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Abnormal brain function in typical SLI

Abstract

Atypical functional lateralization and specializati for language have been proposed to
account for developmental language disorders, gstilts from functional neuroimaging
studies are sparse and inconsistent. This fundtiomegnetic resonance imaging study
compared children with a specific subtype of speciBnguage impairment affecting
structural languagen€21), to a matched group of typically-developingdrden using a panel
of four language tasks neither requiring reading metalinguistic skills, including two
auditory lexico-semantic tasks (category fluencyl aasponsive naming) and two visual
phonological tasks based on picture naming. Datagssing involved normalizing the data
with respect to a matched pairs pediatric templgteyups and between-groups analysis, and
laterality indexes assessment within regions oéreggt using single and combined task
analysis. Children with specific language impairinexrhibited a significant lack of left
lateralization in all core language regions (inderirontal gyrus-opercularis, inferior frontal
gyrus-triangularis, supramarginal gyrus, supemongoral gyrus), across single or combined
task analysis, but no difference of lateralizatfon the rest of the brain. Between-group
comparisons revealed a left hypoactivation of Wkells area at the posterior superior
temporal/supramarginal junction during the respamsinaming task, and a right
hyperactivation encompassing the anterior insuth @&djacent inferior frontal gyrus and the
head of the caudate nucleus during the first plampodl task. This study thus provides
evidence that this specific subtype of specifiglaage impairment is associated with atypical

lateralization and functioning of core languageaare

Key words. specific language impairment; functional MRI; dmad lateralization; cerebral

function; language development.
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Abbreviations: IFG = inferior frontal gyrus; LI= lateralizationndex; PT = planum
temporale; ROI = region of interest; SMG = supragimal gyrus; STG = superior temporal

gyrus; T-SLI = typical specific language impairment
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I ntroduction

Some children fail to develop typical language foo obvious reason. Their
impairment typically reflects difficulties with pdaicing and understanding oral language, and
cannot be attributed to sensory-motor or intellactdeficits or other developmental
impairment, especially autistic spectrum disordewsd is not the consequence of evident
brain lesion or socio-affective deprivation (Bishd®97; Rapiret al, 2003). It usually leads
to literacy difficulties (Bishop and Snowling, 200dnd, in a substantial number of cases, to
persistent language difficulties through adoleseg8totharcet al, 1998). This condition is
known as developmental dysphasia (Parisse and dvtaiR009), developmental language
disorder (Rapiret al, 2003), or specific language impairment (SLI; Bigh1997).

The current optimal diagnostic procedure of SLI oires both psychometric
assessment and clinical appraisal and expertispir{Ra al, 2003; Bishop and Hayiou-
Thomas, 2008), since psychometric criteria alonendbd provide sufficient sensitivity,
specificity, and clinical congruence (Duehal, 1996; Bishop, 2004). Psychometric criteria
may include a normal nonverbal intelligence qudtard abnormal language scores (Tomblin
et al, 1996). Nonword repetition, sentence repetitiond ayntactic manipulation are known
to be more sensitive and specific than other {€sti-Ramsden, 2003; Bishop, 2004).

SLI is known to be heterogeneous, encompassingclistiinical profiles that may
reflect distinct underlying deficits. A convergeménd distinguishes structural impairments
affecting the core components of language (espga@rphosyntax and phonology), from
those affecting language reception, articulatiosamial use (auditory verbal processing, oro-
motor verbal gesture, and pragmatics) (Rapin anenAfl983; Conti-Ramsdegt al, 1997;

Rapinet al, 2003; Bishop, 2004). Structural impairments &femred to as grammatical SLI
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(van der Lely, 2005), linguistic dysphasia (Pariaed Maillart, 2009), or typical SLI (T-SLI;
Bishop, 2004).

The etiology of SLI remains largely unknown. Thexgrowing evidence that SLI has
a genetic component and can be inherited, but glesnpicture is emerging of interaction
between several genes and environmental risk &¢kasheret al, 2003; Bishop, 2006). This
interaction may affect the anatomo-functional depeient and organization of the brain
langage network (Bates, 1997; Bishop, 2000; Ragtiral, 2003; Friederici, 2006a). In
addition, given the left lateralization of languaigemost typically-developing individuals,
atypical language lateralization has been hypatkdsito explain literacy and language
developmental disorders (Annett, 1985; Geshwind @adaburda, 1985). Moreover, as
acquired childhood aphasias show that unilatersiote of the dominant hemisphere in
childhood rarely leads to a persistent deficit (dout, 2003), the abnormality of brain
development in SLI is suspected to be bilateralrgiia-Khadenmet al, 1998; Rapiret al,
2003).

Although some studies have reported morphometicfanctional brain anomalies in
SLI, the results remain inconsistent and heterogeme(Webster and Shevell, 2004;
Friederici, 2006a; Herbert and Kenet, 2007).

Volumetric studies have reported abnormal volumel/@n asymmetries of the
perisylvian fronto-temporo-parietal region (Plarne¢ al, 1991), inferior frontal region
(Jernigaret al, 1991) and posterior perisylvian region or plartemporale (PT) (Jernigaat
al., 1991, Leonarekt al, 2002). However, other studies have reported nbo(@augeret al,
1997; Preiset al, 1998) and even exaggerated (De Fassal, 2004; Herberet al, 2005)
asymmetry of the PT. Furthermore, voxel-based nmr@iry (VBM) studies have reported
no differences of grey matter for core languagasi@ancket al, 2007) and grey matter

increase in the right posterior superior tempoyalg (pSTG; Soriano-Maet al, 2009).



Abnormal brain function in typical SLI

Studies using single photon emission computed toapity (SPECT) have also
detected perisylvian functional anomalies, inclgdiypoactivation of the anterior perisylvian
region at rest (Louet al, 1984) and the left inferior parietal region dgriphoneme
discrimination (Tzouricet al, 1994), as well as Broca’s area during a dichegibal task
(Chironet al, 1999). However, Orst al. (2005) reported hypoactivation at rest affecting t
right parietal region and a right hyperactivatioithwmower left asymmetry involving the
temporal lobes.

To our knowledge, three studies have investigated uSing functional magnetic
resonance imaging (fMRI). In a study of 8 adolessavith SLI, Ellis-Weismeket al. (2005)
reported hypoactivation in the left parietal regiand precentral gyrus during sentence
comprehension, as well as in the left “insular ortof the inferior frontal gyrus (IFG)”
during final word recognition, without any differem of lateralization. Dibbetst al. (2006),
in a study of 4 adolescents with SLI, found hypgvations in frontal, temporal and angular
regions during a non-verbal executive paradigmalimbased on listening to speech sounds
in 5 members of the same family, Hugdbalal. (2004) reported a leftward but smaller and
weaker temporal activation than in controls.

Thus, the results from neuroimaging studies of i®bhain inconsistent, which may be
partly due to the heterogeneity of SLI (Raghal, 2003; Friederici, 2006a; Herbert and
Kenet, 2007; Whitehouse and Bishop, 2008). In amditalthough fMRI is promising for
investigating developmental language disordersefenici, 2006a; Gaillarckt al, 2006),
there are as yet very few fMRI studies.

One issue of fMRI language mapping is its sensytiand specificity, i.e. the ability to
draw a comprehensive and selective picture of dserdial language network (Mediatal,
2007; Tieet al, 2008). Since any single language task is unlikelgngage all aspects of

language, and be limited to language processingealone strategy is to use several tasks
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targeting distinct aspects of language (Deblat@, 2002; Rowet al, 2003; Gaillarcet al,
2004). This makes it possible to focus separatalyparts of the network that are distinctly
recruited by the tasks, while combined tasks amalpsovides a more robust laterality
assessment (Ramselal, 2001; Rutteret al, 2002).

FMRI in children requires special precautions dughe risk of movement, attentional
constraints, task design, and preparation of thid ¢@'Shaughnessgt al, 2008; Leach and
Holland, 2010). The procedure may be even morel@nudtic with young and language-
disordered children, who may not be able to dosatas tasks involving reading or verbs-to-
words and words-to-letter generation, which havenbesed with typically-developing
children. Similar difficulty arises with metalingtic tasks, which, in addition, require explicit
forced-choice analysis and are likely to involvedesired executive effects (Blargt al,
2002; Crinionret al, 2003).

Following fMRI studies that developed task panelsldnguage mapping in children
(Gaillard et al, 2004; Wilkeet al, 2006; Hollandet al, 2007), we developed and tested with
typically-developing children a four-task panelttiaas specifically designed to be feasible
for use with young and language-disordered childin Guibertet al, 2010). The whole
procedure avoids reading, metalinguistic or com@eegcutive requirements. It makes use of
auditory and visual stimuli, and involves languagenprehension and production.

In the present fMRI study, we use this task panedmpare a group of children with
typical SLI (T-SLI) to a matched group of typicaliieveloping children. All T-SLI children
were referred to a hospital specialized centredaagnosed on both psychometric and clinical
grounds. Data processing includes single task,pgesu between-group analysis, as well as
laterality indexes assessment and comparison wiggions of interest using single tasks and

combined tasks analysis.
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Subjects and methods

Participants

The study was approved by the regional ethics cdteenof the University Hospital.
Parents and children were informed about the ewps; parents signed the informed
consent and children gave their verbal assent.

Children with T-SLI were native French speakersuiéed among children referred to
the Centre for Language and Learning Disorders\&fsity Hospital). They were diagnosed
on psychometric and clinical grounds by the intgullinary team, after neuropediatric,
neuroradiological, neuropsychological and languagaminations. Out of the twenty-five
children initially recruited, four were finally ekmed, because of associated attention-deficit
hyperactivity disordern=1), non-verbal index within the deficit range (i€70; n=1), and
fear h=1) or teeth braces€1) preventing the MRI session. This resulted gr@up of 21 T-
SLI children aged from 7 to 18 years (mean age=R13), with 9 boys (mean age=11.4+3.7)
and 12 girls (mean age=11.4+3.1). Three childremeweft-handed (14.3%), as assessed
using the Edinburgh inventory (Oldfield, 1971), atiis within the estimation of 8—15% left-
handers for the general population (Hardyck andirRetitch, 1977). None exhibited any
neurological anomalies or auditory deficit, or vedfected by communication, behavioural or
attentional disorders. The visual inspection oftamécal 3D T1 and FLAIR images by an
experienced neuroradiologist showed no signifiedomormalities.

A matched group of typically-developing childrensar@cruited excluding non-French
native language speakers, previous or current hmgical, developmental or psychiatric
illness, as well as learning disability or abnornaalademic performance. They did not

undergo psychometric testing. This resulted in@ugrof 18 children aged from 8.7 to 17.7
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years (mean age=12.7+3), with 9 boys (mean age£32Band 9 girls (mean age=13+3).
Two children (11.1%) were left-handed.
The T-SLI and control groups were similar for sexl iandedness, and no significant

between-group difference was found for age ©.22).

Neuropsychological and language assessment

Neuropsychological assessment includes achieveofi¢né full Wechsler Intelligence
Scale for Children—Fourth versiofWISC-IV; Wechsler, 2005). This version provides a
Verbal Comprehension Index (VCI) and a Perceptugddgning Index (PRI) replacing the
previous verbal and nonverbal intelligence quosieniwo subjects older than 16 years
performed the fullWechsler Adult Intelligence Scalehird version(WAIS-III; Wechsler,
2000).

T-SLI children as a group showed a discrepancy éetwow verbal (VCI) and higher
nonverbal (PRI) indexes (Table 1). Individually, nmerbal scores were all above the
intellectual deficit range (i.e. PRTO0).

The language assessment included subtests frorhaihgage oral, Langage écrit,
Mémoire, Attentionbattery (L2MA; Chevrie-Mulleret al, 1997). Since the L2MA is
standardized from 8 years 7 months, four childretow this age performed analogous
subtests from th&louvelles Epreuves pour 'Examen du Langaiaendardized for younger
children (N-EEL; Chevrie-Muller and Plaza, 2001)! éhildren performed the 6 following
subtests: phonology (repetition of complex unfaanikvords); vocabulary (picture naming);
morphosyntactic integration and comprehension ésmst completion; sentence-picture
matching); comprehension of complex instructioesitence repetition.

T-SLI children as a group showed scores lower th&D below the normal mean for

phonology (repetition of complex unfamiliar wordsgentence repetition, and morpho-
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syntactic integration (sentence completion) (Tdbldndividually, all children performed less

than 1.5 SD below the normal mean for at least @néhese subtests. Thus, all children
demonstrated impairments of the phonological orphorsyntactic components of language,
or both, which is characteristic of T-SLI. No chiMhs diagnosed with developmental verbal

dyspraxia, verbal auditory agnosia, or pragmatiglege impairment.

fMRI protocol and task panel

The protocol has been previously described (de &uibt al, 2010) and is
summarized here. The session includes four langtesles separately implemented with the
same parameters, aiming to minimize attentional pimations: a simple block design
involves alternating a rest condition with a tasfarting with rest. Each paradigm comprises
three 27 s blocks of each condition and has a thtedtion of 2 min 48 s. The session has a
duration of 30-35 min, including the anatomical @sdion and the four tasks. All subjects
perform the tasks in the same order, as duringothparation step, to avoid the mixing of
auditory and visual tasks. During the rest conditichildren are asked “not to work”, to listen
to the noise of the scanner, while fixing theieatton on a red cross displayed on the screen.

The panel of tasks does not involve reading, nmegalstic (i.e. explicit analysis of
language) or high-executive skills, and target®m@mt and posterior core language areas. It
uses auditory and visual stimuli delivery, solidémguage comprehension and production,
and involves lexico-semantic and phonologic praogss

Two auditory lexico-semantic tasks were chosen ftbeliterature because of their
distinct and selective activations of either th& IEG (word generation from categories,
Gaillard et al, 2003; hereaftecategory taskor the left STG (auditory responsive naming,

Balsamoet al, 2002; hereaftedefinition task

10
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In the categorytask adapted from Gaillaet al. (2003), children hear category names
(e.g. animals, colours) and have to silently geleeeaamples of these categories. A category
name is delivered every 9 s, with three categgregslock and nine categories for the whole
task.

In the definition task adapted from Balsanet al. (2002), children hear definitions of
concepts (e.g. “a big animal with a trunk”) and d&ato find and silently name the
corresponding word (e.g. elephant). Definitions @gebvered every 9 s, with three definitions
per block and nine definitions for the whole task.

Two new visual phonological tasks are based orupabhaming and require the child
to silently name three objects repetitively (i.eplets) one-by-one. Within the triplets, the
names are semantically unrelated, but exhibit amahphonological change, either, for the
first task, a phonological minimal difference (hedter phon-diff task or, for the second task,

a change in segmentation (hereafion-seg tagk These tasks are adapted from so-called
minimal pairs in linguistics and from proceduregdisn the assessment and remediation of
phonological disorders. The repetitive evocationjudt three familiar but phonologically
close words attenuates the lexico-semantic reqeinésn while stressing the phonological
constraints.

In both tasks, line-drawings of objects from eacpldt are displayed every 1.4 s,
successively and randomly (without any picture galelivered twice in succession), so that
the child could not predict the upcoming picturérde distinct triplets (one per block) are
used for each task.

In the phon-diff task children name objects such jaule, boule andmoule (/pul/-
/bul/=/mul/; [hen, ball, tin]). In the triplets, difference of distinctive feature occurs in the
first phoneme, e.g. the voicing feature pf and b/ (voicelessvs. voiced) forpoule and

moule. Concretely, children may successively nanoe, eikample: “poule, moule, boule,

11
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moule, poule...” in a first block, then: “banc, degant, dent, banc...” &/, ba/, Qa/...;
[bench, tooth, glove]) in a second block, and so on

In the phon-seg taskchildren name objects such as “car, teaand cait-on” (/kar/—
/kart/—/kartd/; [car, card, cardboard box]). In tiniglets, there is a change of segmentation,
with phoneme additiorcér and thercarte orcarton) or subtractiondarton and thercarte or
car). Concretely, children may successively name, eikample: “car, carte, carton, carte,
car...” in a first block, then: “croix, roi, oie, rocroix...” (/krwa/, /rwa/, /wal/...; [cross, king,
goose]) in a second block, and so on.

For all tasks, children were prepared extensiveigrgo entering the scanner, with
each task being thoroughly explained and practses@ral times, using original task material

and both aloud and silently, to check for comprei@mand achievement by the child.

Data acquisition

Acquisitions were performed on a 3 T whole-bodynsea (Achieva, Philips Medical
Systems, Best, The Netherlands) using a 8-chares koil. Anatomical 3D T1-weighted
images were acquired with a Fast Field Echo se@ué€ltte acquisition parameters were as
follows: TE/TR/Flip angle: 4.6 ms/9.9 ms/8°; acguirmatrix size: 256x256 mm; field of
view (FOV): 256 mm; voxel size: 1x1x1 mm; volumed0lsagittal 1 mm thickness slices;
acquisition time: 3 min 56 s. Functional images evercquired using a single-shot T2*
weighted gradient-echo echo planar imaging sequemaenty-four 4 mm slices were
acquired with the following parameters: TE/TR/Fapgle: 35 ms/3000 ms/90°; acquired
matrix size: 80x80; reconstructed matrix size: 1128 FOV: 230x230; acquired voxel size:
2.9x2.9x4 mm; reconstructed voxel size: 1.8x1.8x4.r8lices were positioned parallel to the
anterior commissurposterior commissure line, with no gap, awedre interleaved from

bottom to top. Each functional run consisted ofseies of image acquisitions for the 24
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slices covering the entire brain volume separated BOOO ms delay, with a total acquisition
time of 2 min 48 s. Children were positioned supméhe system. The subject’s head motion
was minimized using straps and foam padding.

Visual stimuli were delivered through a screen pthwithin the head-coil (IFIS-SA
fMRI system, Invivo, Orlando, FL) just in front dhe face, and synchronised with the
scanner. If necessary, the children wore corregfi@eses compatible with the high-magnetic-
field environment. Auditory verbal stimuli were tered by an experienced member of the

staff using the machine microphone, via specialiyverted high-fidelity stereo headphones.

Data processing

MRI data were pre-processed and analysed usinGé¢neral Linear Model (Fristoet
al., 1995) with SPM5 (Statistical Parametric Mappifgellcome Department of Imaging
Neuroscience, University College, London; www.dihiucl.ac.uk). The first two volumes of
fMRI data were discarded to allow for signal staailion. Slice timing and motion correction
were applied to the remaining 54 volumes. Data vesi@uded if associated with excessive
motion (more than 3 mm of translation in any di@ttor 3° of rotation throughout the
session). To prevent bias caused by the normalizaif pediatric data on adult templates
(Wilke et al, 2003a), we used the match pair option of the TategD-Matic toolbox (Wilke
et al, 2008) to generate a customized pediatric temfiased on the age and sex of our 39
subjects. Structural MRI were segmented using eshifiegmentation (Ashburner and Friston,
2005), and then normalized. Functional MRI data eweggistered on structural images,
normalized and then smoothed using an isotropicn8-Full Width at Half Maximum
(FWHM) 3D Gaussian kernel.

Statistical activation maps were obtained usingxedeffects analysis. At the subject

level, a high-pass filter was applied to fMRI ddta remove slow signal drifts due to

13
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undesired effects. The hemodynamic response waslladdby the Informed Basis Set
(Fristonet al, 1998) to account for possible delay and disparsibthe response from the
canonical hemodynamic response function. For eask, fgroup activations were identified
by contrasting out the effect of temporal and disjpe derivative, focusing on the canonical
variable, at a threshold qi<0.05 Family-Wise-Error corrected for multiple coangons
(FWE-corr.) at the cluster level with a clusteridefg threshold op<0.001. Between-group
comparisons were considered significant at thetetusvel at a threshold @<0.05 FWE-
corr., with a cluster-defining threshold @£0.005.

For regional analyses, ROIs covering brain areaslved in language were selected
from the literature: the IFG-opercularis, IFG-tgaharis, STG, SMG, and insula. For
laterality assessment, the following extended R@dse also computed: “frontal language”
(IFG-opercularis, IFG-triangularis, insula), “temmpeparietal language™ (STG, SMG),
“language” (i.e. combining the two previous regipasd “non-language” (i.e. all brain ROIs
except the “language ROI"). Left and right ROlsd&dineated in the Automated Anatomical
Labeling atlas (AAL; Tzourio-Mazoyest al, 2002) were adapted to our customized pediatric
template using an approach by Wikeal. (2003b). To match our template, we performed a
non-linear deformation of the structural image omol the AAL regions were delineated.
The deformation parameters were then applied t&RDks.

Laterality indexes (LIs) were estimated using thetdolbox (Wilke and Lidzba,
2007). For each subject, the average t-value widaoh ROl was measured and voxels
smaller than this threshold were discarded. Therdiity index was then calculated with the

remaining voxels as follows:

L = D" Activation - »_ Activatior
> Activation + )  Activatior

14
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2. Activation, and 2. Activation denote the sum of the remaining voxels in the

where
left and right parts of the ROI, respectively.

LI was calculated for each single task and alsngisombined task analysis (Ramsey
et al, 2001), the latter being known to yield more rdbiuswhen dealing with a panel of
tasks (Rutteret al, 2002). Boxplots based on these values were crdateesach region and
each task. T-tests were performed on each ROI teerrdane significant group lateralization
(i.e. left or right if LI significantly greater osmaller than zero, respectively; otherwise
bilateral). Correlation with age was assessed usovgriance analysis including the factors
group, age and interaction. When the effect ofrattton and age were non-significant, and
based on current hypotheses about SLI, a one-tavedsample t-test was performed to

highlight laterality differences in language RO¥ghile a two-sided two-sample t-test was

performed in non-language ROIs.

Results

The results are reported successively for eacHestagk, focusing on language areas,
including group analysis (Fig. 1), between-groupmparisons (Fig.2), as well as LI
measurements and comparison (Fig. 3). Finally, ddmparison using the combined task

analysis is reported (Fig. 4).

Auditory language tasks
Category task

The control group shows left-only activations ie torsal IFG as well as in the pSTG
with, as expected, a predominance of the formdeftddominant activation is situated in the
anterior insula and extends into the ventral IFGca@kding to the Lls, the left lateralization is

significant in the IFG-opercularis and -triangusari
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By contrast, the T-SLI group shows small activagion the left dorsal IFG, and no
activation in the most posterior STG. The activatad the anterior insula is right-dominant
and extends into the ventral IFG on the right. Adowy to the LIs, no ROI is significantly
lateralized.

The between-group analysis does not reveal anyifisgm between-group
differences. However, the LI comparison revealgaificant lack of left lateralization of the

IFG-opercularis in the T-SLI group (Fig.3).

Definition task

The control group shows left-only activations ie thSTG/adjacent SMG, and in the
dorsal IFG, with an expected predominance of tmmén. A left-dominant activation occurs
in the anterior insula and extends into the adjawentral IFG. According to the Lls, the
SMG and IFG-opercularis are significantly left-latiézed.

By contrast, the T-SLI group shows no activationhie pSTG/adjacent SMG or in the
dorsal IFG. A bilateral activation is centred oe #mterior insula and extends, superiorly on
the right, into the ventral IFG. According to thésLno ROI is significantly lateralized,
although the IFG and the SMG tend towards the right

The between-group analysis highlights a left hypwaton centred on the
pSTG/SMG junction in the T-SLI group (Fig.R+304;T=4.42;p=0.03). According to the LI
comparison, there is a significant lack of lefelatization of the SMG, IFG-opercularis and

IFG-triangularis in the T-SLI group (Fig.3).

Visual language tasks

Phon-diff task

16
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The control group shows left-only activations ie trentral and dorsal IFG and in the
anterior insula, without activation in the STG. Aading to the LlIs, the IFG-opercularis is
significantly left-lateralized.

By contrast, the T-SLI group shows a right-onlyiation in the IFG and a right-
dominant activation in the anterior insula. Accoglito the Lls, the IFG-triangularis is
significantly right-lateralized.

Between-group analysis highlights a right hypexation centred on the anterior
insula, extending into the adjacent ventral IFGefoplaris and triangularis) and into the head
of the caudate nucleus in the T-SLI group (Fi¢2362; T=4.34;p=0.02). According to the
LIs comparison, there is a significant lack of lateralization of the IFG-opercularis in the T-
SLI group (Fig.3). A positive effect of age on klfound in the SMGpE0.024), but no group

difference is detected in this region.

Phon-seg task

The control group shows a left-dominant activationthe ventral and dorsal IFG-
opercularis, as well as left-only activations ire thSTG/adjacent SMG and in the anterior
insula. According to the Lls, no region is sigraiintly lateralized.

By contrast, the T-SLI group shows no activatiothe IFG, the STG, the SMG or the
insula. According to the LIs, no ROl is significhniateralized.

The between-group analysis does not reveal anyifisigm between-group
differences. However, the LI comparison highligatsignificant lack of left lateralization of

the IFG-opercularis in the T-SLI group (Fig.3).

LI assessment and comparison using combined tadisas (CTA)
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According to the assessment of LIs using CTA, tbatol group exhibits a left
lateralization of the SMG and STG. This is not otsed with the T-SLI group, where no ROI
is lateralized. According to the between-group carngon, the lack of left lateralization in the
T-SLI group is significant for the SMG and the STkig.4).

Subsequently, CTA was carried out using extendedisRCrontal language”,
“temporo-parietal language, “language” (i.e. conmmgnthe two latter) and “non-language
ROI” (i.e. all AAL ROIs except the latter). In tle®ntrol group, LIs from the CTA show a left
lateralization in all these extended ROIs. Thisas the case for the T-SLI group, where no
lateralization appears, despite a right trendter“trontal language” and “language” ROIs.

The between-group comparison of the Lls highlightssignificant lack of left
lateralization in all extended language ROIls (I®mporo-parietal language”, “frontal
language” and “language”), while, inversely, theseno significant difference for the “non-

language” ROI (Fig.4).

In summary, our main results highlight a left hypztion centred on the
pSTG/SMG junction (definition task), a right hypetigation of the anterior insula including
the adjacent IFG and extending into the head oflateu(phon-diff task), and a lack of left
lateralization of core language areas in the T-&ldup. The lack of left lateralization is
found for the IFG-opercularis (all tasks), the IE@&ngularis (definition task), the SMG
(definition task and combined tasks), the STG (comd tasks), and in all extended language
ROIs when using combined tasks. On the contragretis no difference of lateralization for

the rest of the brain when the language regiongxkided.

Discussion
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Although functional neuroimaging may have an exjampdole in the investigation of
development language disorders, fMRI studies of &l sparse and available results from
functional studies remain inconsistent, in paraltléh heterogeneous morphometric findings.
Based on a comparison with typically-developinddren, we studied a group of 21 children
with typical SLI, a main form of SLI affecting stiwral aspects of language, which was
diagnosed on psychometric and clinical groundsapply an appropriate procedure and to
improve the mapping by using several tasks, weupet panel of tasks without reading,
metalinguistic or high attentional requirementsréehmain interesting results arise from our
study: i) the lack of left lateralization of coraniguage areas; ii) the left hypoactivation
centred on the pSTG/SMG junction (definition task); the right hyperactivation of the
anterior insula including the adjacent IFG and edieg into the head of caudate (phon-diff

task).

Lack of left lateralization of core language areas

The study reveals a lack of left functional latesation for all single language ROIs
across single or combined tasks, i.e. in the IF€rayaris (all tasks), the IFG-triangularis
(definition task), the SMG (definition and combinidks), and the STG (combined tasks). In
addition, when using combined tasks analysis, ldi& also applies to larger frontal and
temporo-parietal language ROIs, while, interestingb significant difference appears for the
whole brain when language ROIs are excluded. Towsstudy provides evidence that T-SLI
Is associated with atypical lateralization of laage function in core language areas.

No anomaly of lateralization was found or reporitegrevious fMRI studies of SLI
(Hugdhalet al, 2004; Ellis Weismeet al, 2005; Dibbetst al, 2006), including a study of
oro-facial verbal dyspraxia (Liégeoet al, 2003), which could be due to reduced sample

sizes, distinct activation tasks, and/or distidatical subtypes. However, SPECT studies at
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rest have reported a reversed asymmetry in Weriaickea (Chiroret al, 1999) and a more
symmetric activation in the temporal lobe (@tsal, 2005). Furthermore, one study using
functional transcranial Doppler ultrasonographyimyiwords-to-letter generation reported a
lack of leftward dominance of blood flow in adultsth persisting SLI, a condition more
associated with structural language impairment tinansient SLI (Whitehouse and Bishop,
2008).

Our results support the hypothesis of atypical lm@ledominance for literacy and
language developmental disorders, although atypataralization is not in itself either
abnormal or specific. Atypical functional lateraimon has been reported in 5% of right-
handed and 73-80% of non-right-handed normal sth{&zaflarsket al, 2002) and in other
developmental clinical conditions including speedblay (Bernal and Altman, 2003),
stuttering (Browret al, 2005), autism spectrum disorder (Knatigl, 2008; Kleinhangt al,
2008), and dyslexia (Maisag al, 2008; Heimet al, 2010).

Therefore, our study shows that a well-defined foifrsLI affecting structural aspects
of language is more associated with atypical fumati lateralization of core language areas,
but we cannot yet affirm that it is a specific markf T-SLI. As argued by Whitehouse and
Bishop (2008), atypical cerebral lateralization nieyan indicator, albeit imperfect, of some

causal factor that leads together to atypical catdateralization and language impairment.

Left hypoactivation of the pSTG/SMG junction

The second result, provided by the definition taskhe left hypoactivation centred on
the junction of the posterior supratemporal plaB&&) and the SMG, extending laterally,
deeply into the Sylvian fissure, and superiorlythe parietal operculum and parietal inferior
lobule. This region is crucial for language, beloiggto the so-called “Wernicke’s area” or

“territory” (Blank et al, 2002; Catanet al, 2005).
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The central location of the hypoactivation corregp® to the posterior PT/ventral
SMG region (Price, 2010) or “area sylvian paridgéaporal” (Hickok and Poeppel, 2007),
which may be a sensorimotor interface translatic@uatic speech signals from the posterior
temporal sulcus into articulatory representation tfee premotor cortex and posterior IFG.
This region is involved in both complex speech pption and production (e.g. Hickek al,
2003; Price, 2010), and its lesion may be assatmith conduction aphasia, which exhibits
phonemic paraphasias with better preserved compsedre (Hillis, 2007). Therefore, on the
whole, the putative function of this region is igreement with the task used here involving
both speech reception and (covert) production, \atidl the linguistic deficit inherent to T-
SLI.

In line with our result, SPECT studies of SLI hakeported bilateral posterior
perisylvian hypoactivation at rest (Laet al, 1984), and no activation of the left inferior
parietal region during phonological discriminati@rzourioet al, 1994). One fMRI study has
also reported a hypoactivation in the Igfarietal lobe during sentence comprehension
(Ellis Weismeret al, 2005). By contrast, using SPECT at rest, €rsal. (2005) reported a
hypoactivation of the right parietal region.

One question is whether our result can be linkedmmrphological anomalies.
Volumetric studies of SLI have shown a reduced n@wf the perisylvian temporoparietal
region (Jernigaret al, 1991) and reduced left asymmetry of the PT whempared with
reading disability (Leonardt al, 2002). However, other authors report normal vawend
asymmetry for the PT (leftward) and for the patiescending ramus (rightward) (Gaugsr
al., 1997; Preiset al, 1998), and even an exaggerated leftward asymni@trthe PT (De
Fosséet al, 2004; Herberet al, 2005), without any difference for the parietabople and
the SMG (De Fossét al, 2004). Using VBM, Jancket al. (2007) found no grey matter

differences for core language areas, and Sorian@d¥lal. (2009) reported an increase in
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grey matter at the right temporoparietal juncti@part from methodological differences, this
heterogeneity may result from the heterogeneitgldf

In summary, the left hypoactivation of the pSTG/SM@ction found in T-SLI
children during the auditory responsive naming taskld reflect a dysfunction of a core
region considered as an interface between commegubge reception and production
(Hickok and Poeppel, 2007; Price, 2010). This rtesohverges with a SPECT study of SLI

using a discrimination task involving phonologigadlose words (Tzouriet al, 1994).

Right hyperactivation of the anterior insula, adgat IFG, and head of caudate

The third main result of this study is the rightpkyactivation centred on the anterior
insula and extending into the adjacent IFG (opartsiland triangularis), as well as into the
head of caudate, during the phon-diff task. Theergmt insula and adjacent IFG is an
important region for language, in continuity witetfrontal operculum and, at the left side,
Broca’s area (Kelleet al, 2009). The head of caudate has already beenidigd in a
developmental speech disorder, oro-facial verbaprhxia (Vargha-Khadeet al, 2005).

The anterior insula is involved in motor aspectspéech, although its specific role
for speech remains unclear. Overall, this regios been linked with coordination and motor
control of speech articulation, vocal tract and mimuscles, as well as non-speech orofacial
gestures, swallowing and respiratory voluntary lagon (Brown et al, 2005, 2009;
Ackermann and Riecker, 2010; Price, 2010). Clingtatlies have yielded some controversial
results, with one study based on lesion overlaprtefy a correlation of left insular lesion
with deficits in motor programming of speech (Drerk 1996), which was not replicated
using neuroimaging at stroke onset (Hiles al, 2004). Single clinical cases and brain
stimulation studies involving the insula have répdraphasic, dysarthric, speech initiation

and/or non-speech oro-motor disturbances, andimaitneuroimaging studies have revealed

22



Abnormal brain function in typical SLI

the involvement of the anterior insula, predomihaonn the left, in motor aspects of speech
(Ackermann and Riecker, 2010; Price, 2010). Intergly, Bohland and Guenther (2006)
found increased bilateral activation of the ind#& junction in proportion to phonological
complexity by requiring triads of syllables of varg complexity (“ta-ta-ta”/**ka-ru-ti”/“stra-
stra-stra”’/**kla-stri-splu”), which suggests a tigtion of integration of low-level motor
aspects, abstract speech sounds and prosodic centpom speech planning. The right
anterior insula/frontal operculum may specificathgdiate supra-segmental aspects of speech
(prosody, intonation contour), as well as vocaltadn and musical melodies (Broven al,
2005; Ackermann and Riecker, 2010).

Therefore, the hyperactivation in the right anteiiosula/adjacent IFG during our
phonological task could reflect an articulatory Amdgorosodic compensatory mechanism of
defective structural phonological function in T-SISuch a compensation could be inter-
hemispheric (i.e. left to right) and possibly intreamispheric (i.e. lateral IFG to insula).
Compensatory interhemispheric recruitment of thyatrinferior frontal region is well-known
after left acquired lesions associated with aphd€lanion and Leff, 2007), and the
recruitment of the right insula may compensate utystion of the left counterpart (Duffaat
al., 2001). An intrahemispheric shift of frontal respe towards the anterior insula/frontal
operculum, at the right side, has also been regariesubjects with left temporal lobe
epilepsy (Voetset al, 2006). If further corroborated, this suggests tha insular structure
might be involved in the compensation of speeclyliage function (Ackermann and Riecker,
2010).

Previous functional neuroimaging studies of SLIl¢/ieesults that are heterogeneous
with respect to the insula. A right hyperactivatioas been highlighted in the anterior part
during speech sound listening (Hugdkalal, 2004) and in the posterior part during a non-

verbal executive paradigm (Dibbets al, 2006). This contrasts with hypoactivation on the
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left during word recognition (Ellis Weismet al, 2005). While one volumetric study reports
a volume reduction of the left insula (Jernigdral, 1991), no anomaly of the insula has been
observed using VBM (Janclet al, 2007; Soriano-Mast al, 2009).

In our study, the right hyperactivation extend®itite head of caudate. The caudate
nucleus participates in sensorimotor coordinatimiuiding response selection and initiation,
in executive-related processes, and may supportptaening and execution of correct
strategies required for complex goals (Gratral, 2008). As regards speech, the caudate
nucleus is involved in the control and selectionadiculatory motor sequences, and may
initiate cortical phonological and controlled preses when automatic processes are not well-
suited (Friederici, 2006b; Bootht al, 2007). Furthermore, the bilateral head of caudate
involved in language-based conflict, suggesting thagparticipates in the suppression of
inappropriate responses in a competitive conteric€P2010). Similarly, the hyperactivation
of the right head of caudate during the phon-difkt in our study could reflect higher
compensatory attempts of initiation of phonologipedcesses in the context of phonological
conflict (e.g. the minimal difference between phaih/main).

Regarding previous neuroimaging studies of SLI,rbkt caudate has been found to
be hyperactive during a non-verbal switch paradigrfour children (Dibbetst al, 2005).
Moreover, it was bilaterally reduced in the volureestudy by Jernigamet al. (1991), but
increased on the left in the VBM study by Sorianagdt al. (2009).

In summary, the right hyperactivation of the ardemsula/adjacent IFG and the head
of caudate in T-SLI, which is highlighted when reog phonological differentiation, could
reflect compensatory recruitments of non languamgsific functions resulting from the
structural phonological deficit. This could be asated with higher recruitment of orofacial
and intonative motor functions for the anteriorulagadjacent IFG, and response initiation

and selection in the context of interferencestieriead of caudate.
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Comparison to other developmental disorders

Another question is whether the functional abnoitmesl reported in our study are
specific to structural language disorder (i.e. T3Séompared to disorders affecting other
aspects of language such as communication, readisigeech.

As regards the left temporoparietal hypoactivationautistic spectrum disorder, on
the contrary, hyperactivation has been detectethénposterior temporal region during a
responsive naming task (Knaesal. 2008) and other language tasks (&asdl, 2004; Harris
et al, 2006). On the other hand, left temporoparietgddagctivation appears to be a “neural
signature” of dyslexia (Shaywitz and Shaywitz, 20@& obtained during reading, rhyme or
semantic tasks (Paulestial, 1996; Schulzt al, 2008; Richlaret al, 2009). Phonological
disturbances in dyslexia nevertheless concern mgtastic tasks (i.e. phonological
awareness) rather than direct oral language, likeflecting a phonological-access deficit
(Ramus andSzenkovits, 2008), and the differentiation from Sklmains clinically and
etiologically justified (Bishop and Snowling, 200&inally, as regards speech disorders,
developmental stuttering has been associated wpbdtctivation of the auditory cortices, but
not of the temporoparietal junction (Brovet al, 2005; Watkinset al, 2008), while oro-
facial verbal dyspraxia in the KE family was asateil with hypoactivation near the left
pSTG/SMG junction during covert verb generatioréfjeoiset al, 2003). Although the core
deficit in this family is dyspraxic, affected membealso exhibit phonological and
grammatical impairments, so linguistic deficits wanbe ruled out (Vargha-Khadeet al,
2005).

As regards the right hyperactivation of the antemsula/adjacent IFG, in autistic
spectrum disorder, the insula has been found thypeactive during tasks involving social

processing (Uddin and Menon, 2009). In dyslexigdngctivation of the anterior insula has
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been observed during reading tasks, either onetieot on the right (Maisogt al, 2008;
Richlan et al, 2009). However, one study reports a bilateraloagtivation in parallel to
higher activation of the adjacent frontal operculdoring click and speech sound listening
(Steinbrinket al, 2009). As regards speech disorders, the antegafta has been found to be
hyperactive at the left side during overt wordsetémn in oro-facial verbal dyspraxia
(Liegeoiset al, 2003). Nevertheless, it is noteworthy that hypevation of the right frontal
operculum/anterior insula during speech producisononsidered as a “neural signature” of
developmental stuttering (Browet al, 2005; Watkinset al, 2008). This suggests that lower
skills for speech result in compensatory hyperation of vocal-motor areas, which are right-
lateralized because of left dysfunction of the nalroledicated regions (Preibish al, 2003;
Brown et al, 2005).

As regards the right hyperactivation of the caudate functional anomaly of the
caudate has been found either in autistic specttisorder during language tasks (Hawts
al., 2006; Knauset al, 2008), or in dyslexia (Maisogt al, 2008; Richlanet al, 2009).
Nevertheless, in studies of oro-facial verbal dgg@ in the KE family, the caudate was
found to be both bilaterally morphologically reddd&/arkha-Khadenet al, 1998; Watkins
et al, 2002; Beltoret al, 2003), and functionally hyperactive on the |&fafgha-Khadenet
al., 1998). In this context, these anomalies come witidehypothesis of a dysfunction of the
frontostriatal network (Vargha-Khadeet al, 2005). Finally, the activity of the caudate on
both sides has been positively correlated withstheerity of developmental stuttering (Giraud
et al, 2008), and a dysfunction of the basal ganglialdegs speculated to underlie the deficit
in the timing of speech motor initiation (Alm, 2004r to reflect a secondary dysfunction
resulting from a left inferior frontal anomaly (Keit al, 2009).

In summary, the left temporoparietal hypoactivatamsociated with T-SLI is similar

to results obtained by studies of dyslexia (Ricldaal, 2009) and by one study of oro-facial
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verbal dyspraxia (Liégeoiset al, 2003). Moreover, in developmental suttering, the
hyperactivation of the right anterior insula isaeded as a “neural signature” (Brownal,
2005) and the activity of the right caudate is elated with the severity of impairment
(Giraud et al, 2008). As these disorders and the activationstasled are distinct, further
studies are needed to elucidate whether theseasitieis reflect common dysfunctions,
common atypical compensatory modes of resolutiomanfuage tasks, and/or more task-

specific effects.

Methodological considerations

As described previously (de Guibeat al, 2010), to optimize the feasibility of the
procedure for young disordered children, and mim@mmotion artefacts as well as attentional
complications, we implemented four identical blatgsigned paradigms with a low-level
condition as baseline (listening to the noise awohd a red cross) and without requiring
motor responses. These choices reduced the heteibgand complexity of the protocol, as
the child did not have to understand and achiepplsmentary control tasks and also give
motor responses. Furthermore, although requiringomeoesponses is well suited for
metalinguistic tasks (i.e. judgment tasks with eiphanalysis), which may involve additional
non-language functions (Blargt al, 2002; Crinionet al, 2003), it is not appropriate for
investigations under more natural conditions siectvard production.

However, these choices have some drawbacks. Ewstachievement of the tasks
cannot be directly assessed. Requiring overt resgsonvould allow online performance
monitoring, but speech increases the risk of movemehich is crucial in the case of
children, and especially with disordered childré&iShaughnessgt al, 2008). Therefore,
children were intensively prepared before the seasession using the same order of tasks

and stimuli, allowing us to check that they undsogtand were able to achieve the tasks, and
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were also questioned after the session. Thus,dbigml of the tasks and the preparation aimed
to ensure high performance for each child during gsbanner session. Secondly, low-level
control conditions involve more non-language-specdoactivations (Wilkeet al, 2006;
Holland et al, 2007) and, in some research contexts, it mayrpoitant to use high-level
control tasks to target more specific functionsvéitheless, together with the use of several
tasks, a low-level control condition makes it pbksito map a comprehensive and specific
left-lateralized language network in normal chiltie adults (Ramsest al, 2001; Tieet al,
2008; de Guiberet al, 2010), and was appropriate in our study for tbhengarison with
language-impaired children. Furthermore, we usambrabined tasks analysis to provide a
robust assessment of language lateralization.

Moreover, to select a representative sample ofgéneeral population, close to the
clinical context for language-disordered childreve did not solely recruit right-handed
children. In this study, the proportions of leftAda@d in the T-SLI and control groups are
similar and within the normal range estimate. Femtiore, additional analyses excluding left-
handed children (n=5) were carried out, which shtbwe major change of results (e.g. out of
11 LI differences for the whole group, 8 remaingghiicant and 2 were nearly significant
[p=0.057] when eliminating left-handers). Moreoueravoid distortions due to normalization
of the childrens’ data with respect to an adult gate, we used a tool dedicated to the
creation of pair- and group-matched normalized tatep based on normative brain data
(Wilke et al, 2008).

Finally, a well-known issue with the category ofl$.its clinical heterogeneity, since
it encompasses impairments reflecting structura-like deficits (i.e. mainly phonology and
morphosyntax), as well as impairments of articulgtcauditory receptive or pragmatic
aspects of language. Since this heterogeneity raay trucial source of inconsistency in the

neuroimaging results, we focus here on structagjliage impairments, known as typical
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SLI or linguistic dysphasia. Future studies needntestigate whether distinct subtypes of
SLI are associated with distinct brain functionalomalies. Secondly, since the current
psychometric diagnostic tools are not totally adéguvhen used in isolation, because they
lack clinical congruence, we selected T-SLI chitldren both psychometric and clinical
grounds. The T-SLI children, as a group, failecéhsubtests (repetition of unfamiliar words,
sentence completion, and sentence repetition) dmatacknowledged as being especially
sensitive to SLI, and all of the subjects had alydastory of selective language impairment

and had been diagnosed in our specialized ho<pxtatre.

In conclusion, by using fMRI with a panel of distinlanguage tasks, this study
provides evidence that a well-defined type of Sf¢@ing structural components of language
is associated with a lack of left functional latex@ion in core language areas (pars
opercularis and triangularis of the IFG; STG; SM®ith hypoactivation of the left superior
temporoparietal junction, within Wernicke’s area,veell as with hyperactivation of the right
anterior insula, adjacent inferior frontal gyrugsldread of caudate. These results are similar to
some findings from studies of developmental disrdevolving other aspects of language
such as dyslexia, stuttering or orofacial verbakpagxia, which will require further

comparisons.
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Table 1 Groups characteristics

Abnormal brain function in typical SLI

Control group
N
Age (years)

Gendernmale:female)

18
12.7+3(8.7—17.7)
9:9

Handednesgeft:right) 2:16

T-SLI Group

N 21

Age (years) 11.4+3.3(7—18)

Gendenmale:female)
Handednesgeft:right)

Intellectual indexes (WISC-1V)
Verbal index (VCI)
Non-verbal index (PRI)

Language z-scores (L2M#A)

9:12
3:18

77.0+£15.145—112)
90.0+13(Z3—121)

Phonology(complex unfamiliar word repetition) -2.4+1.7 (-6.9—0.4)
Vocabulary(picture naming) -0.3£1.0(-2.6—1.3)
Morphosyntactic integratio@entence completion) -1.2+1.5(-5.0—1.3)
Complex instructions comprehension -0.2+¢22—1.7)

Morphosyntax-Comprehensigsentence-picture match) -0.5+£1.0(-2.5—1.1)
Sentence repetition -1.4+0.8 (-2.5—0.8)

Ranges are reported in brackets. Bold font ind&ckbeguage scores <1 SD below the normal mean.

*Including scores of the four youngest children wlkeoformed equivalent subtests from teuvelles

Epreuves pour I'Evaluation du Langa@d-EEL; see text).

L2MA= battery Langage oral, Langage écrit, Mémoire, AttentiadISC-IV= Wechsler Intelligence
Scale for Children-Fourth versiprivCl and PRI= Verbal Comprehension and Perceptual

Reasoning Indexes.
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Fig. 1. fMRI control and T-SLI group effects for each laage taskg<0.05 FWE-corr.). The
functional maps are superimposed onto an indivibuah normalized with respect to
our customized pediatric template, with x-coordésatin Montreal Neurological

Institute space. Left slices are left hemisphere.

Category task Control group
- -3

PhonDiff task Control group
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Fig. 2. fMRI between-group comparisons for definition arfibp-diff tasks <0.05 FWE-

40

corr.). Blue and yellow colours indicate, respegllyy the hypo- and hyper-activations
for the T-SLI group compared with the control grodpne three-dimensional view
focuses on the peak contrasts. Functional mapswgrerimposed on an individual

brain normalized with respect to our customizedadeid template. Coordinates are in

Montreal Neurological Institute space.
Definition task (Control > T-SLI)
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Fig. 3. Laterality indexes (LIs), significant group lateraltions, and between-group
comparisons within the ROIs for each single langutask. The box plots depict group
lateralization for each ROI, with positive and ntga Lls reflecting left and right,

respectively, and with significant left or rightésalizations [§<0.05) outlined by bold lines.

The p-values of between-group comparisons are atetic with significant between-group
differences outlined by a square bracket with a sta

%p-value of group factor from analysis of covariaméth factors age and group.

Oper=opercularis; Tri=triangularis; Sup=superior.
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Fig. 4. Lateralization indexes (LIs), significant group detlizations, and between-group
comparisons using combined tasks analysis (CTARQiwisingle (right panel) and extended
(left panel) ROIs. The box plots depict group latieation for each ROI, with positive and
negative Lls reflecting left and right, respectiveland with significant left or right
lateralizations [§<0.05) outlined by bold lines. Thevalues of between-group comparisons
are indicated, with significant between-group difeces outlined by a square bracket with a
star.

%p-value from two-sided two sample t-test.

IFG=inferior frontal gyrus; STG=superior temporgtgs; SMG=supramarginal gyrus.

“Temporo-parietal language ROI'=STG and SMG; “Redrlanguage ROI'=IFG (opercularis and

triangularis) and insula; “Language ROI"="frontahiguage” and “temporo-parietal language

ROls; “Non-language ROI"=whole brain (i.e. all AARROIs) except “language ROI".
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