Received: 13 November 2017

Revised: 9 April 2018

Accepted: 13 April 2018

DOI: 10.1002/hbm.24196

RESEARCH ARTICLE

WILEY

fMRI connectivity of expressive language in young children and

adolescents

Vahab Youssofzadeht24.5

pediatric Neuroimaging Research
Consortium (PNRC), Cincinnati Children’s
Hospital Medical Center, Cincinnati, Ohio

2Division of Neurology, Cincinnati Children’s
Hospital Medical Center, Cincinnati, Ohio

3College of Medicine, Department of
Pediatrics, University of Cincinnati,
Cincinnati, Ohio

“Department of Pediatrics, University of
Tennessee Health Science Center, Memphis,
Tennessee

SNeuroscience Institute, Le Bonheur
Children’s Hospital, Memphis, Tennessee

Correspondence
Dr Darren S. Kadis, Division of Neurology,
Cincinnati Children’s Hospital Medical

| Jennifer Vannest123 | Darren S. Kadis123

Abstract

Studies of language representation in development have shown a bilateral distributed pattern of
activation that becomes increasingly left-lateralized and focal from young childhood to adulthood.
However, the level by which canonical and extra-canonical regions, including subcortical and cere-
bellar regions, contribute to language during development has not been well-characterized. In this
study, we employed fMRI connectivity analyses (fcMRI) to characterize the distributed network
supporting expressive language in a group of young children (age 4-6) and adolescents (age 16-
18). We conducted an fcMRI analysis using seed-to-voxel and seed-to-ROI (region of interest)
strategies to investigate interactions of left pars triangularis with other brain areas. The analyses
showed significant interhemispheric connectivity in young children, with a minimal connectivity of
the left pars triangularis to subcortical and cerebellar regions. In contrast, adolescents showed sig-
nificant connectivity between the left IFG seed and left perisylvian cortex, left caudate and
putamen, and regions of the right cerebellum. Importantly, fcMRI analyses indicated significant

differences between groups at 3 anatomical clusters, including left IFG, left supramarginal gyrus,
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1 | INTRODUCTION

The left perisylvian cortex, including canonical Broca's and Wernicke's
areas, is known to support gross language processes in healthy adults
(Binder et al., 1997; Friederici, 2011, 2012; Gabrieli, Poldrack, &
Desmond, 1998; Hirata et al., 2004; Kadis et al., 2011; Lohmann et al.,
2010; Pei et al., 2011; Price, 2000, 2012; Purves et al., 2004; Toga and
Thompson, 2003; Turken and Dronkers, 2011). However, participation
of right perisylvian cortex and subcortical and cerebellar regions in lan-
guage have also been documented (Berl et al., 2014; Booth, Wood, Lu,
Houk, & Bitan, 2007; Desmond, Gabrieli, & Glover, 1998; Ferstl,
Neumann, Bogler, & Von Cramon, 2008; Frings et al., 2006; Gabrieli
et al, 1998; Houk et al., 2007; Kellett, Kellett, Stevenson, & Gerns-
bacher, 2012; Middleton and Strick, 2000; Muller and Meyer, 2014;
Murdoch, 2010; Schmahmann, 1997; Stoodley, Valera, & Schmahmann,
2012; Stoodley and Schmahmann, 2009; Verly et al., 2014). In particu-
lar, seminal anatomical and behavioral studies have shown nonmotor

contributions of the (right) cerebellum in a range of cognitive processes,

and right cerebellar crura, suggesting a role in the functional development of language.

adolescents, children, expressive language, functional connectivity magnetic resonance imaging,

including language (Leiner, Leiner, & Dow, 1991; Petersen, Fox, Snyder,
& Raichle, 1990; Raichle et al.,, 1994; Schmahmann, 1997; see Price,
2012, for review). While the left cerebellar and a medial cerebellar
regions reflect motor-related processes, the right cerebellum is believed
to be involved in modulation of cognitive nonmotor functioning (Booth
et al., 2007; Keren-Happuch, Annabel, Ho, & Desmond, 2014; Mur-
doch, 2010; Shulman et al., 1997). However, the level of participation
of subcortical and cerebellar regions in normal language development
has not been well-characterized.

Previous neuroimaging studies of language representation in
development have shown a bilateral distributed pattern of activation
that typically becomes more left-lateralized and focal from early child-
hood to adulthood (Holland et al., 2007; Kadis et al., 2011). Sophisti-
cated analytic strategies such as functional/effective connectivity have
supported this developmental pattern (Bitan et al., 2006; Kadis, Dimitri-
jevic, Toro-Serey, Smith, & Holland, 2016; Xiao, Friederici, Margulies, &
Brauer, 2016; Youssofzadeh, Williamson, & Kadis, 2017; Yu et al.,
2014). For example, in a resting-state functional magnetic resonance
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imaging connectivity (fcMRI) analysis, intrahemispheric correlations
were found in left perisylvian regions in adolescents. In contrast, inter-
hemispheric correlations between left and right IFG were predominant
in children (Xiao et al., 2016). Similarly, an MEG connectivity study of
verb generation in children demonstrated bilateral patterns of connec-
tivity, together with a network whose suprathreshold directed connec-
tions increased in canonical Broca's area, with age (Kadis et al., 2011).
However, these studies have focused primarily on perisylvian regions,
with little examination of the role of subcortical and cerebellar connec-
tivity. Recently, we compared whole brain MEG connectivity of 4-6-
years-old children and 16-18-years-old adolescents during a verb gen-
eration task (Youssofzadeh et al., 2017). In children, there were contri-
butions by bilateral (with stronger effects on the right side) cortical
language regions, whereas the pattern was left-focal in the cortex in
adolescents, and subcortical and (right) cerebellar regions were also
engaged. Findings suggested that extracortical regions may change in
their role in language processing across development. A functional con-
nectivity approach is an effective way to reveal a broader network
supporting language processing, developmental changes, and brain
maturation.

In this work, by means of a task-based fcMRI analysis, we investi-
gated patterns of whole-brain connectivity in typically developing
young children and adolescents participating in verb generation. We
used seed-to-voxel and seed-to-ROI (region of interest) fcMRI strat-
egies. The two analyses complement one another; the seed-to-voxel
analysis is more exploratory as it examines the whole brain, whereas
seed-to-ROI analyses typically lead to a better sensitivity, and hence,
more appropriate for hypothesis testing. Using the two fcMRI strat-
egies, we demonstrate the importance of interactions between the cer-
ebral cortex and subcortical regions, and the cerebellum in language

production abilities of typically developing children.

2 | MATERIAL AND METHODS

2.1 | Participants and experiment design

fMRI scans were acquired in two groups of participants: 10 children
(5 females, aged 4-6, mean * standard deviation: 5.6 = 0.99) and 13
adolescents (7 females, aged 16-18, 17.18 = 0.79). All participants
were native English speakers without a history of neurological insult,
speech or language disorder, or learning disability. Participants were
all right-handed as determined by Edinburgh Handedness Inventory
(EHI), and a threshold of EHI > 48 (Oldfield, 1971). Written informed
consent and assent were obtained for participation; the study was
approved by the Institutional Review Board at Cincinnati Children’s
Hospital Medical Center. Participants received compensation for
travel and participation.

The fMRI task consisted of 6 verb and 6 control blocks, each con-
taining 10 stimuli (35 seconds per block). During verb blocks, partici-
pants were instructed to rapidly think of an action word that
corresponded to the aurally presented nouns (names of everyday items
familiar to children aged 5 years and older, e.g., book, dog, pencil). This

task involves comprehension, semantic access (of the noun and

associated verb), and language production (covert verb generation).
During control blocks, participants passively listened to a speech-
shaped noise (contoured noise matched for spectral content and ampli-
tude envelope to the noun stimuli used for verb generation), without
responding. Development of the stimulus set, including the speech-
shaped noise items, has been described previously (Kadis et al., 2011;
Youssofzadeh et al., 2017). Prior to the recording, participants were
trained on an overt version of the task to establish sufficient ability and
promote compliance during subsequent acquisition. They had to
answer a minimum of 8 of 10 noun challenges correctly, prior to

scanning.

2.2 | Data acquisition

Magnetic resonance imaging was conducted on at 3 T (Philips Achieva,
Philips Medical Systems). Functional scans were acquired with
TR = 2,000 ms, TE = 30 ms, flip angle of 75°, 2.8 X 2.8 X 3.0 mm vox-
els. Whole-brain 3D T1-weighted MRI scans were acquired using a flip
angle of 90°, TE = 3.7 ms, TR = 8.1 ms, Tl = 939 ms, voxel size = 1.0 X
1.0 X 1.0 mm.

2.3 | Data analysis
2.3.1 | fMRI preprocessing

fMRI scans were aligned, segmented, spatially normalized to MNI
space, and smoothed by an 8-mm FWHM Gaussian filter using SPM12
(Wellcome Trust Centre for Neuroimaging, London, www: fil.ion.ucl.ac.
uk/spm/). Interscan movement was quantified using ARtifact detection
Tools (ART), as implemented in the CONN toolbox, ver. 17¢ (Whitfield-
Gabrieli and Nieto-Castanon, 2012). A threshold of 2 mm interscan
motion and a global signal threshold of Z= 9 was employed to identify
volumes with excessive motion. Confounds from blood oxygen level-
dependent (BOLD) signals of white matter and CSF tissues (5 compo-
nents each) were detected by a principal component analysis (aComp-
Cor; Behzadi, Restom, Liau, & Liu, 2007). Artifactual signals were
linearly regressed out. Data were band-pass filtered in the range of
0.008-0.09 Hz to remove unwanted motion, physiological, and other
artefactual effects from task-relevant BOLD activations, followed by a
linear detrending to remove possible linear, quadratic, or cubic trends

within each functional session.

2.3.2 | Second-level GLM analysis

A second-level general linear model (GLM) analysis, two-sample
(unpaired) t test, was conducted to evaluate group activation maps
of verb generation responses in children and adolescents. The t-con-
trast maps were extracted using a cluster-level threshold of p < .05,
family-wise error (FWE) corrected across the whole brain. This also
provided a priori evidence to select a seed region in the fcMRI

analyses.

2.3.3 | fcMRI: Seed-to-voxel and seed-to-ROI

Motivated by the second-level GLM analysis, a similar seed region was

selected for both fcMRI analyses to investigate verb generation BOLD
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FIGURE 1 Second-level GLM analysis. Two-sample t-test (unpaired) of responses from (A) children, (B) adolescent participants, and (c) con-
trast of adolescent > children during verb generation condition. [Color figure can be viewed at wileyonlinelibrary.com]

responses from two groups of participants, children and adolescents.
We focused on connectivity due to verb generation condition only
(rather than comparing to the speech-shaped noise), to examine the full
language processing network, including those regions engaged for
processing auditory input, rather than isolating the lexical-semantic
component through a contrast. To quantify the connections, Pearson’s
bivariate correlation coefficients were calculated between mean times-
eries within a seed and the timeseries of all other voxels (for seed-to-
voxel analysis) and ROIs (for seed-to-ROI analysis). Correlation coeffi-
cients were converted to normally distributed scores using Fisher's
transform prior to second-level analysis. The transform improves the
normality of the data, making subsequent statistics more robust
(Whitfield-Gabrieli and Nieto-Castanon, 2012). A second-level analysis
was performed using two seed-to-voxel and seed-to-ROI analytic strat-
egies to make inferences about group differences.

An atlas with 132 anatomical regions was used to summarize func-
tional connectivity of the ROIs. The parcellation results from a combi-
nation of two atlases: Harvard-Oxford cortical and subcortical
structures adopted from FSL software tool (Jenkinson, Beckmann, Beh-
rens, Woolrich, & Smith, 2012), and cerebellar regions from the AAL
atlas (Smith et al., 2004; Tzourio-Mazoyer et al., 2002). For group seed-

(a) Children

Seed: L IFG pars triangularis

to-voxel fcMRI analysis, we employed parametric statistics; a combina-
tion of height (voxel-level) threshold of p <.001, uncorrected, and
extent (cluster-level) threshold of cluster size p-FDR <.05 (Friston,
Worsley, Frackowiak, Mazziotta, & Evans, 1994). For group seed-to-
ROI fcMRI analysis, connections (by intensity) were thresholded with a
p-FDR <.05. A two-sided t test was utilized to investigate between-
group connectivity effects.

2.3.4 | Effect size: A seed-to-voxel fcMRI of combined
groups

A seed-to-voxel fcMRI analysis of combined groups (23 datasets) was
employed to look for between-group connectivity differences, that is,
“effect size,” and to make inferences about functional development. To
quantify the effect size, Cohen’s d was calculated as the difference
between two means of connectivity cluster values divided by pooled
standard deviation (Cohen, 1988).

To assure stability in functional connectivity due to imbalanced
data, we conducted the same analysis using balanced data with 20
datasets (10 children + 10/13 randomly selected adolescents) and
reported the average of the effect size measures.

(b) Adolescents

FIGURE 2 Seed-to-voxel connectivity analysis. Left IFG pars triangularis was selected as a seed. (A) Volume display of supra-thresholded
connectivity of children and (B) adolescents. Supramarginal gyrus (SMG), superior frontal gyrus (SAG) and middle frontal gyrus (MidFG) are
specified in the figure. [Color figure can be viewed at wileyonlinelibrary.com]
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TABLE 1 Demographic characteristics of study participants

Children (DF = 9)
Seed: IFG L pars triangularis (—51, 26, 2)

Anatomical region (subregion voxels, Hemisphere

# % coverage) (left/right)

1 IFG pars opercularis 683, 89% L
Mid FG 715, 24%

Mid TG 642, 46%
Inf TG 383, 55%

2 IFG, pars triangularis 293, 53% R
Orbital-frontal cortex 265, 18%

3 Frontal pole L 2,561, 4% L/R
Frontal pole R Paracingulate G 144, 2%

128, 10%

4 Supramarginal G 134, 13% L

5 Amygdala 138, 42% L
Hippocampus 29, 4%

6 Caudate nucleus 100, 19% L
Putamen 61, 10%

Adolescents (DF = 12)

1 IFG pars opercularis 757, 99% L
Mid FG 2,057, 70%
Temporal pole 1,510, 64%

Frontal pole 2,503, 36%
Sup FG 1,673, 59%

2 Inf TG 416, 60% L
Mid TG 605, 44%
Supramarginal G 455, 43%

STG, posterior 104, 27%

3 IFG pars triangularis 401, 72% R
IFG pars opercularis 161, 23%

4 Cerebellum Crus 1 519, 21% R

5 Caudate nucleus 146, 27% L
Putamen 75, 9%

[ Caudate nucleus 143, 27% R

7 Temporal fusiform cortex 154, 49% L

Cluster size Cluster Cluster
(voxels) t value p-FDR coordinates (MNI)
7,060 18.55 <10-6 —50, 28, 4
829 12.06 <10-6 46, 26, —10
669 10.92 <10-5 -8, 64, —2
256 9.23 <10-3 —50, —42, 52
244 7.69 <10-3 -20, -6, —14
163 6.16 <10-3 -12, 4, 16
14,699 19.08 <10-6 —46, 30, 10
4,419 11.99 <10-5 —50, —42, 48
1,848 7.62 <10-5 54,42, —2
825 6.90 <10—-4 38, —62, —32
309 6.48 <10-3 —10, 16, 6
245 6.21 <10-3 —-10, 10, 4
198 5.49 <10-2 —36, —8, —38

Note. Abbreviations: DF = degree of freedom; FDR = false discovery rate; MNI = Montreal Neurological Institute.
Details of age, gender, and neuropsychological outcomes, EVT, PPVT scores are given.
#Cluster; voxel threshold (p-uncorrected p <.001); cluster threshold (p-FDR < .05); peak-voxel location (in mm); statistics are one-sided.

3 | RESULTS

3.1 | Group GLM analysis

Group GLM analysis revealed a bilateral pattern of activation in chil-
dren, whereas more focal activations in the left hemisphere were found
in adolescents (Figure 1a,b). Specifically, results in both groups showed
significant activation in left IFG regions as well as other (extra canoni-
cal) regions including right IFG and right cerebellum. The left IFG, pars
triangularis region showed greatest effects in both groups, t (12) = 9.26
(p = .003, FWE corrected) in adolescents, t (9) = 6.4 (p = .01, FWE cor-
rected) in children. This region was selected as a seed location in the
fcMRI analyses. A GLM contrast of adolescents > children revealed a
global peak of t (9) = 5.1, p =.01 FWE corrected, in the left IFG, pars

triangularis region (Figure 1c).

3.2 | Seed (left pars triangularis)-to-voxel fcMRI

Using a source seed selected at left pars triangularis (MNI: —50, 26, 2, the
centroid of the seed region from an atlas), group seed-to-voxel fcMRI
analysis revealed 6 significant connectivity clusters in children and 7 in
adolescents. Connectivity maps are displayed in Figure 2a,b. Expectedly,
in both groups, greatest connectivity to the seed location was observed
in a cluster containing other regions of left IFG, including pars opercularis,
canonical Broca’s area. Specifically, greatest suprathreshold connections
in children (t = 18.55, p < .001, corrected) were a cluster containing IFG
pars opercularis, middle frontal gyrus (FG), middle temporal gyrus (TG),
and inferior TG. Similarly, greatest suprathreshold cluster connections in
adolescents (t = 19.08, p < .001, corrected) were a cluster containing IFG
pars opercularis, middle FG, temporal pole, frontal pole, and superior FG.

Statistical details of the clusters are summarized in Table 1.
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FIGURE 3 Seed (IFG.tri)-to-ROI connectivity analysis. (A) 3D displays of supra-thresholded (p-FDR < 0.05) one-sided (positive) connectivity
of children and, (B) adolescents. The left IFG pars triangularis was used as sources in the seed-to-ROI analyses. Red circles indicate the
regions with different connectivity pattern in two groups. 3D displays of supra-thresholded (p-FDR < 0.05) connectivity contrast with ROI
source selected at IFG pars triangularis for young children (C) and (D) adolescents. Anterior supramarginal gyrus (aSTG), parietal operculum
cortex (PO), insular cortex (IC), lateral occipital cortex (LOC), superior frontal gyrus (SAG) and middle frontal gyrus (MidFG), frontal pole (FP)
and Inferior temporal gyrus (IT) are specified in the figure. [Color figure can be viewed at wileyonlinelibrary.com]

Significant connections were identified in left supramarginal
gyrus in both groups (cluster 2 in adolescents with 455 voxels and
cluster 4 in children with 134 voxels). Connectivity in two other
cortical regions, (bilateral) superior frontal gyrus (SFG: 1,673 voxels),
and middle frontal gyrus (MFG: 2,057 voxels) were only found in
adolescents (cluster 1). In contrast, children showed prominent con-
nections (from the seed region, left IFG pars triangularis) to right IFG
pars triangularis (cluster 2 with 293 voxels). Within-group fcMRI
analysis in both groups also revealed significant connectivity in sub-
cortical basal ganglia regions, that is, caudate nucleus and putamen
(cluster 6 with 163 voxels in children, and clusters 5-6 with 309 and
245 voxels in adolescents, respectively). The fcMRI analysis revealed

connectivity between left IFG and right cerebellar regions (cluster 4

with 825 voxels) in adolescents, whereas no significant connectivity

was observed in young children.

3.3 | Seed (IFG.tri)-to-ROI fcMRI

Group IFG.tri-to-ROI fcMRI suggested bilateral (interhemispheric) con-
nections between left and right IFG regions in children (Figure 3a). The
same analysis for adolescents suggested an intrahemispheric pattern of
connectivity with significant effects at the orbitofrontal cortex, IFG
pars opercularis, middle frontal gyrus and superior frontal gyrus, and
right cerebellar regions, and lobules Crus 1 and 2 (Figure 3b; see also
Table 2 for statistical details).

In addition to within-group effects, we investigated between-

group differences. A contrast of children> adolescents showed
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TABLE 2 Summary of seed-to-voxels fcMRI analysis of young children and adolescents with the selected seed at left IFG pars triangularis

region

ROI: IFG pars triangularis L

Children (n = 10)

ROI L/R t(9) p-FDR
IFG pars opercularis L 10.28 0.0004
IT, temporooccipital L 9.19 0.0005
Supramarginal gyrus, posterior L 6.95 0.0029
IFG pars triangularis R 6.14 0.0056
Frontal operculum L 5.90 0.006
MT, posterior L 5.49 0.0084
Paracingulate gyrus L 5.17 0.01
Amygdala L 4.69 0.01
Insular cortex L 4.61 0.01
Caudate L 4.57 0.01
Orbital-frontal cortex L 4.56 0.01
Orbital-frontal cortex R 4.50 0.01
Fus C, temporooccipital L 443 0.01
IFG pars opercularis R 422 0.02
MT, anterior L 4.15 0.02
MT, temporooccipital L 4.01 0.02
STG, posterior R 3.89 0.02
Angular gyrus L 3.85 0.02
FIG, superior L 3.75 0.03
LOC, inferior R 3.63 0.03
LOC, superior L 3.57 0.03
STG, anterior L 3.48 0.04
MT, temporooccipital R 3.47 0.04
Fus C, temporooccipital R 3.42 0.04
STG, posterior L 3.37 0.04
Occipital pole R 3.37 0.04
Putamen L 3.37 0.04
STG, anterior R 3.34 0.04

Adolescents (n = 13)

ROI L/R t (12) p-FDR
Orbital-frontal cortex L 14.75 <107*
IFG pars opercularis L 14.34 <10™*
Middle FIG L 12.07 <10~
FIG, superior L 9.64 <10*
IT, temporooccipital L 8.51 <107
Supramarginal gyrus, posterior L 7.15 .0001
Frontal Pole L 7.03 .0001
IT, posterior L 5.48 .0011
MT, posterior L 5.15 .0018
Fus C, temporal, anterior L 4.99 .0021
IFG pars opercularis R 4.88 .0022
Frontal operculum cortex L 471 .0027
Temporal pole L 4.68 .0027
Angular gyrus L 4.6 .0029
Caudate L 4.56 .0029
LOC, superior L 452 .0029
MT, temporooccipital part L 4.07 .0059
Caudate R 3.94 .0071
Paracingulate gyrus L 3.76 .009
IFG Oper R 3.75 .009
Temporal Fus C, posterior L 3.31 .0195
STG, posterior L 3.16 .0245
Cerebellum Crus 2 R 3.09 .0262
Putamen L 3.08 .0262
Cerebellum crus 1 R 2.86 .0377
STG, posterior R 2.82 .0387
Vermis 7 - 2.75 .0428
STG, anterior L 2.68 .047

Note. Abbreviations: IFG = inferior frontal gyrus; ITG = inferior temporal gyrus; PCG = paracingulate gyrus; Fus C = fusiform cortex; MTG = middle tem-
poral gyrus; STG = superior temporal gyrus; SFG = superior frontal gyrus; LOC = lateral occipital cortex.
Coordinates are reported as the centroids of ROIs, derived from an atlas with 132 anatomical regions.

significant (p < .05) connectivity differences, mainly at right hemispheric
regions, e.g. from the IFG pars triangularis to supramarginal gyrus with t
(22) = 3.66, middle temporal gyrus with t (22) = 2.54, p < .05, and pari-
etal operculum with t (22) = 2.37, as in Figure 3c. Connectivity contrast
in adolescents > children suggested significant ipsilateral (left) connec-
tions from the IFG.tri to middle frontal gyrus with t (22) = 3.04, inferior
temporal gyrus with t (22) = 3.00, superior frontal gyrus with t (22) =
2.53, and frontal pole with t (22) = 2.35. Contralateral connections

were observed from the IFG.tri to cerebellar regions, lobule Crus 1

with t (22) =1.62, as in Figure 3d. Details of a two-sided statistical

analysis are summarized in Table 3.

3.4 | Effect size: A seed-to-voxel fcMRI of combined
groups
Effect size representing correlation coefficients (or beta coeffi-

cients) associated with the task in 2 groups of participants was

examined and quantified by Cohen’s d for each connectivity cluster.
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TABLE 3 Summary of IFG.tri-to-ROI fcMRI contrast analysis of adolescents versus young children (under a two-sided t test)

Adolescents-children
ROI: IFG pars triangularis L

Children < adolescents

Children > adolescents

ROI L/R t (22) p-FDR
Anterior supramarginal gyrus (aSMG) R 3.88 .01
Central opercular L 2.26 .01
Precuneus - 224 .02
Middle temporal gyrus (MTG) R 2.54 .02
Parietal operculum cortex R 2.37 .02
Insular cortex R 2.35 .03
Postcentral gyrus R 2.12 .04
Heschl's gyrus L 2.05 .04
Lateral occipital cortex L 1.97 .04

A seed-to-voxel fcMRI analysis of all participants using a seed
within left pars triangularis revealed 6 clusters of connections (Fig-
ure 4a). However, only 3 clusters showed significant (p<.01)
increased connectivity in adolescents with respect to children, and
considerable effect size effects (Figure 4b,c). In the order of
Cohen’s d values, they were cluster 1 (left prefrontal: left IFG
regions pars opercularis and pars triangularis, superior frontal and,
middle frontal gyrus) with Cohen’s d = 2.47, cluster 4 (supramargi-
nal gyrus) with Cohen’s d =1.52, and cluster 6 (right cerebellar
regions Crus 1 and 2) with Cohen’s d =1.02, as summarized in
Table 4.

Coronal

Clust.2

Sagittal

Axial

Clust.3
Clust.4

Clust.5
Clust.6

ROI L/R t (22) p-FDR
Middle FG L 3.04 .01
Inferior temporal gyrus, posterior L 3.00 .02
Superior frontal gyrus (SFG) L 2.53 .031
Frontal pole L 2.35 .031
Orbital-frontal cortex L 2.19 .04
Cerebellar Vermis 7 = 212 .04
Cerebellum lobule 4-5 R 1.65 .04
Cerebellum Crus 1 R 1.62 .049

4 | DISCUSSION

By means of fcMRI analysis, we set out to investigate developmental
changes in verb generation whole-brain connectivity patterns in young
children and adolescents. Findings suggest predominately interhemi-
spheric connectivity pattern in young children, and a strong left lateral-
ized connectivity pattern with prominent contributions by subcortical
and cerebellar regions in adolescents. Specifically, significant between-
group effects were found in unique connectivity clusters in left IFG,
supramarginal gyrus (SMG), and right cerebellum regions, implying their
role in functional development in regulating language production.
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FIGURE 4 Connectivity clusters suggested by group seed-to-voxel analysis. (A) 3D volume displays of supra-thresholded by a combination
of height (voxel-level) threshold of p-FDR < 0.001 and extent (cluster-level) threshold of p-FDR < 0.05 with seed selected at IFG pars trian-
gularis for all participants (young children and adolescents). Details of clusters are reported in the Table. 4. (B) between-subjects effect size
(fisher-transformed group wise difference in connectivity) representing the mean and standard deviation of 6 connectivity clusters. Signifi-
cant differences in correlations are denoted by *'. (C) Cohen'’s d (effect size) of the comparison between the two groups evaluated for 6
connectivity clusters. [Color figure can be viewed at wileyonlinelibrary.com]
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TABLE 4 Summary of seed-to-voxels fcMRI analysis of all participants (young children + adolescents) with the selected seed at left IFG pars

triangularis region

Anatomical region subregion (voxel), atlas Hemisphere

# coverage (%) (left/right)

1 IFG pars opercularis 763, 100% L
IFG, pars triangularis 650, 100%
Orbital-frontal cortex 1,154, 69%

Frontal pole 1,700, 25%
Middle frontal gyrus 1,573, 54%
Superior frontal gyrus 968, 34%

2 Inferior temporal gyrus 436, 62% L
Middle temporal gyrus, posterior 750, 54%

3 IFG, pars triangularis 409, 74% R
IFG pars opercularis 194, 28%
Orbital-frontal cortex 243, 17%

Frontal pole 242, 3%

4 Supramarginal gyrus 86, 23% L
Superior parietal lobule 251, 17%

Lateral occipital cortex 420, 8%

5 Caudate 171, 32% L
Putamen 55, 6%

6 Cerebellum Crus 1 182, 7% R
Cerebellum Crus 2 90, 4%

Cluster Cluster Cohen’ d

size (voxels) p-FDR (effect size) MNI coordinates
10,909 <107° 247 -50, 32, 8
3,133 <107¢ 0.42 —52, —38, —14
1,476 <107 -0.74 50, 32, —4
1,134 <107 1.52 —50, —44, 48
321 <1073 -0.18 -12, 8,12

302 <1073 1.02 14, —76, —26

Coordinates are reported as the centroids of ROIs, derived from an atlas with 132 anatomical regions.

Second-level fcMRI analyses suggested significant interhemispheric
(bilateral) connectivity in the youngest children (Figures 2 and 3), in
agreement with previous fcMEG studies (Kadis et al., 2016; Youssofza-
deh et al, 2017). Other verb generation studies on children have
reported activations of the frontotemporal network, with increased lat-
eralization and engagement beyond the canonical language network in
older children (Berl et al., 2014; Holland et al., 2007; Kadis et al., 2011;
Karunanayaka et al., 2007). In contrast, the second-level connectivity
analysis for adolescents yielded an expected pattern of connections at
left perisylvian cortex in canonical language sites. This pattern of local-
ization has been reported in previous expressive language studies on
similar age groups (Doesburg, Vinette, Cheung, & Pang, 2012; Kadis,
Smith, Lou, Mills, & Pang, 2008; Kadis et al., 2011; Pang, Wang, Malone,
Kadis, & Donner, 2011). Connectivity from left IFG to other left-
hemisphere regions differed significantly between adolescents and chil-
dren (Figure 4). This is consistent with other studies showing increases
of functional lateralization from childhood to adulthood (Berl et al.,
2014; Chiron et al., 1997; Holland et al., 2007; Kadis et al., 2011; Lebel
and Beaulieu, 2009; Szaflarski et al., 2006, 2012; Xiao et al., 2016).

Findings for adolescents suggested strong contributions by two
other cortical regions SFG and MFG in frontal cortex and SMG in parie-
tal cortex (Figure 2b,d). Involvement of SFG/MFG cortical regions has
been reported in adolescents during semantic processing, for example,
overt generation (say) versus overt repetition (repeat) (Wang, Holland,
& Vannest, 2012). Other studies have reported involvements of the
SFG/MFG regions during receptive and semantic processing (Binder
and Desai, 2011; Gabrieli et al., 1998; Price, Wise, & Frackowiak,
1996). The SMG activations have been observed during phonetic proc-
essing in young adults (Gow, Segawa, Ahlfors, & Lin, 2008; Stoodley

et al., 2012). We believe, because adolescents have larger vocabularies

and more extensive word knowledge, they are likely to engage a more
extended semantic network than young children. Adolescents may be
considering multiple candidate verbs, leading to the greater engage-
ment of the frontal and parietal regions.

The fcMRI analysis revealed contributions by subcortical basal gan-
glia nuclei, for example, caudate and putamen, in both children and
adolescents (Table 1). The importance of subcortical left basal ganglia
and right cerebellar regions for normal brain function has been noted in
previous language studies (Barbas, Garcia-Cabezas, & Zikopoulos,
2013; Booth et al., 2007; Mestres-Missé, Camara, Rodriguez-Fornells,
Rotte, & Munte, 2008; Tettamanti et al., 2005, for review, see Mur-
doch, 2010). The left caudate and putamen showed increased activa-
tion during phonological processing (Tettamanti et al., 2005). The left
putamen and bilateral caudate nuclei were activated while encoding
the meaning of novel words in adults (Mestres-Missé et al., 2008). An
fMRI dynamic causal modelling (DCM) study demonstrated a pivotal
role for the left putamen during reading aloud familiar words in skilled
readers (Seghier and Price, 2010). In addition, in a rhyming judgment
task in adults using the DCM approach, unidirectional connections
were found from the left putamen to two cortical left IFG and left tem-
poral regions, although, connections from the right cerebellum to simi-
lar cortical regions were stronger and reciprocal (Booth et al., 2007). It
was hypothesized that subcortical (left putamen) regions mainly engage
in cortical initiation of phonological representations whereas the (right)
cerebellar regions facilitate processing complex processes, for example,
semantic relationships between words. The hypothesis of greater
involvement of cerebellar regions in semantic processes might be bet-
ter linked to our developmental findings where connectivity in right
cerebellar crura (cluster 6 in Figure 4c) was found to be greater in ado-
lescents (who have better word knowledge) than the children. In
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contrast, connections in subcortical regions did not show significant
differences between the two groups (cluster 5 in Figure 4c).

Adolescents showed a pattern of fMRI connectivity between left
prefrontal and right cerebellar regions that were not present in young
children, suggesting an emergent functional link between the two
regions (Figure 2c,d). Previous expressive language studies have
reported co-activation of the cerebellum with the prefrontal cortex in
healthy adults (Booth et al, 2007; Gabrieli et al., 1998; Gebhart,
Petersen, & Thach, 2002; Imaizumi et al., 1997; Raichle et al., 1994;
Seger, Desmond, Glover, & Gabrieli, 2000; Stoodley et al., 2012). Spe-
cifically, our fcMRI findings show increased the involvement of Crus |
and Il of the right cerebellum in adolescents during verb generation.
Two recent meta-analyses documented significant engagement of the
cerebellar crura in connection with expressive language tasks (Keren-
Happuch et al., 2014; Stoodley and Schmahmann, 2009). In addition, in
a recent verb generation language study using conventional GLM anal-
ysis, predominant activation of right-hemisphere cerebellar lobules was
evident (Stoodley et al., 2012). All these support the fcMRI network
localizations that suggest interactive links between left-frontal and right
cerebellar regions.

Classic neuroimaging studies have reported coactivations of left-
frontal and right cerebellar regions during semantic search tasks, for
example, a verbal selection task (saying an appropriate verb for a visually
presented noun) (Gabrieli et al., 1998; Raichle et al., 1994, see De Smet,
Paquier, Verhoeven, & Marién, 2013 for review). These studies sug-
gested that frontal-cerebellar interactions play a role in executive control
and maintenance of information in verbal working memory. We believe,
because adolescents have larger vocabularies, and a wider network of
word knowledge than younger children when they are presented with a
noun and are asked to generate a single verb, they are likely making a
selection among multiple verb responses. The increased cerebellar
involvement may reflect a brief period of maintaining multiple verbs in
working memory, and/or executive processes involved in selecting a sin-
gle verb response. In line with this hypothesis, two classic verb genera-
tion studies have reported increased right cerebellar fMRI activations
when adult participants performed a complex task (choosing an appro-
priate verb within a large mental lexicon) than a simple task (responding
“yes” or “no” to a simple conceptual decision task) (Desmond et al,
1998), or responses to unusual verbs (that demand more semantic proc-
essing) versus repeated verbs (Seger et al., 2000). Alternatively, the cere-
bellum has been suggested to contribute to the automatization of
linguistic processes via adaptive prediction (Sokolov, Miall, & Ivry, 2017).
Because adolescents have a greater degree of experience with semantic
relationships between words than children do, they may be able to more
automatically generate a related verb for each noun via this predictive
mechanism that engages the cerebellum, rather than completing a full
semantic analysis of the noun as a means of generating a related verb.

Between-group (effect size) comparisons suggested significant
changes in 3 cluster communities of left prefrontal and supramarginal
cortices, and right cerebellum (Figure 4). The interactions between the
cerebellar, prefrontal, and parietal association cortices have been
reported in previous language studies (Clower, Dum, & Strick, 2005;
Fiez, Raichle, Balota, Tallal, & Petersen, 1996; Schlosser et al., 1998;

Seger et al., 2000; de Zubicaray et al., 1998). Those findings are in agree-
ment with Ito’s (2008) hypothesis of internal model control of the men-
tal activity. The theory posits that development and refinement of both
motor and mental operations are controlled by a large-scale network
comprising 3 key regions of prefrontal, temporal-parietal cortices, and
the cerebellum. The prefrontal cortex has a role in conscious control
(executive function), the temporoparietal cortex encodes relationships
among concepts (noun-verb relationships), and the cerebellum interacts
with cerebral regions to “regulate” the process. This theory is also con-
sistent with cerebellar involvement in adaptive prediction, as mentioned
above (Sokolov et al., 2017). As a limitation, effect-size measures repre-
senting differences in connectivity between two groups within each
cluster were estimated using limited sample size, which might affect the
reliability of the findings (Lakens and Evers, 2014). We hope the future
studies can replicate these findings using larger samples.

Beeman et al. (1994) suggested both left and right cerebral hemi-
spheres process semantic information, at different levels. The left hemi-
sphere is biased toward processing proximal associates, whereas the
right hemisphere is linked to distal associates, that is, necessary for cre-
ative thought, abstraction, or complex problem-solving. Hence, we
hypothesize that the increased connectivity in left prefrontal cortical
regions in adolescents reflects the development of this specialization,
and in addition, cerebro-cerebellar interactions discussed above may
increase with the maturation of language function. The importance of
emergent connectivity between the cerebral cortex and cerebellum
should be further investigated in future developmental studies of typi-

cally developing children.
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