FOPX2. Neurolmage, 16, 101-144.

138

Benasich, A. A., & Leevers, H. J. (2002). Processing of rapidly presented auditory cues in
infancy: Implications for later language development. Progress in Infancy Research, 3, 245-288.
Benasich, A. A., Curtiss, S., & Tallal, P. (1993). Language, learning, and behavioral disturbances
in childhood: A longitudinal perspective. Journalof the American Academy of ChildAdolescent
Psychiatry, 32(3), 585-594.
Benasich, A. A., & Tallal P. (1996). Auditory temporal processing thresholds, habituation, and
recognition memory over the first year. Infant Behavior and Development, 19(3), 339-357.
Benasich, A. A., & Tallal, P. (2002). Infant discrimination of rapid auditory cues predicts later
language impairment. Behavioral BrainResearch, 136(1), 31-49.
Ben-Shachar, M., Hendler, T., Kahn, I., Ben-Bashat, D., & Grodzinsky, Y. (2003). The neural
reality of syntactic transformations: Evidence from functional magnetic resonance imaging.
PsychologicalScience, 14(5), 433-440.
Ben-Shachar, M., Palti, D., & Grodzinsky, Y. (2004). Neural correlates of syntactic movement:
Converging evidence from two fMRI experiments. Neurolmage, 21(4), 1320-1336.
Berman, R. A. (2004). Between emergence and mastery: the long developmental route of
language acquisition. In R. A. Berman (Ed.), Language Development across Childhoodand
Adolescence (pp. 9-34). Amsterdam/Philadelphia: John Benjamins Publishing Company.
Bishop, D. V. (1997). Cognitive neuropsychology and developmental disorders: Uncomfortable
bedfellows. QuarterlyJournalof Experimental PsychologyA, 50(4), 899-923.
Bishop, D. V. M. (2003). The testfor reception ofgrammar - Version 2. London, England:
Psychological Corporation.
Bishop, D. V. M. (2006). What Causes Specific Language Impairment in Children? Current
Directions in PsychologicalScience, 155, 217-221.
Bishop, D. V., & Adams, C. (1990). A prospective study of the relationship between specific
language impairment, phonological disorders and reading retardation. Journalof Child
Psychology and Psychiatry, 31(7), 1027-1050.
Bishop, D. V., Adams, C. V., & Norbury, C. F. (2006). Distinct genetic influences on grammar
and phonological short-term memory deficits: Evidence from 6-year-old twins. Genes, Brain and
Behavior, 5(2), 158-169.
Bishop, D. V., Barry, J. G., & Hardiman, M. J. (2012). Delayed retention of new word-forms is
better in children than adults regardless of language ability: a factorial two-way study. PLoS
One, 7(5), e37326. doi:10.1371/journal.pone.0037326
Bishop, D. V., Bishop, S. J., Bright, P., James, C., Delaney, T., & Tallal, P. (1999). Different
origin of auditory and phonological processing problems in children with language impairment:
Evidence from a twin study. JournalofSpeech, Language, and Hearing Research, 42(1), 155168.

139

Bishop, D. V. M., Carlyon, R. P., Deeks, J. M., & Bishop, S. J. (1999). Auditory temporal
processing impairment: Neither necessary nor sufficient for causing language impairment in
children. Journalof Speech, Language, and HearingResearch, 42(6), 1295-1310.
Bishop, D. V., Hardiman, M., Uwer, R., & von Suchodoletz, W. (2007). Atypical long-latency
auditory event-related potentials in a subset of children with specific language impairment.
Develop. Science, 10(5), 576-587.
Bishop, D. V., & McArthur, G. M. (2004). Immature cortical responses to auditory stimuli in
specific language impairment: Evidence from ERPs to rapid tone sequences. Developmental
Science, 74, F I1-F 18.
Bishop, D. V. M., & Mogford, K. (1993). Language development in exceptional circumstances.
Hove, England: Psychology Press.
Bishop, D. V. M., North, T., & Donlan, C. (1996). Nonword repetition as a behavioural marker
for inherited language impairment: Evidence from a twin study. Journalof ChildPsychology and
Psychiatry, 37(4), 391-403.
Bishop, D. V., & Snowling, M. J. (2004). Developmental dyslexia and specific language
impairment: same or different? Psychology Bulletin, 130(6), 858-886.
Boddaert, N., Belin, P., Chabane, N., Poline, J. B., Barthelemy, C, Mouren-Simeoni, M. C.,
Zilbovicius M. (2003). Perception of complex sounds: Abnormal pattern of cortical activation in
autism. American Journalof Psychiatry, 160(11), 2057-2060.
Boddaert, N., Chabane, N., Belin, P., Bourgeois, M., Royer, V., Barthelemy, C., ... Zilbovicius
M. (2004). Perception of complex sounds in autism: Abnormal auditory cortical processing in
children. American Journalof Psychiatry, 161(11), 2117-2120.
Boersma, P., & Weenink, D. (2008). Praat, a system for doing phonetics by computer (version
5.0.34) [Computer software]. Retrieved from http://www.praat.org/
Boland, J. W., & Guenther, F. H. (2006). An fMRI investigation of syllable sequence production.
Neurolmage, 32, 821-841.
Bookheimer, S. (2002). Functional MRI of language: New approaches to understanding the
cortical organization of semantic processing. Annual Review ofNeuroscience, 25, 151-188.
Bornkessel, I., Zyssett, S., Friederici, A. D., von Cramon, D. Y., & Schlesewsky, M. (2005).
Who did what to whom? The neural basis of argument hierarchies during language
comprehension. Neurolmage, 26, 221-233.

&

Botting, N., & Conti-Ramsden, G. (2001). Non-word repetition and language development in
children with specific language impairment (SLI). InternationalJournalofLanguage
Communication Disorders, 36(4), 421-432.
Bowey, J. A. (2001). Nonword repetition and young children's receptive vocabulary: A
longitudinal study. Applied Psycholinguistics, 22(3), 441-469.

140

Bowey, J. A. (2006). Clarifying the phonological processing account of nonword repetition.

Applied Psycholinguistics, 27(4), 548-552.
Brainard, D. H. (1997). The Psychophysics Toolbox. Spatial Vision, 10(4), 433-436.
Brauer, J., Anwander, A., & Friederici, A. D. (2011). Neuroanatomical prerequisites for
language functions in the maturing brain. Cerebral Cortex, 212, 459-466.
Brauer, J., Anwander, A., Perani, D., & Friederici, A.D. (2013). Dorsal and ventral pathways in
language development. Brain and Language, 127(2), 289-295.
Brauer, J., & Friederici, A. D. (2007). Functional neural networks of semantic and syntactic
processes in the developing brain. Journalof Cognitive Neuroscience, 19(10), 1609-1623.
Brauer, J., Sabisch, B., & Friederici, A. D. (2009, March). Functionalneuroimagingof auditory
languageprocessingin children with specific language impairment. Poster presented at the 16th
Annual Meeting of the Cognitive Neuroscience Society (CNS), San Francisco, CA.
Brown, T. T., & Jernigan, T. L. (2012). Brain development during the preschool years.

Neuropsychology Review, 22, 313-333.
Buchel, C., Holmes, A. P., Rees, G., & Friston, K.J. (1998). Characterizing stimulus-response
functions using nonlinear regressors in parametric fMRI experiments. Neurolmage, 8(2), 140-

148.
Buchsbaum, B. R., & D'Esposito, M. (2008). The search for the phonological store: From loop to
convolution. Journalof Cognitive Neuroscience, 20, 762-778.
Buchsbaum, B. R., Hickok, G., & Humphries, C. (2001). Role of left posterior superior temporal
gyrus in phonological processing for speech perception and production. Cognitive Science, 25(5),

663-678.
Buchsbaum, B. R., Olsen, R. K., Koch, P., & Berman, K. F. (2005). Human dorsal and ventral
auditory streams subserve rehearsal-based and echoic processes during verbal working memory.

Neuron, 48, 687-697.
&

Burgund, E. D., Kang, H. C., Kelly, J. E., Buckner, R. L., Snyder, A. Z., Petersen, S. E.,

Schlaggar, B. L. (2002). The feasibility of a common stereotactic space for children and adults in
fMRI studies of development. NeuroImage, 17(1), 184-200.

&

Button, K. S., loannidis, J. P. A., Mokrysz, C., Nosek, B. A., Flint, J., Robinson, E. S. J.,

Munaf6, M. R. (2013). Power failure: why small sample size undermines the reliability of
neuroscience. Nature Reiews Neuroscience, 14, 365-376.
Campbell, T. F., & Dollaghan, C.A. (1995). Speaking rate, articulatory speed, and linguistic
processing in children and adolescents with severe traumatic brain injury. JournalofSpeech,
Language, and HearingResearch, 38, 864-875.

Campbell, T., Dollaghan, C., Needleman, H., & Janosky, J. (1997). Reducing Bias in Language
AssessmentProcessing-Dependent Measures. JournalofSpeech, Language, and Hearing

141

Research, 40(3), 519-525.
Caplan, D., Alpert, N., & Waters, G. (1998). Effects of syntactic structure and propositional
number on patterns of regional cerebral blood flow. Journalof Cognitive Neuroscience, 10(4),
541-552.
Caplan, D., Chen, E., & Waters, G. (2008). Task-dependent and task-independent neurovascular
responses to syntactic processing. Cortex, 44(3), 257-275.
Caplan, D., Waters, G., Dede, G., Michaud, J., & Reddy, A. (2007). A study of syntactic
processing in aphasia I: behavioral psycholinguistic aspects. Brain and Language,10](2), 103150.
Caplan, D., Waters, G., Kennedy, D., Alpert, N., Makris, N., Dede, G., ... & Reddy, A. (2007).
A study of syntactic processing in aphasia II: neurological aspects. Brain and Language, 101(2),
151-177.
Caprin, C., & Guasti, M.T. (2009). The acquisition of morphosyntax in Italian: A cross-sectional
study. Applied Psycholinguistics, 30, 23-52.
Casey, B. J., Tottenham, N., Liston, C., & Durston, S. (2005). Imaging the developing brain:
what have we learned about cognitive development? Trends in Cognitive Sciences 9(3), 104-110.
Casey, B. J., Trainor, R. J., Orendi, J. L., Schubert, A. B., Nystrom, L. E., Giedd, J. N., ...
Rapoport, J. L. (1997). A developmental functional MRI study of prefrontal activation during
performance of a go-no-go task. Journalof Cognitive Neuroscience, 9, 835-847.
Catts, H. W., Fey, M. E., Tomblin, J. B., & Zhang, X. (2002). A longitudinal investigation of
reading outcomes in children with language impairments. Journal of Speech, Language, and
Hearing Research, 45, 1142-1157.
Centers for Disease Control and Prevention U.S. (2009). Centersfor Disease Control and
Prevention infectious diseases snapshot 2008. Atlanta, GA: Dept. of Health and Human
Services, Centers for Disease Control and Prevention.
Choudhury, N., & Benasich, A. (2003). A family aggregation study: The influence of family
history and other risk factors on language development. JournalofSpeech, Language, and
HearingResearch, 46(2), 261-272.
Christodoulou, J. A., Gaab, N., Lieberman, D. A., Weinberg, A., Hostetter, M. K., Norton, E., ...
Gabrieli, J. D. E. (2007, May). Learning to readchanges the developing brain: Orthographic
processing in prereadersand readers. Paper presented at the 14th Annual Meeting of the
Cognitive Neuroscience Society (CNS), San Diego, CA.
Church, J. A., Coalson, R. S., Lugar, H. M., Petersen, S. E., & Schlaggar, B. L. (2008). A
developmental fMRI study of reading and repetition reveals changes in phonological and visual
mechanisms over age. Cerebral Cortex, 18(9), 2054-2065.
Ciesielski, K. T., Lesnik, P. G., Savoy, R. L., Grant, E. P., & Ahlfors, S. P. (2006).
Developmental neural networks in children performing a categorical N-Back Task. NeuroImage,
142

33, 980-990.
Coady, J. A. & Aslin, R. N. (2004). Young children's sensitivity to probabilistic phonotactics in
the developing lexicon. Journalof Experimental ChildPsycholog, 89, 183-213.
Coady, J. A., & Evans, J. L. (2008). Uses and interpretations of non-word repetition tasks in
children with and without specific language impairments SLI. InternationalJournalof Language
& Communication Disorders, 43(1), 1-40.

&

Coady, J., Evans, J. L., & Kluender, K. R. (2010). Role of phonotactic frequency in nonword
repetition by children with specific language impairments. InternationalJournalof Language
Communication Disorders, 45(4), 494-509.

Conklin, H. M., Luciana, M., Hooper, C. J., & Yarger, R. S. (2007). Working memory
performance in typically developing children and adolescents: Behavioral evidence of protracted
frontal lobe development. Developmental Neuropsychology, 31(1), 103-128.
&

Constable, R. T., Pugh, K. R., Berroya, E., Mencl, W. E., Westerveld, M., Ni, W.,
Shankweiler, D. (2004). Sentence complexity and input modality effects in sentence
comprehension: an fMRI study. Neurolmage, 22, 11-21.
Constantino, J. (2005). Social Response Scale (SRS). Los Angeles, CA: Western Psychological
Services.
Conti-Ramsden, G., & Botting, N. (1999). Classification of children with specific language
impairment: Longitudinal considerations. Journalof Speech, Language, and HearingResearch,
42(5), 1195-1204.
Conti-Ramsden, G., Botting, N., & Faragher, B. (2001). Psycholinguistic markers for specific
language impairment S LI. Journalof Child Psychology and Psychiatry, 42, 741-748.

&

Conti-Ramsden, G., Botting, N., & Knox, E. (2001). Follow-up of children attending infant
language units: outcomes at 11 years of age. InternationalJournalof Language
Communication Disorders,36(2), 207-219.
Cowan, N., Day, L., Saults, J. S., Keller, T. A., Johnson, T., & Flores, L. (1992). The role of
verbal output time in the effects of word length on immediate memory. JournalofMemory and
Language, 31, 1-17.
Cowan, N., Wood, N. L., Wood, P. K., Keller, T. A., Nugent, L. D., & Keller, C. V. (1998). Two
separate verbal processing speeds contributing to verbal short-term memory span. Journalof
Experimental Psychology: General, 127, 141-160.
Dale, A. M. (1999). Optimal experimental design for event-related fMRI. Human Brain
Mapping, 8, 109-114.
De Fosse, L., Hodge, S.M., Makris, N., Kennedy, D. N., Caviness, V. S., Jr., McGrath, L., ...
Harris, G.J. (2004). Language-association cortex asymmetry in autism and specific language
impairment. Annals ofNeurology, 56(6), 757-66.

143

de Jong, P., & Olson, R. K. (2004). Early Predictors of Letter Knowledge. Journalof
Experimental Child Psychology, 88, 254-27.
Dean, R. S. (1988). Lateralpreference schedule. Odessa, FL: Psychological Assessment
Resources, Inc.
Desai, R., Conant, L. L., Waldron, E., & Binder, J. R. (2006). FMRI of past tense processing: the
effects of phonological complexity and task difficulty. Journal of Cognitive Neuroscience, 18(2),

278-97.
Desikan, R. S., Segonne, F., Fischl, B., Quinn, B. T., Dickerson, B. C., Blacker, D., ... Killiany,
R. J. (2006). An automated labeling system for subdividing the human cerebral cortex on MRI
scans into gyral based regions of interest. Neurolmage, 31, 968-980.
Destrieux, C., Fischl, B., Dale, A., & Halgren, E. (2010). Automatic parcellation of human
cortical gyri and sulci using standard anatomical nomenclature. Neurolmage, 53(1), 1-15.
Dollaghan, C., Biber, M., & Campbell, T. (1993). Constituent syllable effects in a nonsenseword repetition task. Journalof Speech, Language, and HearingResearch, 36, 1051-1054.
Dollaghan, C., Biber, M., & Campbell, T. (1995). Lexical influences on nonword repetition.

Applied Psycholinguistics, 16(2), 211-222.
Dollaghan, C., & Campbell, T.F. (1998). Nonword repetition and child language impairment.
Journalof Speech, Language, and HearingResearch, 41, 1136-1146.
Duff, F., Hayiou-Thomas, E. M., & Hulme, C. (2012). Evaluating the effectiveness of a
phonologically-based reading intervention for struggling readers with varying language profiles.

Reading and Writing, 25, 621-640.
Dufva, M., Niemi, P., & Voeten, M. J. M. (2001). The role of phonological memory, word
recognition, and comprehension skills in reading development: from preschool to grade 2.
Reading and Writing, 14, 91-117.
Dunn, L. M., & Dunn, D. M. (2007). Peabody Picture Vocabulary Test 4th Edition.
Bloomington, MN: Pearson Assessments.

Eden, G. F., Joseph, J. E., Brown, H. E., Brown, C. P., & Zeffiro, T. A. (1999). Utilizing
hemodynamic delay and dispersion to detect fMRI signal change without auditory interference:
The behavior interleaved gradients technique. Magnetic Resonance in Medicine, 41(l), 13-20.
Edwards, J., Beckman, M. E., & Munson, B. (2004). The interaction between vocabulary size
and phonotactic probability effects on children's production accuracy and fluency in nonword
repetition. Journalof Speech, Language, and HearingResearch, 47(2), 421-436.
Edwards, J., & Lahey, M. (1998). Nonword repetitions of children with specific language
impairment: Exploration of some explanations for their inaccuracies. Applied Psycholinguistics,

19(2), 279-309.
Ellis Weismer, S. E., Plante, E., Jones, M., & Tomblin, J. B. (2005). A functional magnetic

144

resonance imaging investigation of verbal working memory in adolescents with specific
language impairment. Journalof Speech, Language, and HearingResearch, 48(2), 405-425.
Ellis Weismer, S. E., Tomblin, J. B., Zhang, X., Buckwalter, P., Chynoweth, J. G., & Jones, M.
(2000). Nonword repetition performance in school-age children with and without language
impairment. Journalof Speech, Language, and HearingResearch, 43(4), 865-878.
Falcaro, M., Pickles, A., Newbury, D. F., Addis, L., Banfield, E., Fisher, S. E., ... SLI
Consortium. (2008). Genetic and phenotypic effects of phonological short-term memory and
grammatical morphology in specific language impairment. Genes, Brain and Behavior, 4, 393402.
Fedorenko, E., Behr, M. K., & Kanwisher, N. (2011). Functional specificity for high-level
linguistic processing in the human brain. Proceedingsof the NationalAcademy of Sciences, USA,
108(39), 16428-33.
Fey, M., Windsor, J., & Warren, S. (Eds.). (1995). Language intervention: Preschool through the
elementary years. Communication and Language Intervention Series, Vol. 5 (pp. 3-37).
Baltimore, MD: Paul H Brookes Publishing.
Fischl, B., van der Kouwe, A., Destrieux, C., Halgren, E., Segonne, F., Salat, D. H., ... Dale, A.
M. (2004). Automatically parcellating the human cerebral cortex. CerebralCortex, 14, 11-22.
Fisher, S. E. (2005). Dissection of molecular mechanisms underlying speech and language
disorders. Applied Psycholinguistics, 26(1), 111-128.
Friederici, A. D. (2002). Towards a neural basis of auditory sentence processing. Trends in
Cognitive Sciences, 62, 78-84.
Friederici, A. D. (2004). The neural basis of language development and its impairment. Neuron
52, 941-952.
Friederici, A. D. (2011). The brain basis of language processing: from structure to function.
PhysiologicalReviews, 91(4), 1357-1392.
Friederici, A. D. (2012). The cortical language circuit: from auditory perception to sentence
comprehension. Trends in Cognitive Sciences, 16(5), 262-268.
Friederici, A. D., Bahlmann, J., Heim, S., Schubotz, R. 1., & Anwander, A. (2006). The brain
differentiates human and non-human grammars: Functional localization and structural
connectivity. Proceedingsof the NationalAcademy of Sciences, USA, 103(7), 245 8-2463.
Friederici, A. D., Fiebach, C. J., Schlesewsky, M., Bornkessel, I., & von Cramon, D. Y. (2006).
Processing linguistic complexity and grammaticality in the left frontal cortex. CerebralCortex,
16(12), 1709-1717.
Friederici, A. D., Friedrich, M., & Weber, C. (2002). Neural manifestation of cognitive and
precognitive mismatch detection in early infancy. NeuroReport, 1310, 1251-1254.
Friederici, A. D., Gunter, T. C., Hahne, A., & Mauth, K. (2004). The relative timing of syntactic

145

and semantic processes in sentence comprehension. NeuroReport, 15(1), 165-169.
Friederici, A. D., & Kotz, S. A. (2003). The brain basis of syntactic processes: Functional
imaging and lesion studies. Neurolmage, 20 Suppl, 1, S8-17.
Friederici, A. D., Rschemeyer, S.-A., Hahne, A., & Fiebach, C.J. (2003). The role of left
inferior frontal and superior temporal cortex in sentence comprehension: Localising syntactic
and semantic processes. CerebralCortex 13(2), 170-177.
Friederici, A. D., Wang, Y., Herrmann, C. S., Maess, B., & Oertel, U. (2000). Localization of
early syntactic processes in frontal and temporal areas: A magnetoencephalographic study.
Human Brain Mapping, 111(1), 1- 11.
Friedmann, N., & Grodzinsky, Y. (1997). Tense and agreement in agrammatic production:
pruning the syntactic tree. Brain and Language, 56(3), 397-425.
Friedrich, M., & Friederici, A. D. (2004). N400-like semantic incongruity effect in 19-montholds: Processing known words in picture contexts. Journalof Cognitive Neuroscience, 16(8),
1465-1477.
Friedrich, M., & Friederici, A. D. (2005). Lexical priming and semantic integration reflected in
the ERP of 14-month-olds. NeuroReport, 16(6), 653-656.
Friedrich, M., & Friederici, A. D. (2005). Phonotactic knowledge and lexical-semantic
processing in one-year-olds: Brain responses to words and nonsense words in picture contexts.
Journalof Cognitive Neuroscience, 17(11), 1785-1802.
Friedrich, M., & Friederici, A. D. (2005). Semantic sentence processing reflected in the eventrelated potentials of one- and twoyear-old children. NeuroReport, 16(16), 1801-1804.
Friedrich, M., & Friederici, A. D. (2006). Early N400 development and later language
acquisition. Psychophysiology, 43(1), 1-12.
Friedrich, M., Weber, C., & Friederici, A.D. (2004). Electrophysiological evidence for delayed
mismatch response in infants at-risk for specific language impairment. Psychophysiology, 41(5),
772-782.
Friston, K., & Buechel, C. (1997). Neuroimaging and the non-linear brain. InternationalJournal
of Psychophysiology, 251, 72.
Gaab, N., Gabrieli, J. D. E,. & Glover, G. H. (2007a). Assessing the influence of scanner
background noise on auditory processing. 1. An fMRI study comparing three experimental
designs with varying degrees of scanner noise. Human BrainMapping, 28(8), 703-720.
Gaab, N., Gabrieli, J. D. E., & Glover, G. H. (2007b). Assessing the influence of scanner
background noise on auditory processing. II. An fMRI study comparing auditory processing in
the absence and presence of recorded scanner noise using a sparse design. Human Brain
Mapping, 28(8), 721-732.
Gaab, N., Gabrieli, J. D. E. & Glover, G. H. (2008). Resting in peace or noise: Scanner

146

background noise suppresses default-mode network. Human Brain Mapping, 29(7), 858-867.
Gathercole, S. E. (1994). Neuropsychology and working memory: a review. Neuropsychology,
8(4), 494.
Gathercole, S. E. (1995). Is nonword repetition a test of phonological memory or long-term
knowledge? It all depends on the nonwords. Memory and Cognition, 23, 83-94.
Gathercole, S. E. (1998). The development of memory. Journalof Child Psychology and
Psychiatry, 39(1), 3-27.
Gathercole, S. E. (1999). Cognitive approaches to the development of short-term memory.
Trends in Cognitive Sciences, 3(11), 410-419.
Gathercole, S. E. (2006). Nonword repetition and word learning: The nature of the relationship.
Applied Psycholinguistics, 27, 513-543.
Gathercole, S. E., & Adams, A. M. (2000). Limitations in working memory: Implications for
language development. InternationalJournalof Language & Communication Disorders,35(1),
95-116.
Gathercole, S. E., Alloway, T. P., Willis, C. & Adams, A. M. (2006). Working memory in
children with reading disabilities. Journalof Experimental Child Psychology, 93(3), 265-281.
Gathercole, S. E., & Baddeley, A. D. (1989). Evaluation of the role of phonological STM in the
development of vocabulary in children: A longitudinal study. JournalofMemory and Language
28(2), 200-213.
Gathercole, S. E., & Baddeley, A. D. (1990). Phonological memory deficits in language
disordered children: Is there a causal connection? Journalof Memory and Language, 29(3), 336360.
Gathercole, S. E., & Baddeley, A. D. (1990). The role of phonological memory in vocabulary
acquisition: A study of young children learning new names. British Journalof Psychology, 81,
439-454.
Gathercole, S. E., & Baddeley, A. D. (1993). Working memory and language. Hove, England:
Erlbaum.
Gathercole, S. E., & Baddeley, A. D. (1995). Short-term memory may yet be deficient in
children with language impairments: A comment on van der Lely & Howard 1993. Journalof
Speech, Language, and HearingResearch, 38(2), 463-472.
Gathercole, S. E., & Baddeley, A. D. (1996). The Children's Test of Nonword Repetition CNRep.
London: Psychological Corporation.
Gathercole, S. E., & Baddeley, A. D. (1997). Sense and sensitivity in phonological memory and
vocabulary development: A reply to Bowey. Journalof ExperimentalChild Psychology, 67(2),
290-294.
Gathercole, S. E., Frankish, C., Pickering, S. J., & Peaker, S. (1999). Phonotactic influences on
147

short term memory. Journalof Experimental Psychology. Learning, Memory, and Cognition

25(1), 84-95.
Gathercole, S. E. & Hitch, G. (1993). The development of rehearsal. A revised working memory
perspective. Theories of memory. Hove, England: Erlbaum.
Gathercole, S. E., Hitch, G. J., Service, E., & Martin, A. J. (1997). Short-term memory and new
word learning in children. Developmental Psychology, 33(6), 966-979.
Gathercole, S. E., & Martin, A. J. (1996). Interactiveprocesses in phonological memory. Models
ofshort-term memory. Hove, England: Psychology Press.

Gathercole, S. E., Pickering, S. J., Ambridge, B., & Wearing, H. (2004). The structure of
working memory from 4 to 15 years of age. Developmental Psychology, 40, 177-190.

Gathercole, S. E., Pickering, S. J., Knight, C., & Stegmann, Z. (2004). Working memory skills
and educational attainment: Evidence from national curriculum assessments at 7 and 14 years of

age. Applied Cognitive Psychology, 18, 1-16.
Gathercole, S. E., Pickering, S. J., Hall, M., & Peaker, S. J. (2001). Dissociable lexical and
phonological influences on serial recognition and serial recall. QuarterlyJournalof
Experimental Psychology, 54(1), 1-30.

Gathercole, S. E., Tiffany, C., Briscoe, J., Thorn, A. S. C., & The ALSPAC Team. (2005).
Developmental consequences of phonological loop deficits during early childhood: A

longitudinal study. Journalof Child Psychology andPsychiatry, 46(6), 598-611.
Gathercole, S. E., Tiffany, C., Briscoe, J., Thorn, A. S. C., & The ALSPAC Team. (2005).
Episodic long-term memory in children with poor phonologicalloop function. Manuscript in
preparation.
Gathercole, S. E., Willis, C., & Baddeley, A. D. (1991). Dissociable influences of phonological
memory and phonological awareness on reading and vocabulary development. British Journalof

Psychology, 82, 387-406.
Gathercole, S. E., Willis, C., Emslie, H., & Baddeley, A. D. (1991). The influences of number of
syllables and wordlikeness on children's repetition of nonwords. Applied Psycholinguistics,

12(3), 349-367.
Gathercole, S. E., Willis, C., Emslie, H., & Baddeley, A .D. (1992). Phonological memory and
vocabulary development during the early school years: A longitudinal study. Developmental

Psychology, 28(5), 887-898.
Gathercole, S. E., Willis, C., Emslie, H., & Baddeley, A. D. (1994). The Children's Test of
Nonword Repetition: A test of phonological working memory. Memory, 2(2), 103-127.

Gauger, L. M., Lombardino, L. J., & Leonard, C. M. (1997). Brain morphology in children with
specific language impairment. Journalof Speech, Language, and HearingResearch, 40, 1272-

1284.

148

Gavarr6, A., Torrens, V., & Wexler, K. (2010). Object clitic omission: Two language types.
Language Acquisition, 17(4), 192-219.
Gervais, H., Belin, P., Boddaert, N., Leboyer, M., Coez, A., Sfaello, I., ... Zilbovicius, M.
(2004). Abnormal cortical voice processing in autism. Nature Neuroscience, 7, 801-802.
Ghosh, S., Kovelman, I., Lymberis, J., & Gabrieli, J. D. G. (2009, June). Incorporating
hemodynamic responsefunctions to improve analysis models for sparse-acquisitionexperiments.
Paper presented at the Human Brain Mapping Meeting, San Francisco, CA.
Ghosh, S. S., Kakunoori, S., Augustinack, J., Nieto-Castanon, A., Kovelman, I., Gaab, N., ...
Fischl, B. (2010). Evaluating the validity of volume-based and surface-based brain image
registration for developmental cognitive neuroscience studies in children 4 to 11 years of age.
Neurolmage, 53(1), 85-93.
Giedd, J. N., Lalonde, F. M., Celano, M. J., White, S. L., Wallace, G. L., Lee, N. R., & Lenroot,
R. K. (2009). Anatomical Brain Magnetic Resonance Imaging of Typically Developing Children
and Adolescents. Journalof the American Academy of Child and Adolescent Psychiatry, 48(5),
465-470.
Gillam, R. B., Loeb, D. F., Hoffman, L. M., Bohman, T., Champlin, C. A., Thibodeau, L.,
Friel-Patti, S. (2008). The Efficacy of Fast ForWord Language Intervention in School-Age
Children With Language Impairment: A Randomized Controlled Trial. Journal of Speech,
Language, andHearing Research, 51, 97-119.

...

Gitelman, D. R., Penny, W. D., Ashbumer, J., & Friston, K. J. (2003). Modeling regional and
psychophysiologic interactions in fMRI: the importance of hemodynamic deconvolution.
Neurolmage, 19(1), 200-207.
Gogtay, N., Giedd, J. N., Lusk, L., Hayashi, K. M., Greenstein, D., Vaituzis, A. C.,
Thompson, P. M. (2004). Dynamic mapping of human cortical development during childhood
through early adulthood. Proceedingsof the NationalAcademy of Sciences, USA, 101(21), 81748179.
Goldberg, R. F., & Thompson-Schill, S. L. (2009). Developmental "roots" in mature biological
knowledge. PsychologicalScience, 20(4), 480-487.
Goldman, R., Fristoe, M., & Woodcock, R. W. (1974). Goldman-Fristoe-WoodcockAuditory
SkillsBattery. Circle Pines, MN: American Guidance Service.
Gopnik, M., & Crago, M. (1991). Familial aggregation of a developmental language disorder.
Cognition, 39(1), 1-50.
Gordishevsky, G., & Avrutin, S. (2004). Optional omissions in an optionally null subject
language. LOT OccasionalSeries, 3, 187-198.
&

Gorgolewski, K., Bums, C. D., Madison, C., Clark, D., Halchenko, Y. 0., Waskom, M.L.
Ghosh, S. S. (2011). Nipype: A flexible, lightweight and extensible neuroimaging data
processing framework. Frontiersin Neuroinformatics, 5, doi:10.3389/ fninf.2011.00013.

149

Graf Estes, K., Evans, J. L., & Else-Quest, N. M. (2007). Differences in the Nonword Repetition
Performance of Children With and Without Specific Language Impairment: A Meta-Analysis.
Journalof Speech, Language, and HearingResearch, 50(1), 177-195.
Grant, J., Karmiloff-Smith, A., Gathercole, S. A., Paterson, S., Howlin, P., Davies, M., & Udwin,
0. (1997). Phonological short-term memory and its relationship to language in Williams
syndrome. Cognitive Neuropsychiatry, 2(2), 81-99.
Graves, W. W., Grabowski, T. J., Mehta, S., & Gupta, P. (2008). The left posterior superior
temporal gyrus participates specifically in accessing lexical phonology. Journalof Cognitive
Neuroscience, 20, 1698-1710.
Grinstead, J. (2004). Subjects and interface delay in child Spanish and Catalan. Language, 80,

40-72.
Grinstead, J., Baron, A., Vega-Mendoza, M., De la Mora, J., Cant6-Sinchez, M., & Flores, B.
(2012). Tense Marking and Spontaneous Speech Measures in Spanish SLI: A Discriminant
Function Analysis. Journalof Speech, Language, and HearingResearch, 56(1), 352-63.
Grodzinsky, Y. (2000). The neurology of syntax: language use without Broca's area. Behavioral
and Brain Sciences, 23, 1-27.
Grodzinsky, Y., & Friederici, A.D. (2006). Neuroimaging of syntax and syntactic processing.
Current Opinion in Neurobiology, 162, 240-6.
Grodzinsky, Y., & Santi, A. (2008). The battle for Broca's region. Trends in Cognitive Sciences,

12(12), 474-480.
Guasti, M. T. (1994). Verb syntax in Italian child grammar: Finite and nonfinite verbs. Language
Acquisition, 3, 1-40.
Hagoort, P. (2005). On Broca, brain, and binding: a new framework. Trends in Cognitive

Sciences, 99, 416-423.
Hall, D. A., Haggard, M. P ., Akeroyd, M. A., Palmer, A. R., Summerfield, A.

Q.,

Elliot, M. R.,

... Bowtell, R. W. (1999). Sparse temporal sampling in auditory fMRI. Human Brain Mapping,

7, 213-223.
Harris, A. T., & Wexler, K. (1996). The optional-infinitive stage in child English: Evidence from
negation. In H. Clahsen (Ed.), Generativeperspective on language acquisition. Amsterdam,
Netherlands: John Benjamins.
Hartwigsen, G., Saur, D., Price, C. J., Baumgaertner, A., Ulmer, S., & Siebner, H. R. (2013).
Increased facilitatory connectivity from the pre-SMA to the left dorsal premotor cortex during
pseudoword repetition. Journalof Cognitive Neuroscience, 25, 580-594.
Helenius, P., Parviainen, T., Paetau, R., & Salmelin, R. (2009). Neural processing of spoken
words in specific language impairment and dyslexia. Brain Advance Access. Advance online

publication. doi:10.1 093/brain/awp134.

150

Herbert, M., Ziegler, D. A., Makris, N., Bakardjiev, A., Hodgson, J., Adrien, K.T., & Kennedy,
D. N. (2003). Larger brain and white matter volumes in children with developmental language
disorder. Developmental Science, 64, Fl -F22.
Herbert, M. R, Harris, G. J, Adrien, K. T., Ziegler, D. A., Makris, N., Kennedy, D. N., ...
Caviness, V. S. (2002). Abnormal asymmetry in language association cortex in autism. Annals of
Neurology, 52(5), 588-596.
Herbert, M. R., Ziegler, D. A., Deutsch, C. K., O'Brien, L. M., Kennedy, D. N., Filipek, P. A., ...
Caviness, V. S., Jr. (2005). Brain asymmetries in autism and developmental language disorder: a
nested whole-brain analysis. Brain, 128, 213-226.
Herbert, M. R., Ziegler, D. A., Makris, N., Filipek, P. A., Kemper, T. L., Normandin, J. J.,
Caviness, V.S., Jr. (2004). Localization of white matter volume increase in autism and
developmental language disorder. Annals ofNeurology, 55(4), 530-540.
Hickok, G. (2009). The functional neuroanatomy of language. Physics of Life Reviews, 6, 121143.
Hickok, G., Buchsbaum, B., Humphries, C., & Muftuler, T. (2003). Auditory-motor interaction
revealed by fMRI: speech, music, and working memory in area Spt. Journalof Cognitive
Neuroscience, 15(5), 673-682.
Hickok, G., Houde, J., & Rong, F. (2011). Sensorimotor integration in speech processing:
Computational basis and neural organization. Neuron, 69, 407-422.
Hickok, G., & Poeppel, D. (2007). The cortical organization of speech processing. Nature
Reviews Neuroscience, 8, 3 93-402.
Hoffman L., & Gillam, R. (2004). Verbal and spatial information processing constraints in
children with specific language impairment. Journalof Speech, Language, and Hearing
Research, 47, 114-125.
Holcomb, P. J., Coffey, S. A., & Neville, H. J. (1992). Visual and auditory sentence processing:
a developmental analysis using event-related brain potentials. Developmental Neuropsychology,
8(2-3), 203-241.
Holland, S. K., Plante, E., Weber Byars, A., Strawsburg, R. H., Schmithorst, V. J., & Ball, W. S.
(2001). Normal fMRI brain activation patterns in children performing a verb generation task.
Neurolmage, 14(4), 837-843.
Howlin, P., Mawhood, L., & Rutter, M. (2000). Autism and developmental receptive language
disorder - a follow-up comparison in early adult life. II: Social, behavioural, and psychiatric
outcomes. Journalof Child Psychology and Psychiatry and Allied Disciplines, 41(5), 561-578.
Hugdahl, K., Gundersen, H., Brekke, C., Thomsen, T., Rimol, L. M., & Ersland, L. (2004). fMRI
brain activation in a Finnish family with specific language impairment compared with a normal
control group. Journalof Speech, Language, and HearingResearch, 47, 162-172.
Hulme, C., Thomson, N., Muir, C., & Lawrence, A. (1984). Speech rate and the development of
151

short-term memory span. Journalof Experimental Child Psychology, 38, 241-253.
Im-Bolter, N., Johnson, J., & Pascual-Leone, J. (2006). Processing limitations in children with
specific language impairment: The role of executive function. Child Development, 77(6), 1822-

1841.
Jackson, T., & Plante, E. (1996). Gyral morphology in the posterior Sylvian region in families
affected by developmental language disorder. Neuropsychology Review, 62, 81-94.
Jacquemot, C., & Scott, S. K. (2006). What is the relationship between phonological short-term
memory and speech processing? Trends in Cognitive Sciences, 10, 480-486.
Jincke, L., Siegenthaler, T., Preis, S., & Steinmetz, H. (2007). Decreased white-matter density in
a left-sided fronto-temporal network in children with developmental language disorder: Evidence
for anatomical anomalies in a motor-language network. Brain and Language, 102(1), 91-98.
Jarvis, H. L., & Gathercole, S. E. (2003). Verbal and non-verbal working memory and
achievements on national curriculum tests at 11 and 14 years of age. Educationaland Child

Psychology, 20(3), 123-140.
Jernigan, T. L., Hesselink, J. R., Sowell, E., & Tallal, P. A. (1991). Cerebral structure on
magnetic resonance imaging in language- and learning-impaired children. Archives of

Neurology, 48(5), 539-45.
Joanisse, M. F., & Seidenberg, M. S. (1998). Specific language impairment: A deficit in
grammar or processing? Trends in Cognitive Sciences, 27, 240-247.
Johnson, C. J., Beitchman, J. H., Young, A., Escobar, M., Atkinson, L., Wilson, B., ... Wang, M.
(1999). Fourteen-Year Follow-Up of Children With and Without Speech/Language Impairments.
Speech/Language Stability and Outcomes, 42(3), 744-760.
Johnson, J. A., & Zatorre, R. J. (2005). Attention to simultaneous unrelated auditory and visual
events: Behavioral and neural correlates. CerebralCortex, 15(10), 1609-1620.
Jones, D. M., Hughes, R. W., & Macken, W. J. (2006). Perceptual organization masquerading as
phonological storage: Further support for a perceptual-gestural view of short-term memory.
Journalof Memory and Language, 54, 265-281.
Just, M. A., Cherkassky, V. L., Keller, T. A., & Minshew, N. J. (2004). Cortical activation and
synchronization during sentence comprehension in high-functioning autism: evidence of
underconnectivity. Brain, 127(8), 1811-1821.
Kaan, E., & Swaab, T. Y. (2002). The brain circuitry of syntactic comprehension. Trends in

Cognitive Sciences, 6(8), 350-356.
Kamhi, A. G. & Catts, H. W. (1986). Toward an understanding of developmental language and
reading disorders. Journalof Speech and HearingDisorders, 51(4), 337-347.
Karmiloff-Smith, A. (1998). Development itself is the key to understanding developmental
disorders. Trends in Cognitive Sciences, 2(10), 389-398.

152

Karmiloff-Smith, A. (2010). Neuroimaging of the developing brain: taking developing seriously.
Human Brain Mapping, 31(6), 934-941.
Kaufman, A., & Kaufman, N. (1990). Kaufman BriefIntelligence Test. Circle Pines, MN:
American Guidance Service.
Kaufman, A. S., & Kaufman, N. L. (2004). Kaufman BriefIntelligence Test Second Edition.
Circle Pines, MN: American Guidance Service.
Keren-Portnoy, T., Vihman, M. M., DePaolis, R. A., Whitaker, C. J., & Williams, N. M. (2010).
The role of vocal practice in constructing phonological working memory. Journalof Speech,
Language, andHearing Research, 53, 1280-1293.
Kjelgaard, M. M., & Tager-Flusberg, H. (2001). An investigation of language impairment in
autism: Implications for genetic subgroups. Language and Cognitive Processes, 16(2-3), 287308.
Klingberg, T., Forssberg, H., & Westerberg, H. (2002). Increased brain activity in frontal and
parietal cortex underlies the development of visuospatial working memory capacity during
childhood. Journalof Cognitive Neuroscience, 14(1), 1-10.
Knaus, T. A., Silver, A. M., Dominick, K. C., Schuring, M. D., Shaffer, N., Lindgren, K. A.,
Tager-Flusberg, H.(2009). Age-Related Changes in the Anatomy of Language Regions in
Autism Spectrum Disorder. Brain Imaging and Behavior, 31, 51-63.

...

Knaus, T. A., Silver, A. M., Lindgren, K. A., Hadjikhani, N., & Tager-Flusberg, H. (2008). fMRI
activation during a language task in adolescents with ASD. Journalof the International
NeuropsychologicalSociety, 14(6), 967-979.
Knecht, S., Driger, B., Deppe, M., Bobe, L., Lohmann, H., Flbel, A., ... Henningsen, H. (2000).
Handedness and hemispheric language dominance in healthy humans. Brain, 123(12), 25122518.
Knoll, L. J., Obleser, J., Schipke, C. S., Friederici, A. D., & Brauer, J. (2012). Left prefrontal
cortex activation during sentence comprehension covaries with grammatical knowledge in
children. Neurolmage, 62(1), 207-216.
Koenigs, M., Acheson, D. J., Barbey, A. K., Solomon, J., Postle, B. R., & Grafman, J. (2011).
Areas of left perisylvian cortex mediate auditory-verbal short-term memory. Neuropsychologia,
49, 3612-361.
Kovelman, I., Perrachione, T. K., Ostrovskaya, I., Ghosh, S. S., Saxler, P. K., Lymberis, J., ...
Gabrieli, J. D. E. (2014). PersistentNeurobehavioralMarkers of Developmental Syntax Errors
in Adults: AnJMRI study of the OptionalInfinitive. Manuscript submitted for publication.
Krishnan, S., Alcock, K. J., Mercure, E., Leech, R., Barker, E., Karmiloff-Smith, A., & Dick, F.
(2013). Articulating novel words: Children's oromotor skills predict nonword repetition abilities.
Journalof Speech, Language, and HearingResearch, 56(6), 1800-1812.
Kuperberg, G. R., Kreher, D. A., Sitnikova, T., Caplan, D. N., & Holcomb, P. J. (2007). The role
153

of animacy and thematic relationships in processing active English sentences: evidence from
event-related potentials. Brain and Language, 100(3), 223-37.
Kurita, H. (1985). Infantile autism with speech loss before the age of 30 months. Journalof the
American Academy of ChildPsychiatry, 24, 191-196.
Kwon, H., Reiss, A. L., & Menon, V. (2002). Neural basis of protracted developmental changes
in visuo-spatial working memory. Proceedingsof the NationalAcademy of Sciences, 99(20),
13336-13341.
Larrivee, L. S., & Catts, H. W. (1999). Early reading achievement in children with expressive
phonological disorders. American Journalof Speech-Language Pathology, 8, 118-128.
Lavric, A., Pizzagalli, D., Forstmeier, S., & Rippon, G. (2001). Mapping dissociations in verb
morphology. Trends in Cognitive Sciences, 57, 301-308.
Laws, G., & Gunn, D. (2004). Phonological memory as a predictor of language comprehension
in Down syndrome: a five-year follow-up study. Journalof Child Psychology and Psychiatry,
45(2), 326-337.
Lebel, C., & Beaulieu, C. (2011). Longitudinal development of human brain wiring continues
from childhood into adulthood. The JournalofNeuroscience, 31(30), 10937-10947.
Leff, A. P., Schofield, T. M., Crinion, J. T., Seghier, M. L., Grogan, A., Green, D. W., & Price,
C. J. (2009). The left superior temporal gyrus is a shared substrate for auditory short-term
memory and speech comprehension: Evidence from 210 patients with stroke. Brain, 132, 34013410.
Leonard, C., Eckert, M., Given, B., Virginia, B., & Eden, G. (2006). Individual differences in
anatomy predict reading and oral language impairments in children. Brain 129(12), 3329-42.
Leonard, C. M., Lombardino, L. J, Walsh, K., Eckert, M. A., Mockler, J. L., Rowe, L. A., ...
DeBose, C.B. (2002). Anatomical risk factors that distinguish dyslexia from SLI predict reading
skill in normal children. Journalof Communication Disorders., 35(6), 501-31.
Leonard, L. B. (1998). Children with specific language impairment. Cambridge, MA: MIT Press.
Leonard, L., Camarata, S., Pawtowska, M., Brown, B., & Camarata, M. (2008). The acquisition
of tense and agreement morphemes by children with specific language impairment during
intervention: phase 3. Journalof Speech, Language, and HearingResearch, 51(1), 120-25.
Lidgeois, F., Baldeweg, T., Connelly, A., Gadian, D. G., Mishkin, M., & Vargha-Khadem, F.
(2003). Language fMRI abnormalities associated with FOXP2 gene mutation. Nature
Neuroscience, 6(11), 1230-1237.
Lipinski, J., & Gupta, P. (2003). Separating the effects of duration and neighborhood density in
nonword repetition latency. In R. Alterman & D. Kirsh (Eds.), Proceedingsof the 25th Annual
Meeting of the Cognitive Science Society (p. 718). Boston, MA: Cognitive Science Society.
Lipinski, J., & Gupta, P. (2005). Does neighborhood density influence repetition latency for

154

nonwords? Separating the effects of density and duration. JournalofMemory and
Language, 52(2), 171-192.
Loban, W. (1976). Language development. Kindergartenthrough grade twelve. Urbana, IL:
National Council of Teachers of English.
Lord, C., & Paul, R. (1997). Language and communication in autism. In D. J. Cohen & F. R.
Volkmar (Eds.), Handbook of autism andpervasive development disorders (2nd ed.). New York:
John Wiley & Sons.
Lord, C., Risi, S., Lambrecht, L., Cook, E. H., Leventhal, B., DiLavore,, P. C., ... Rutter, M.
(2000). The autism diagnostic observation schedule-generic: A standard measure of social and
communication deficits associated with the spectrum of autism. JournalofAutism and
Developmental Disorders, 30, 205-223.
Lord, C., Rutter, M., & Le Couteur, A. (1994). Autism Diagnostic Interview-Revised: A
revised version of a diagnostic interview for caregivers of individuals with possible pervasive
developmental disorders. JournalofAutism and Developmental Disorders, 24, 659-685.
Lu, L. H., Dapretto, M., O'Hare, E. D., Kan, E., McCourt, S. T., Thompson, P. M., ... Sowell, E.
R., (2009). Relationships between brain activation and brain structure in normally developing
children. CerebralCortex, 19, 2595-2604.
Lu, L. H., Leonard, C. M., Thompson, P. M., Kan, E., Jolley, J., Welcome, S., ... Sowell, E.
(2007). Normal developmental changes in inferior frontal gray matter are associated with
improvement in phonological processing: a longitudinal MRI analysis. CerebralCortex, 17(5),
1092-1099.
Luna, B., Garver, K. E., Urban, T. A., Lazar, N. A., & Sweeney, J. A. (2004). Maturation of
cognitive processes from late childhood to adulthood. Child Sevelopment, 75(5), 1357-1372.
Manika, S., Varlokosta, S., & Wexler, K. (2010). The lack of omission of clitics in Greek
children with SLI: An experimental study. In BUCLD 35: Proceedingsof the 35th annual
Boston University Conference on Language Development (pp. 427-439). Somerville, MA:
Cascadilla Proceedings Project.
Martin, R. C. (2005). Components of short-term memory and their relation to language
processing: Evidence from neuropsychology and neuroimaging. Current Directionsin
PsychologicalScience, 14, 204-208.
McArthur, G. M., Hogben, J. H., Edwards, V. T., Heath, S. M., & Mengler, E. D. (2000). On the
"specifics" of specific reading disability and specific language impairment. Journalof Child
Psychology and Psychiatry and Allied Disciplines, 41(7), 869-874.
McGettigan, C., Warren, J. E., Eisner, F., Marshall, C. R., Shanmugalingam, P., & Scott, S. K.
(2010). Neural correlates of sublexical processing in phonological working memory. Journalof
Cognitive Neuroscience, 23, 961-677.
McRae, K., Gross, J. J., Weber, J., Robertson, E. R., Sokol-Hessner, P., Ray, R. D., ... Ochsner,
K. N. (2012). The development of emotion regulation: an fMRI study of cognitive reappraisal in
155

children, adolescents and young adults. Social Cognitive andAffective Neuroscience, 7, 11-22.
Melby-Lervig, M., Lervig, A., Halaas Layster, S.-A., Klem, M., Hagtvet, B., & Hulme, C.
(2012). Nonword-repetition ability does not appear to be a causal influence on children's
vocabulary development. PsychologicalScience, 23, 1092-1098.
Merzenich, M. M., Jenkins, W. M., Johnston, P., Schreiner, C., Miller, S. L., & Tallal, P. (1996).
Temporal processing deficits of language learning impaired children are remediated by training.
Science, 271(5245), 77-78.
Metsala, J. L. (1999). Young children's phonological awareness and nonword repetition as a
function of vocabulary development. Journalof EducationalPsychology, 91, 3-19.
Metsala, J. L., & Chisholm, G. M. (2010). The influence of lexical status and neighborhood
density on children's nonword repetition. Applied Psycholinguistics, 31, 489-506.
Meyer, M., Friederici, A. D., & von Cramon, D. Y. (2000). Neurocognition of auditory sentence
comprehension: event related fMRI reveals sensitivity to syntactic violations and task demands.
Cognitive Brain Research, 9(1), 19-33.
Mody, M., Studdert-Kennedy, M., & Brady, S. (1997). Speech perception deficits in poor
readers: Auditory processing or phonological coding? Journalof ExperimentalChild
Psychology, 64(2), 199-231.
Modyanova, N., Perovic, A., Echelbarger, M., & Wexler, K. (2008, October). Investigation of
optional infinitives in children with autism spectrum disorders. Poster session at the Autism
Consortium Symposium, Boston, MA.
Molfese, D. L., & Molfese, V. J. (1997). Discrimination of language skills at five years of age
using event-related potentials recorded at birth. Developmental Neuropsychology, 13(2), 135156.
Montgomery, J. W. (1995). Examination of phonological working memory in specifically
language-impaired children. Applied Psycholinguistics, 16(4), 355-378.
Morris, J., & Holcomb, P. J. (2005). Event-related potentials to violations of inflectional verb
morphology in English. Cognitive Brain Research, 25(3), 963-981.
&

Maller, R.-A., Behen, M. E., Rothermel, R. D., Chugani, D. C., Muzik, 0., Mangner, T. J.,
Chugani, H. T. (1999). Brain mapping of language and auditory perception in high functioning
autistic adults: A PET study. JournalofAutism and Developmental Disorders, 29, 19-31.
&

MUller, R.-A., Chugani, D. C., Behen, M., Rothermel, R., Muzik, 0., Chakraborty, P. K.,
Chugani, H. T. (1998). Impairment of dentato-thalamo-cortical pathway in autistic men:
Language activation data from positron emission tomography. Neuroscience Letters, 245, 1-4.
Munson, B. (2001). Phonological pattern frequency and speech production in adults and
children. Journalof Speech, Language, and HearingResearch, 44, 778-792.
Munson, B., Kurtz, B. A., & Windsor, J. (2005). The influence of vocabulary size, phonotactic

156

probability, and wordlikeness on nonword repetitions of children with and without specific
language impairment. JournalofSpeech, Language, and HearingResearch, 48(5), 1033-1047.
Nation, K., & Hulme, C. (2011). Learning to read changes children's phonological skills:
Evidence from a latent variable longitudinal study of reading and nonword repetition.
Developmental Science, 14(4), 649-659.
Neath, I., & Nairne, J. S. (1995) Word length effects in immediate memory: overwriting tracedecay theory. Psychonomic Bulletin and Review, 2, 429-441.
Neville, H. J., Coffey, S. A., Holcomb, P. J., & Tallal, P. (1993). The neurobiology of sensory
and language processing in language impaired children. Journalof Cognitive Neuroscience, 52,
235-253.
Newbury, D. F., Bishop, D. V. M., & Monaco, A. P. (2005). Genetic influences on language
impairment and phonological short-term memory. Trends in Cognitive Sciences, 9(11), 528-534.
Newbury, D. F., Bonora, E., Lamb, J. A., Fisher, S. E., Lai, C. S., Baird, G., ... Monaco, A.P.
(2002). FOXP2 is not a major susceptibility gene for autism or specific language impairment.
American Journalof Human Genetics, 70(5), 1318-1327.
Newcomer, P. L., & Hammill, D. D. (2008). Test of Language Development-Primary. Austin,
TX: PRO-ED.
Newman, A. J., Pancheva, R., Ozawa, K., Neville, H. J., & Ullman, M. T. (2001). An eventrelated fMRI study of syntactic and semantic violations. Journalof PsycholinguisticResearch,
30(3), 339-64.
Newport, E. L. (1990). Maturational constraints on language learning. Cognitive Science, 14, 1128.
Ni, W., Constable, R. T., Menc, W. E., Pugh, K. R., Fulbright, R. K., Shaywtiz, S., ...
Shankweiler, D. (2000). An event-related neuroimaging study distinguishing form and content in
sentence processing. Journalof Cognitive Neuroscience, 12, 120-133.
Nichols, T., Brett, M., Andersson, J., Wager, T., & Poline, J. B. (2005). Valid conjunction
inference with the minimum statistic. Neurolmage, 25(3), 653-660.
Nieuwenhuis, S., Forstmann, B. U., & Wagenmakers, E. J. (2011). Erroneous analyses of
interactions in neuroscience: a problem of significance. Nature Neuroscience, 14(9), 1105-1107.
Nippold, M. A., Hegel, S. L., Sohlberg, M. M., & Schwarz, 1. E. (1999). Defining Abstract
EntitiesDevelopment in Pre-Adolescents, Adolescents, and Young Adults. Journalof Speech,
Language, andHearing Research, 42(2), 473-481.
Nippold, M. A., Hesketh, L. J., Duthie, J. K., & Mansfield, T. C. (2005). Conversational versus
expository discourse: A study of syntactic development in children, adolescents, and adults.
Journalof Speech, Language and HearingResearch, 48(5), 1048-1064.
Norbury, C. F., Bishop, D. V. M., & Briscoe, J. (2001). Production of English finite verb

157

morphology: A comparison of SLI and mild-moderate hearing impairment. Journalof Speech,
Language, and HearingResearch, 44, 165-178.
Norbury, C. F., Tomblin, J. B., & Bishop, D. V. M. (2008). UnderstandingDevelopmental
Language Disorders. From Theory to Practice. Hove, England: Psychology Press.
Novick, J. M., Thothathiri, M., Thompson, T., & Gabrieli, J. D. E. (n.d.). Selective activation in
Broca's areaforconflict during sentenceprocessing. Manuscript submitted for publication.
Nuhez, S. C., Dapretto, M., Katzir, T., Starr, A., Bramen, J., Kan, E., ... Sowell, E. (2011). fMRI
of syntactic processing in typically developing children: structural correlates in the inferior
frontal gyrus. Developmental Cognitive Neuroscience, 13, 313-323.
O'Brien, E. K., Zhang, X., Nishimura, C., Tomblin, J. B., & Murray, J. C. (2003). Association of
Specific Language Impairment SLI to the region of 7q3 1. American Journalof Human Genetics,
72(6), 1536-1543.
Oberecker, R., & Friederici, A. D. (2006). Syntactic ERP components in 24-month-olds'
sentence comprehension. NeuroReport, 1710, 1017-1021.
Oberecker, R., Friedrich, M., & Friederici, A.D. (2005). Neural correlates of syntactic processing
in two-year-olds. Journalof Cognitive Neuroscience, 17(10), 1667-1678.
Ofen, N., Chai, X. J., Schuil, K. D., Whitfield-Gabrieli, S., & Gabrieli, J. D. (2012). The
development of brain systems associated with successful memory retrieval of scenes. The
JournalofNeuroscience, 32(29), 10012-10020.
Opitz, B., Rinne, R., Mecklinger, A., von Cramon, D.Y., & Schroger, E. (2002). Differential
contribution of frontal and temporal cortices to auditory change detection: fMRI and ERP results.
Neurolmage, 15(1), 167-174.
Ors, M., Ryding, E., Lindgren, M., Gustafsson, P., Blennow, G., & Ros6n, I. (2005). Spect
Findings in Children with Specific Language Impairment. Cortex, 41(3), 316-326.
Ostby, Y., Tamnes, C. K., Fjell, A. M., & Walhovd, K. B. (2011). Morphometry and
connectivity of the fronto-parietal verbal working memory network in development.
Neuropsychologia, 49(14), 3854-3862.
Osterhout, L., & Holcomb, P.J. (1992). Event-related brain potentials elicited by syntactic
anomaly. Journalof Memory and Language, 31(6), 785-806.
Ostrovskaya, I., Ghosh, S. S., Kovelman, I., O'Loughlin, P., Lymberis, J., Perrachione, T.K., ...
Gabrieli, J. D. E. (2009, October). Persistentmarkers of developmentally typical syntax errorsin
adult behavior and neurophysiology. Poster presented at the 39th Annual Meeting of the Society
for Neuroscience, Chicago, IL.
Page, M. P. A., Madge, A., Cumming, N., & Norris, D. G. (2007). Speech errors and the
phonological similarity effect in short-term memory: Evidence suggesting a common locus.
Journal ofMemory and Language, 56, 49-64.

158

Papoutsi, M., de Zwart, J. A., Jansma, J. M., Pickering, M. J., Bednar, J. A., & Horowitz, B.
(2009). From phonemes to articulatory codes: An fMRI study of the role of Broca's area in
speech production. CerebralCortex, 19, 2156-2165.
Paulesu, E., Frith, C. D., & Frackowiak, R. S. J. (1993). The neural correlates of the verbal
component of working memory. Nature, 362, 342-345.
&

Peeva, M. G., Guenther, F. H., Tourville, J. A., Nieto-Castanon, A., Anton, J.-L., Nazarian, B.,
Alario, F.-X. (2010). Distinct representations of phonemes, syllables, and supra-syllabic
sequences in the speech production network. Neurolmage, 50, 626-638.
Pelli, D. G. (1997). The VideoToolbox software for visual psychophysics: Transforming
numbers into movies. Spatial Vision, 10(4), 437-442.
Perrachione, T. K. & Ghosh, S. S. (2013). Optimized design and analysis of sparse-sampling
fMRI experiments. Frontiersin Neuroscience, 7, 55. doi:10.3389/fnins.2013.0005
Perrachione, T. K., Ghosh, S. S., Ostrovskaya, I., Gabrieli, J. D. E., & Kovelman, I. (2014).
Phonologicalworking memoryfor words and nonwords in cerebralcortex. Manuscript
submitted for publication.

Perrachione, T. K., Kovelman, I., Ostrovskaya, I., Lymberis, J., O'Loughlin, P., Norton, E. S.,
Gabrieli, J. D. E. (2009, October). Temporal andprefrontal corticalcontributions to
phonological working memoryfor words andpseudowords. Poster presented at the 39th Annual
Meeting of the Society for Neuroscience, Chicago, IL.
Peter, B., Raskind, W. H., Matsushita, M., Lisowski, M., Vu, T., Berninger, V. W., ... Brkanac,
Z. (2011). Replication of CNTNAP2 association with nonword repetition and support for FOXP2
association with timed reading and motor activities in a dyslexia family sample. Journalof
Neurodevelopmental Disorders,3(1), 39-49.
Petrides, M., & Pandya, D. N. (2009). Distinct parietal and temporal pathways to the
homologues of Broca's area in the monkey. PLoS Biology, 7(8), e 1000170.

doi:10.1371/journal.pbio.1000170
Pierce, A. E. (2012). Language acquisitionand syntactic theory: A comparative analysis of
Frenchand English child grammars (Vol. 14). Springer Science & Business Media.

Pihko, E., Leppnen, P. H. T., Eklund, K. M., Cheour, M., Guttorm, T. K., & Lyytinen, H. (1999).
Cortical responses of infants with and without a genetic risk for dyslexia: I. Age effects.

NeuroReport, 10(5), 901-905.
Piven, J., Palmer, P., Landa, R., Santangelo, S., Jacobi, D., & Childress, D. (1997). Personality
and language characteristics in parents from multiple-incidence autism families. American

Journalof Medical Genetics, 74(4), 398-411.
Plante, E., Swisher, L., Vance, R., & Rapcsak, S. (1991). MRI findings in boys with specific
language impairment. Brain and Language, 41(1), 52-66.
Poeppel, D., & Wexler, K. (1993). The full competence hypothesis of clause structure in early

159

German. Language, 69(1), 1-33.
&

Poldrack, R. A., Temple, E., Protopapas, A., Nagarajan, S., Tallal, P., Merzenich, M.,
Gabrieli, J. D. (2001). Relations between the neural basis of dynamic auditory processing and
phonological processing: evidence from fMRI. Journalof Cognitive Neuroscience, 13(5), 687-

697.
Postle, B. R. (2006). Working memory as an emergent property of the mind and brain.
Neuroscience, 139, 23-38.
Pratt, A., & Grinstead, J. (2008). Receptive measure of the optional infinitive stage in child
Spanish. Selected Proceedingsof the 10th HispanicLinguistics Symposium (pp. 120-133).
Somerville, MA: Cascadilla Proceedings Project.
Preis, S., Rincke, L., Schittler, P., Huang, Y., & Steinmetz, H. (1998). Normal intrasylvian
anatomical asymmetry in children with developmental language disorder. Neuropsychologia,

36(9), 849-55.
Preston, J. L., Felsenfeld, S., Frost, S. J., Mencl, W. E., Fulbright, R. K., Grigorenko, E. L.,
Pugh, K. R. (2012). Functional brain activation differences in school-age children with speech
sound errors: Speech and print processing. JournalofSpeech, Language and HearingResearch,

55(4), 1068-1082.
Preston, J. L., Frost, S. J., Mencl, W. E., Fulbright, R. K., Landi, N., Grigorenko, E., ... Pugh, K.
R. (2010). Early and late talkers: school-age language, literacy and neurolinguistic differences.

Brain, 133(8), 2185-2195.
Psychology Software Tools, Inc. (2003). E-Prime (version 1.1) [Computer software]. Pittsburgh,

PA.
Pugh, K. R., Landi, N., Preston, J. L., Mencl, W. E., Austin, A. C., Sibley, D., ... Frost, S. J.
(2013). The relationship between phonological and auditory processing and brain organization in
beginning readers. Brain and Language, 125(2), 173-183.
Raettig, T., & Kotz, S. A. (2008). Auditory processing of different types of pseudo-words: An
event-related fMRI study. Neurolmage, 39, 1420-1428.
Ramus, F. (2003). Developmental dyslexia: Specific phonological deficit or general
sensorimotor dysfunction? Current Opinion in Neurobiology, 13(2), 212-218.

Ramus, F., Rosen, S., Dakin, S. C., Day, B. L., Castellote, J. M., White, S., & Frith, U. (2003).
Theories of developmental dyslexia: insights from a multiple case study of dyslexic adults.

Brain, 126(4), 841-865.
Rapin, I., & Dunn, M. (2003). Update on the language disorders of individuals on the autistic
spectrum. Brain & Development, 25(3), 166-172.

Raschle, N. M., Lee, M., Buechler, R., Christodoulou, J. A., Chang, M., Vakil, M., ... Gaab, N.
(2009). Making MR Imaging Child's Play - Pediatric Neuroimaging Protocol, Guidelines and
Procedure. Journalof Visualized Experiments, 29, 1309. doi:10.3791/1309

160

Rauschecker, A. M., Pringle, A., & Watkins, K. E. (2007). Changes in neural activity associated
with learning to articulate novel auditory pseudowords by covert repetition. Human Brain
Mapping, 29, 1231-1242.
Raykov, T. (1998). Satisfying a simplex structure is simpler than it should be: A latent curve
analysis revisit. Multivariate BehavioralResearch, 33(3), 343-363.
Rice, M. L. (2000). Grammatical symptoms of specific language impairment. In D. V. M. Bishop
& L.B. Leonard (Eds.), Speech & language impairments in children: Causes, characteristics,
intervention and outcome (pp. 17-34). East Sussex, England: Psych. press Ltd.
Rice, M. (2003). A unified model of specific and general language delay: Grammatical tense as a
clinical marker of unexpected variation. In Y. Levy & J. Schaeffer (Eds.), Language Competence
Across Populations: Toward a Definition of SLI (pp. 63-95). Mahwah, NJ: Lawrence Erlbaum
Associates.
Rice, M. L. (2004). Growth models of developmental language disorders. In M.L. Rice & S.F.
Warren (Eds.), Developmental Language Disorders:From Phenotypes to Etiologies (pp. 207240). Mahwah, NJ: Lawrence Erlbaum.
Rice, M. L. (2007). Children with Specific Language Impairment: Bridging the Genetic and
Developmental Perspectives. In E. Hoff & M. Shatz (Eds.), Handbook ofLanguage Development
(pp. 411-431). Hoboken, NJ: Wiley-Blackwell.
Rice, M. L., & Hoffman, L. (2015). Predicting vocabulary growth in children with and without
specific language impairment: a longitudinal study from 2;6 to 21 years of age. Journalof
Speech, Language, and HearingResearch, 58(2), 345-359.
Rice, M. L., Hoffman, L., & Wexler, K. (2009). Judgments of omitted BE and DO in questions
as extended finiteness clinical markers of specific language impairment (SLI) to 15 years: A
study of growth and asymptote. Journalof Speech, Language, and HearingResearch, 52(6),
1417-1433.
Rice, M. L., & Oetting, J. B. (1993). Morphological deficits of children with SLI - Evaluation of
number marking and agreement. JournalofSpeech, Language, and HearingResearch, 36, 12491257.
Rice, M. L., Tomblin, J. B., Hoffman, L., Richman, W. A., & Marquis, J. (2004). Grammatical
tense deficits in children with SLI and nonspecific language impairment: Relationships with
nonverbal IQ over time. Journalof Speech, Language, and HearingResearch, 47, 816-834.
Rice, M. L., & Wexler, K. (1996). Toward tense as a clinical marker of specific language
impairment in English-speaking children. Journalof Speech, Language, and Hearing Research,
39(6), 1239-1257.
Rice, M., & Wexler, K. (2001). Rice/Wexler Test of Early GrammaticalImpairment. San
Antonio, TX: The Psychological Corporation.
Rice, M. L., Wexler, K., & Cleave, P. L. (1995). Specific language impairment as a period of
extended optional infinitive. Journalof Speech, Language, and HearingResearch, 38(4), 850161

863.
Rice, M. L., Wexler, K., & Hershberger, S. (1998). Tense over time: The longitudinal course of
tense acquisition in children with specific language impairment. Journalof Speech, Language,

and HearingResearch, 41(6), 1412-1431.
Rice, M. L., Wexler, K., Marquis, J., & Hershberger, S. (2000). Acquisition of irregular past
tense by children with SLI. JournalofSpeech, Language, and HearingResearch, 43, 1126-1145.
Rice, M. L., Wexler, K., & Redmond, S. M. (1999). Grammaticality judgments of an extended
optional infinitive grammar: Evidence from English-speaking children with specific language
impairment. Journalof Speech, Language, and HearingResearch, 42(4), 943-961.

Richards, T., Berninger, V., Winn, W., Stock, P., Wagner, R., Muse, A., & Maravilla, K. (2007).
Functional MRI activation in children with and without dyslexia during pseudoword aural repeat
and visual decode: Before and after treatment. Neuropsychology, 21(6), 732.
Richardson, F. M., Ramsden, S., Ellis, C., Burnett, S., Megnin, 0., Catmur, C., ... Price, C.J.
(2011). Auditory short-term memory capacity correlates with gray matter density in the left
posterior STS in cognitively normal and dyslexic adults. Journal of Cognitive Neuroscience, 23,

3746-3756.
Rispens, J., & Baker, A. (2012). Nonword repetition: the relative contributions of phonological
short-term memory and phonological representations in children with language and reading
impairment. JournalofSpeech, Language, and HearingResearch, 55(3), 683.
Roberts, J. A., Rice, M. L., & Tager-Flusberg, H. (2004). Tense marking in children with autism.

Applied Psycholinguistics,25(3), 429-448.
Rogosa, D. (1980). A critique of cross-lagged correlation. PsychologicalBulletin, 88(2), 245-

258.
Rosen, S. (2003). Auditory processing in dyslexia and specific language impairment: is there a
deficit? What is its nature? Does it explain anything? Journalof Phoenetics, 31(3-4), 509-527.
Rosen, S., & Manganari, E. (2001). Is There a Relationship Between Speech and Nonspeech
Auditory Processing in Children With Dyslexia? Journalof Speech, Language, and Hearing

Research, 44, 720-736.
Ruschel, M., Kn6sche, T. R., Friederici, A. D., Turner, R., Geyer, S., & Anwander, A. (2013).
Connectivity Architecture and Subdivision of the Human Inferior Parietal Cortex Revealed by

Diffusion MRI. CerebralCortex, 24(9), 2436-2448.
Ruser, T. F., Arin, D., Dowd, M., Putnam, S., Winklosky, B., Rosen-Sheidley, B., ... Folstein, S.
(2007). Communicative competence in parents of children with autism and parents of children
with specific language impairment. JournalofA utism and Developmental Disorders, 37(7),

1323-1336.
Rutter, M. (1970). Autistic children: Infancy to adulthood. Seminars in Psychiatry, 2, 435-450.

162

Rutter, M., Bailey, A., & Lord, C. (2003). Social Communication Questionnaire (SCQ). Los
Angeles, CA: Western Psychological Services.
Sahin, N. T., Pinker, S., Cash, S. S., Schomer, D., & Halgren, E. (2009). Sequential processing
of lexical, grammatical, and phonological information within Broca's area. Science, 326(5951),
445-449.
Sahl'en, B., Reuterski6ld-Wagner, C., Nettelbladt, U., & Radeborg, K. (1999). Non-word
repetition in children with language impairment-Pitfalls and possibilities. InternationalJournal
ofLanguage & Communication Disorders, 34(3), 337-352.
Sano, T., & Hyams, N. (1994). Agreement, finiteness and the development of null arguments.
Proceedingsof North East Linguistic Society, 24, 1-16.
Santi, A., & Grodzinsky, Y. (2007). Working memory and syntax interact in Broca's area.
Neurolmage, 37(1), 8-17.
Scherf, K. S., Sweeney, J. A., & Luna, B. (2006). Brain basis of developmental change in
visuospatial working memory. Journalof CognitiveNeuroscience, 18(7), 1045-1058.
Schaitze, C., & Wexler, K. (1996). Subject case licensing and English root infinitives. In
Proceedingsof the 20th Annual Boston University Conference on Language Development (Vol.
2, pp. 670-681). Somerville, MA: Cascadilla Proceedings Project.
Schweinsburg, A. D., Nagel, B. J., & Tapert, S. F. (2005). fMRI reveals alteration of spatial
working memory networks across adolescence. Journalof the InternationalNeuropsychological
Society, 11(5), 631-644.
Schweppe, J., & Rummer, R. (2007). Shared representations in language processing and verbal
short-term memory: The case of grammatical gender. JournalofMemory and Language, 56,
336-356.
Semel, E., Wiig, E., & Secord, W. (2003). Clinicalevaluation of languagefundamentals (4th
ed.). San Antonio, TX: The Psychological Corporation.
Shafer, V., Morr, M., Datta, H., Kurtzberg, D., & Schwartz, R. G. (2005). Neurophysiological
Indexes of Speech Processing Deficits in Children with Specific Language Impairment. Journal
of Cognitive Neuroscience, 17(7), 1168-1180.
Shaw, P., Kabani, N. J., Lerch, J. P., Eckstrand, K., Lenroot, R., Gogtay, N., ... Wise, S. P.
(2008). Neurodevelopmental trajectories of the human cerebral cortex. The Journalof
Neuroscience, 28(14), 3586-3594.
Shaywitz, S. E., Shaywitz, B. A., Gore, J. C., & Shankweiler, D. (2000). An event-related
neuroimaging study distinguishing form and content in sentence processing. Journalof Cognitive
Neuroscience, 12(1), 120-133.
Silva-Pereyra, J., Conboy, B. T., Klarman, L., & Kuhl, P. K. (2007). Grammatical processing
without semantics? An event-related brain potential study of preschoolers using jabberwocky
sentences. Journalof Cognitive Neuroscience, 19(6), 1050-65.
163

Silva-Pereyra, J. F., Klarman, L., Lin, L. J., & Kuhl, P. K. (2005). Sentence processing in 30month-old children: an event-related potential study. NeuroReport., 16(6), 645-8.
Silva-Pereyra, J., Rivera-Gaxiola, M., & Kuhl, P. K. (2005). An event-related brain potential
study of sentence comprehension in preschoolers: Semantic and morphosyntactic processing.

Cognitive Brain Research, 23(2-3), 247-258.
Simkin, Z., & Conti-Ramsden, G. (2001). Non-word repetition and grammatical morphology:
normative data for children in their final year of primary school. InternationalJournalof
Language & Communication Disorders, 36(3), 395-404.
SLI Consortium. (2002). A genomewide scan identifies two novel loci involved in specific
language impairment. American Journalof Human Genetics, 70(2), 384-398.
SLI Consortium. (2004). Highly significant linkage to the SLI locus in an expanded sample of
individuals affected by specific language impairment. American Journalof Human Genetics,

74(6), 1225-1238.
Smith, E. E., & Jonides, J. (1997). Working memory: a view from neuroimaging. Cognitive

Psychology, 33(l), 5-42.
&

Snowling, M. J. (1991). Developmental reading disorders. Child Psychology & Psychiatry

Allied Disciplines, 32, 49-77.
Snowling, M. (1998). Dyslexia as a phonological deficit: Evidence and implications. Child
Psychology & PsychiatryReview, 31, 4-1 1.
Snowling, M., Chiat, S., & Hulme, C. (1991). Words, nonwords, and phonological processes:
Some comments on Gathercole, Willis, Emslie, and Baddeley. Applied Psycholinguistics, 12(3),

369-373.
Snowling, M., Goulandris, N., Bowlby, M., & Howell, P. (1986). Segmentation and speech
perception in relation to reading skill: A developmental analysis. Journalof Experimental Child

Psychology, 41(3), 489-507.
Soriano-Mas, C., Pujol, J., Ortiz, H., Deus, J., L6pez -Sala, A., & Sans, A. (2009). Age-related
brain structural alterations in children with specific language impairment. Human Brain

Mapping, 30(5), 1626-1636.
Sowell, E. R., Thompson, P. M., Leonard, C. M., Welcome, S. E., Kan, E., & Toga, A. W.
(2004). Longitudinal mapping of cortical thickness and brain growth in normal children. The
JournalofNeuroscience, 24(38), 8223-8231.
Stark, R. E., Bernstein, L. E., Condino, R., Bender, M., Tallal, P., & Catts, H. (1984). Four-year
follow-up study of language impaired children. Annals ofDyslexia, 34(1), 49-68.
Stark, R.E., & Tallal, P. (1988). Language, speech, and readingdisorders in children:
Neuropsychologicalstudies. Boston, MA: Littel, Brown.
Storkel, H. L., Armbruster, J., & Hogan, T. P. (2006). Differentiating phonotactic probability and

164

neighborhood density in adult word learning. JournalofSpeech, Language, and Hearing
Research, 49(6), 1175-1192.
Strand, F., Forssberg, H., Klingberg, T., & Norrelgen, F. (2008). Phonological working memory
with auditory presentation of pseudo-words: An event related fMRI study. Brain Research, 1212,
48-54.
Szaflarski, J .P., Holland, S. K., Schmithorst, V. J., & Byars, A. W. (2006). An fMRI study of
language lateralization in children and adults. Human Brain Mapping, 27(3), 202-212.
Szaflarski, J. P., Schmithorst, V. J., Altaye, M., Byars, A. W., Ret, J., Plante, E., & Holland, S.
K. (2006). A Longitudinal Functional Magnetic Resonance Imaging Study of Language
Development in Children 5 to 11 Years Old. Annals ofNeurology, 59(5), 796-807.
Tager-Flusberg, H. (2004). Do autism and specific language impairment represent overlapping
language disorders? In M.L. Rice & S. Warren (Eds.), Developmental language disorders: From
phenotypes to etiologies (pp. 31-52). Mahwah, NJ: Lawrence Erlbaum Associates.
Tager-Flusberg, H. (2006). Defining language phenotypes in autism. ClinicalNeuroscience
Research, 63(4), 219-224.
Tager-Flusberg, H. (2008). Cognitive neuroscience of autism. Journalof the International
NeuropsychologicalSociety, 146, 917-92.
Tager-Flusberg, H., & Cooper, J. (1999). Present and future possibilities for defining a
phenotype for specific language impairment. JournalofSpeech, Language, and Hearing
Research, 42, 1275-1278.
Talcott, J. B., Witton, C., McLean, M. F., Hansen, P. C., Rees, A., Green, G. G., & Stein, J. F.
(2000). Dynamic sensory sensitivity and childrens word decoding skills. Proceedingsof the
NationalAcademy of Sciences, USA, 97(6), 2952-2957.
Tallal, P. (2004). Improving language and literacy is a matter of time. Nature Reviews
Neuroscience, 5, 721-728.
Tallal, P., Miller, S., & Fitch, R. H. (1993). Neurobiological basis of speech: a case for the
preeminence of temporal processing. Annals of the New York Academy of Sciences, 682, 27-47.
Tallal, P., Miller, S. L., Bedi, G., Byma, G., Wang, X., Nagarajan, S. S., ... Merzenich, M. M.
(1996). Language comprehension in language-learning impaired children improved with
acoustically modified speech. Science, 271(5245), 81-84.
Tallal, P., & Newcombe, F. (1978). Impairment of auditory perception and language
comprehension in dysphasia. Brain and Language, 5(1), 13- 24.
Tallal, P., & Piercy, M. (1973). Defects of non-verbal auditory perception in children with
developmental aphasia. Nature, 241, 468-469.
Tallal, P., & Piercy, M. (1974). Developmental aphasia: Rate of auditory processing and
selective impairment of consonant perception. Neuropsychologia, 12(1), 83-93.

165

Tallal, P., & Piercy, M. (1975). Developmental aphasia: The perception of brief vowels and
extended stop consonants. Neuropsychologia, 13(1), 69-74.
Tallal, P., Stark, R. E., & Mellits, D. (1985). The relationship between suditory temporal analysis
and receptive language development: Evidence from studies of developmental language disorder.

Neuropsychologia, 23(4), 527-534.
Tamnes, C. K., Ostby, Y., Fjell, A. M., Westlye, L. T., Due-Tonnessen, P., & Walhovd, K. B.
(2010). Brain maturation in adolescence and young adulthood: Regional age-related changes in
cortical thickness and white matter volume and microstructure. Cerebral Cortex, 20, 534-548.
Tamnes, C. K., Ostby, Y., Walhovd, K. B., Westlye, L. T., Due-Tonnessen, P., & Fjell, A. M.
(2010). Neuroanatomical correlates of executive functions in children and adolescents: A
magnetic resonance imaging MRI study of cortical thickness. Neuropsychologia, 48, 2496-2508.

Tamnes, C. K., Walhovd, K. B., Grydeland, H., Holland, D., Ostby, Y., Dale, A. M., & Fjell, A.
M. (2013). Longitudinal Working Memory Development Is Related to Structural Maturation of
Frontal and Parietal Cortices. Journalof Cognitive Neuroscience, 25(10), 1611-23.

&

Temple, E., Deutsch, G. K., Poldrack, R. A., Miller, S. L., Tallal, P., Merzenich, M. M.,

Gabrieli, J. D. (2003). Neural deficits in children with dyslexia ameliorated by behavioral
remediation: Evidence from fMRI. Proceedingsof the NationalAcademy of Sciences, USA,

100(5), 2860- 2865.
Temple, E., Poldrack, R. A., Protopapas, A., Nagarajan, S., Salz, T., Tallal, P., ... Gabrieli, J. D.
(2000). Disruption of the neural response to rapid acoustic stimuli in dyslexia: Evidence from
fMRI. Proceedingsof the NationalAcademy of Sciences, USA, 97(25), 13907-13912.
Thomas, M. S., Karaminis, T. N., & Knowland, V. C. (2010). What is typical language
development? Language Learningand Development, 6(2), 162-169.
Tomblin, J. B. (1989). Familial concentration of developmental language impairment. Journalof
Speech and HearingDisorders, 54(2), 287-295.
Tomblin, J. B. (2008). Validating diagnostic standards for specific language impairment using
adolescent oucomes. In C. F. Norbur, J. B. Tomblin, & D. V. M. Bishop (Eds.), Understanding
Developmental Language Disorders:From Theory to Practice. Hove, England: Psychology
Press.
Tomblin, J. B., Freese, P., & Records, N. (1992). Diagnosing specific language impairment in
adults for the purpose of pedigree analysis. Journalof Speech and Hearing Research, 35, 832-

843.

&

Tomblin, J. B., Hafeman, L., & O'Brien, M. (2003). Autism and autism risk in siblings of
children with specific language impairment. InternationalJournalof Language
Communication Disorders, 38(3), 235-250.

Tomblin, J. B., Records, N. L., Buckwalter, P., Zhang, X., Smith, E., & O'Brien, M. (1997).
Prevalence of Specific Language Impairment in Kindergarten Children. Journal of Speech,

Language, and HearingResearch, 40(6), 1245-1260.
166

Tomblin, J. B., Records, N. L., & Zhang, X. (1996). A System for the Diagnosis of Specific
Language Impairment in Kindergarten Children. JournalofSpeech, Language, and Hearing
Research, 39, 1284-1294.
Tomblin, J.B., & Zhang, X. (1999). Language patterns and etiology in children with specific
language impairment. NeurodevelopmentalDisorders (pp.361-382). Cambridge, MA: MIT
Press.
Torgesen, J. K., Wagner, R. K., & Rashotte, C. A. (1999). Test of Word Reading Efficiency
(TO WRE). Austin, TX : Pro-Ed Inc.
Tsakali, V., & Wexler, K. (2004). Why children omit clitics in some languages but not in others:
New evidence from Greek. Proceedingsof GALA 2003, 2, 493-504.
Ullman, M. T., & Pierpont, E. I. (2005). Specific language impairment is not specific to
language: The procedural deficit hypothesis. Cortex, 41(3), 399-433.
Uwer, R., Albrecht, R., & von Suchodoletz, W. (2002). Automatic processing of tones and
speech stimuli in children with specific language impairment. Developmental Medicine and
ChildNeurology, 44(8), 527-532.
Vallar, G., Markowitsch, H. J., Kopelman, M., Miceli, G., & Papagno, C. (2005). The
neuropsychology of human memory. Neurocase, 11(2), 151-153.
van der Lely, H. K. J. (1994). Canonical linking rules: Forward versus Reverse Linking in
Normally Developing and Specifically Language-Impaired Children. Cognition, 51(1), 29-72.
van der Lely, H. K. J. (2005). Domain-specific cognitive systems: insight from GrammaticalSLI. Trends in Cognitive Sciences, 9(2), 53-59.
van der Lely, H. K. J., & Fonteneau, E. (2006, March). ERP signatures in language-impaired
children reveal a domain-specific neural correlateof syntactic dependencies. Poster presented at
the 19th Annual CUNY Conference on Human Sentence Processing, New York, NY.
van der Lely, H. K. J., Rosen, S., & Adlard, A. (2004). Grammatical language impairment and
the specificity of cognitive domains: relations between auditory and language abilities.
Cognition, 94(2), 167-183.
van der Lely, H. K. J., Rosen, S., & McClelland, A. (1998). Evidence for a grammar-specific
deficit in children. CurrentBiology, 8(23), 1253-1258.
Vance, M., Stackhouse, J., & Wells, B. (2005). Speech-production skills in children aged 3-7
years. InternationalJournalof Language & CommunicationDisorders,40(l), 29-48.
Vargha-Khadem, F., Watkins, K., Alcock, K., Fletcher, P., & Passingham, R. (1995). Praxic and
nonverbal cognitive deficits in a large family with genetically transmitted speech and language
disorder. Proceedingsof the National Academy of Sciences, USA, 92(3), 930-933.
Vargha-Khadem, F., Watkins, K. E., Price, C. J., Ashburner, J., Alcock, K. J., Connelly, A.,
Passingham, R. E. (1998). Neural basis of an inherited speech and language disorder.

...

167

Proceedings of the NationalAcademy of Sciences, USA, 95(21), 12695-12700.
Varlokosta, S. (2002). On the semantic properties of non-finite clauses in early child Greek.
Reading Working Papers in Linguistics, 6,133-159.
Ventner, A., Lord, C., & Schopler, E. (1992). A follow-up study of high-functioning autistic
children. Journalof ChildPsychology and Psychiatry, 33, 489-507.
Vernes, S. C., Newbury, D. F., Abrahams, B. S., Winchester, L., Nicod, J., Groszer, M.,
Fisher, S. E. (2008). A functional genetic link between distinct developmental language
disorders. The New EnglandJournalof Medicine, 359, 23 37-45.
Vigneau, M., Beaucousin, V., Herv6, P., Jobard, G., Petit, L., Crivello, F., ... Tzourio-Mazoyer,
N. (2011). What is right-hemisphere contribution to phonological, lexico-semantic, and sentence
processing? Insights from a meta-analysis. NeuroImage, 54(1), 577-593.
Vitevitch, M. S., & Luce, P. A. (1998). When words compete: Levels of processing in perception
of spoken words. PsychologicalScience, 9(4), 325-329.
Vitevitch, M. S., & Luce, P. A. (1999). Probabilistic phonotactics and neighborhood activation in
spoken word recognition. Journal ofMemory and Language, 40(3), 3 74-408.
Vitevitch, M. S., & Luce, P. A. (2004). A web-based interface to calculate phonotactic
probability for words and nonwords in English. Behavior Research Methods Instruments, and
Computers, 36(3), 481-487.
Vitevitch, M. S., & Luce, P. A. (2005). Increases in phonotactic probability facilitate spoken
nonword repetition. Journalof Memory and Language, 52(2), 193-204.
Vitevitch, M. S., Luce, P. A., Charles-Luce, J., & Kemmerer, D. (1997). Phonotactics and
syllable stress: Implications for the processing of spoken nonsense words. Language and Speech,
40, 47-62.
Vitevitch, M. S., Luce, P. A., Pisoni, D. B., & Auer, E. T. (1999). Phonotactics, neighborhood
activation, and lexical access for spoken words. Brain and Language, 68(1), 306-311.
Volkmann, J., Hefter, H., Lange, H. W., & Freund, H. J. (1992). Impairment of temporal
organization of speech in basal ganglia diseases. Brain and Language, 43(3), 3 86-399.
Waber, D. P., De Moor, C., Forbes, P. W., Almli, C. R., Botteron, K. N., Leonard, G., ... Brain
Development Cooperative Group. (2007). The NIH MRI study of normal brain development:
performance of a population based sample of healthy children aged 6 to 18 years on a
neuropsychological battery. Journalof the InternationalNeuropsychologicalSociety, 13(5), 729746.
Wager, T. D., & Smith, E. E. (2003). Neuroimaging studies of working memory. Cognitive,
Affective, & BehavioralNeuroscience, 34, 25 5-274.
Wagner, R., Togesen, J., & Rashotte, C. (1999). Comprehensive Test of PhonologicalProcessing
CTOPP. Bloomington, MN: PsychCorp/Pearson Assessments.

168

Watkins, K. E., Dronkers, N. F., & Vargha-Khadem, F. (2002). Behavioural analysis of an
inherited speech and language disorder: comparison with acquired aphasia. Brain, 125(3), 452-

64.
Watkins, K. E, Gadian, D. G., & Vargha-Khadem, F. (1999). Functional and structural brain
abnormalities associated with a genetic disorder of speech and language. American Journalof

Human Genetics, 65(5), 1215-1221.
Watkins, K. E., Vargha-Khadem, F., Ashburner, J., Passingham, R. E., Connelly, A., Friston, K.
J., ... Gadian, D. G. (2002). MRI analysis of an inherited speech and language disorder:
structural brain abnormalities. Brain, 125(3), 465-78.
Weber, C., Hahne, A., Friedrich, M., & Friederici, A. D. (2004). Discrimination of word stress in
early infant perception: electrophysiological evidence. Cognitive Brain Research, 18(2), 149-

161.
Weber, C., Hahne, A., Friedrich, M., & Friederici, A. D.. (2005). Reduced stress pattern
discrimination in 5-month-olds as a marker of risk for later language impairment:
Neurophysiologial evidence. Cognitive Brain Research, 25(1), 180-187.
Wechsler, D. (1991). Wechsler Intelligence Scalefor Children ( 3 rd ed.). San Antonio, TX: The
Psychological Corporation.
Weismer, S. E., Tomblin, J. B., Zhang, X. Y., Buckwalter, P., Chynoweth, J. G., & Jones, M.
(2000). Nonword repetition performance in school-age children with and without language
impairment. Journalof Speech, Language, and HearingResearch, 43, 865-878.
Wexler, K. (1994). Optional infinitives, head movement, and the economy of derivations. In D.

Lightfoot & N. Hornstein (Eds.), Verb Movement (pp. 305-350). Cambridge, England:
Cambridge University Press.
Wexler, K. (1998). Very early parameter setting and the unique checking constraint: A new
explanation of the optional infinitive stage. Lingua, 106, 23-79.
Wexler, K. (2003). Lenneberg's dream: Learning, normal language development and specific
language impairment. In Y. Levy & J. Schaeffer (Eds.), Language competence across
populations: Towards a definition of specific language impairment (pp. 11-6 1 ). Mahwah, NJ:
Lawrence Erlbaum Associates.
Wexler, K. (In press). Grammatical computation in the Optional Infinitive Stage. In J. de Villiers
& T. Roeper (Eds.), Handbook of Generative Approaches to LanguageAcquisition. New York,

NY: Springer.
Wexler, K., Schaeffer, J., & Bol, G. (2004). Verbal syntax and morphology in Dutch normal and
SLI children: How developmental data can play an important role in morphological theory.

Syntax, 7(2), 148-198.
Wexler, K., Schtitze, C. T., & Rice, M. (1998). Subject Case in Children With SLI and
Unaffected Controls: Evidence for the Agr/Tns Omission Model. LanguageAcquisition, 7(2-4),

317-344.
169

Whitehouse, A. (2008). Further defining the language impairment of autism: Is there a specific
language impairment subtype? Journalof CommunicationDisorders, 41, 319-336.
Whitehouse, A., & Bishop, D. V. M. (2008). Cerebral dominance for language function in adults
with specific language impairment or autism. Brain, 131(12), 3193-3200.
Whitehouse, A. J., Bishop, D. V., Ang, Q. W., Pennell, C. E., & Fisher, S. E. (2011). CNTNAP2
variants affect early language development in the general population. Genes, Brain and
Behavior, 10(4), 451-456.
Whitehouse, A. J., Watt, H. J., Line, E. A., & Bishop, D. V. (2009). Adult psychosocial
outcomes of children with specific language impairment, pragmatic language impairment and
autism. InternationalJournalof Language & CommunicationDisorders, 44(4), 51 1-528.
Whitfield-Gabrieli, S., Ghosh, S., & Nieto-Castanon, A. (n.d.). Artifact Detection and Rejection
and Quality Assurance in FunctionalMagnetic Resonance Imaging. Manuscript in preparation.
Williams, D., Payne, H., & Marshall, C. (2013). Non-word repetition impairment in autism and
specific language impairment: Evidence for distinct underlying cognitive causes. Journalof
Autism and Developmental Disorders, 43(2), 404-417.
Wilson, L.B., Tregellas, J.R., Slason, E., Pasko, B.E., Hepburn, S., & Rojas, D.C. (2013).
Phonological processing in first-degree relatives of individuals with autism: An fMRI
study. Human Brain Mapping, 34(6), 1447-1463.
Wilson, M.D. (1988). The MRC Psycholinguistic Database: Machine Readable Dictionary,
Version 2. BehaviouralResearch Methods, Instruments and Computers, 201, 6-1.
Wilson, S.M., Isenberg, A.L., & Hickok, G. (2009). Neural correlates of word production stages
delineated by parametric modulation of psycholinguistic variables. Human BrainMapping, 30,
3596-3608.
Woodcock, R. W. (1998). Woodcock Reading Mastery Tests-Revised Normative Update WRMTR/NU. Bloomington, MN: AGS/Pearson Assessments.
Woodcock, R. W., McGrew, K. S., & Mather, N. (2001). Woodcock-Johnson Tests of
Achievement-3rd Ed. Achievement of Reading Fluency WJ-III. Rolling Meadows, IL: Riverside
Publishing.
Worsley, K. J., Andrade, A., Kherif, F., Mangin, J. F., Paradis, A. L., Simon, 0., ... Poline, J.-B.
(2001). Detection of fMRI activation using cortical surface mapping. Human Brain Mapping,
12(2), 79-93.
Wright, B. A., Bowen, R. W., & Zecker, S. G. (2000). Nonlinguistic perceptual deficits
associated with reading and language disorders. Current Opinion in Neurobiology, 10(4), 482486.
Wright, B. A., Lombardino, L. J., King, W. M., Puranik, C. S., Leonard, C. M., & Merzenich, M.
M. (1997). Deficits in auditory temporal and spectral resolution in language-impaired children.
Nature, 387, 176-178.
170

Wulfeck, B. B. (1993). A reaction time study of grammaticality judgments in children. Journal

of Speech, Language, and HearingResearch, 36(6), 1208-1215.
Wulfeck, B., Bates, E., Krupa-Kwiatkowski, M., & Saltzman, D. (2004). Grammaticality
sensitivity in children with early focal brain injury and children with specific language

impairment. Brain and Language, 88(2), 215-228.
Yeatman, J. D., Ben-Shachar, M., Glover, G. H., & Feldman, H. M. (2010). Individual
differences in auditory sentence comprehension in children: An exploratory event-related
functional magnetic resonance imaging investigation. Brain and Language, 114(2), 72-79.
Zamuner, T. S., Gerken, L., & Hammond, M. (2004). Phonotactic probabilities in young
children's speech production. Journalof Child Language, 31(3), 515-536.

171

