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A number of premotor and prefrontal brain areas have been recently shown to play a significant role in re-
sponse selection in overt sentence production. These areas are anatomically connected to the basal ganglia,
a set of subcortical structures that has been traditionally involved in response selection across behavioral do-
mains. The putamen and the caudate, the two major inputs to the basal ganglia, have been shown to under-
take motor— as well as non-motor-related selection operations in language processing. Here we investigate
the role of these basal ganglia structures in sentence repetition and generation in healthy adults. Although
sentence generation is known to activate prefrontal and premotor cortical areas that reciprocally connect

Putamen with these two neostriatal structures, their specific contributions are not known. We present evidence
Basal ganglia suggesting that that the putamen undertakes articulation-related aspects across tasks, while the caudate se-
fMRI lectively supports selection processes in sentence generation.

© 2013 Elsevier Inc. All rights reserved.
Introduction putamen from motor and premotor cortices, while the caudate from

A fundamental aspect of spoken language production is selection,
both of linguistic units (e.g., words) that convey a particular meaning
and of sequences of motor programs that instantiate these units as
articulatory gestures. Constraints in response selection may vary
dramatically across tasks. In contrast to word repetition, for instance,
where the linguistic response is externally pre-selected, word gener-
ation involves internally imposed constraints in the selection of the
correct response among competing alternatives (e.g., Crosson et al.,
2001). Despite the importance of this process, its neural underpin-
nings have not been well integrated into current neurobiological
models of language (see Tremblay and Small, 2011b for references
and discussion). Recent evidence suggests that a number of cortical
areas engaged in the production of words and oral motor gestures,
including the pre-supplementary motor area (pre-SMA), the ventral
premotor cortex, and the pars opercularis and triangularis of the inferi-
or frontal gyrus, are involved in selecting motor and/or lexical re-
sponses during word (Tremblay and Gracco, 2009a,b; Tremblay et al.,
2008) or sentence production (Tremblay and Small, 2011b). A funda-
mental property of these areas is their participation in multiple segre-
gated frontal-basal-ganglionic-thalamic loops (e.g., Middleton and
Strick, 2000). Each loop includes projections from the cerebral cortex,
through the basal ganglia (BG), to the thalamus, and back to the cere-
bral cortex. The neostriatum, consisting of the caudate nucleus and pu-
tamen, receives the main input from the cerebral cortex to the BG: the
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various prefrontal structures (Hoover and Strick, 1999; Parent, 1990).
The caudate and putamen each project to distinct segments of the

medial globus pallidus, and, via projections to the thalamus, reach 6

the cortical regions to which they are reciprocally connected. Both
tract tracing studies in primates and non-invasive imaging in humans
(e.g., resting-state functional connectivity, white matter tractography
with diffusion tensor imaging) have shown that the pre-SMA as well as
the dorsolateral and ventrolateral prefrontal cortices connect with the
caudate head and the anterior putamen (i.e., associative cortico-striatal
loop), while the motor and premotor cortices connect (primarily) with
the posterior and dorsolateral anterior putamen (ie., sensorimotor
cortico-striatal loop) (e.g. Akkal et al., 2007; Chan et al., in press; Di
Martino et al., 2011).

The differentiation of these cortico-cortical-BG-thalamic loops is
strongly suggestive of relative functional specialization within the
BG, promoting the idea that different aspects of language processing
rely more on certain BG components than others. However, while in-
volvement of the BG in language is well established (e.g., Chan et al.,
in press; Ketteler et al., 2008), its role remains unclear. Selective BG
lesions do not consistently replicate classical aphasic symptoms
(Crosson and Haaland, 2003; Crosson et al., 2007) and there is some
thought that the resulting language deficits are more related to corti-
cal hypoperfusion caused by the BG lesion than to the lesion per se
(e.g., Hillis et al., 2002). Nevertheless, the architectural parallels
among the different cortico-BG loops have suggested that the BG
functions in a unitary fashion across behavioral domains. Two popular
proposals on the role of the BG are (i) action selection among compet-
ing alternatives (e.g., Jueptner and Weiller, 1998); and (ii) suppression
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of undesired actions and facilitation-initiation of desired ones
(e.g., Gerfen, 1992). Studies on monolingual speakers have demon-
strated BG involvement in the controlled process of syntactic integra-
tion (Friederici and Kotz, 2003; Friederici et al., 2003), while studies
on bilingual speakers have highlighted the significance of the BG in sec-
ond language comprehension and in the control of switching between
languages (e.g., Abutalebi et al., 2000; Friederici, 2006; Lehtonen et al.,
2005). The BG may thus play a role in cognitive control, assisting
multi-level language processes by enhancing selected actions while
suppressing competing ones (Crosson et al., 2003, 2007). Of particular
relevance for sentence generation and production (Tremblay and
Small, 2011Db) is the recent finding implicating the left caudate in single
word suppression (Ali et al., 2009).

In the present study, we aim to build on these results that have
demonstrated (i) the roles of the BG in enhancement and suppression
during single word processing and in cognitive control during sen-
tence processing, and (ii) the reciprocal connectivity of the BG with
cortical areas involved in response selection in overt production of
both single words and sentences. The question that we address is
whether structures of the neostriatum (caudate and putamen) are in-
volved in the production of larger strings of words, such as sentences,
in the same fashion as that they participate in single word selection
and, more broadly, action selection. To this aim, we compare neostriatal
activation during sentence repetition (externally constrained selection)
with that during sentence generation (volitional selection). Based on the
above, we hypothesize, first, that the caudate nucleus would be more
active during sentence generation than repetition, given its involvement
in the prefrontal-associative loop and its significance in aspects of re-
sponse selection, cognitive control, and semantics; and second, that
the putamen would be similarly active in both repetition and genera-
tion, based on its involvement in the motor-attentional cortico-striatal
loop.

Materials and methods
Participants

The present study represents a reanalysis of data collected previ-
ously (Tremblay and Small, 2011a) and here we briefly repeat the
methods that are described fully in that paper. Twenty-one healthy
right-handed (Oldfield, 1971) native speakers of English (mean:
25 + 4.4 years of age; 10 males) with a mean of 15.4 years of educa-
tion participated. All had normal hearing, as assessed by normal
pure-tone thresholds and normal speech recognition scores (92.3%
accuracy on the Northwestern University auditory test number 6). The
study was approved by the Institutional Review Board of the Division
of Biological Sciences of The University of Chicago.

Experimental procedures

Participants completed 5 different tasks inside the scanner:
(1) passive sentence listening, (2) passive picture observation,
(3) sentence repetition, (4) sentence generation, and (5) passive obser-
vation of short action movies. The individual trials for each of these tasks
were grouped together in separate runs and, within each of these runs,
experimental trials were alternated with periods of “rest” during which
participants were asked to relax. For each run, the order of the condi-
tions and number of rest trials was optimized using OPTseq2 (http://
surfer.nmr.mgh.harvard.edu/optseq/). In the present article, we focus
on the first four tasks.

A detailed description of stimulus construction and presentation
may be found in Tremblay and Small (2011a,b). The sentence listening
run consisted of 110 total trials, including 80 active auditory sentence
listening trials (0.9 to 1.3 s each) and 30 visual fixation control trials
(crosshairs) in a pseudorandom sequence. Half of these sentences
described manual object-directed actions and the other half described

visual properties of the same set of objects. The sentence stimuli were
presented while the MRI gradients were shut off, which ensured ease
of auditory processing for participants (“sparse sampling” MRI acquisi-
tion (Gracco et al., 2005)). The picture observation run involved 77 tri-
als, consisting of 40 simple black-and-white line drawings and 37 visual
fixation control trials (1 s each). The pictures represented common
man-made objects selected from the International Picture Norming
Project corpus from the Center for Research in Language at the Univer-
sity of California San Diego (Bates et al,, 2003; Szekely et al., 2003).
Participants were instructed to attend to the pictures. The sentence rep-
etition run consisted of 110 trials, including 80 auditory sentence trials
(40 action, 40 object sentences) and 30 visual fixation control trials;
participants were instructed to repeat the sentence. Both stimulus pre-
sentation and response occurred while the gradients were shut off for a
4.5 second period of silence. At the beginning of the silent interval, a
‘Go’ cue was presented, instructing participants to start repeating the
sentence. All responses were recorded. The sentence generation run
consisted of 108 trials. In the 80 active trials, participants were asked
to generate sentences (40 action, 40 object), with 28 visual fixation tri-
als pseudorandomly interspersed in the run. In each experimental trial,
a picture was presented for 1 s and was followed, after 500 ms, by a
visual ‘Go’ cue instructing participants to start generating a sentence.
All responses occurred while the MR gradients were shut off. The listen-
ing and picture observation tasks provided control conditions for the
sentence repetition and sentence generation tasks, respectively.

Image acquisition and analysis

Image acquisition

Functional data were collected on a 3 T General Electric Signa HDx
MRI scanner with EXCITE parallel acquisition capability. Subjects wore
MR-compatible headphones and goggles (Nordic NeuroLabAudio/Visual
system). 34 axial slices (3.125 mm x 3.125 mm x 3.6 mm, no gap,
FOV = 256 mm x 256 mm, matrix = 64 x 64) were acquired in 1.5 s
using a multi-slice EPI sequence with parallel imaging (ASSET = 2;
TE = 26 ms; FOV = 20 cm; 64 x 64 matrix; Flip angle: 73). A sparse
image acquisition technique (Gracco et al., 2005) was used for the
three language tasks (sentence generation, repetition, and listening), to
eliminate movement artifacts associated with speaking, and to ensure
satisfactory audition. A silent period (1.5 s for listening, 4.5 s for repeti-
tion and generation) was interleaved between each volume acquisition.
High-resolution T1-weighted volumes were also acquired for anatomical
localization.

Time series pre-processing

We first segmented each individual's high-resolution structural
image, using the FreeSurfer parcellation of white and gray matter
(e.g. Dale et al., 1999). The functional images were co-registered to
each other and then to the structural volume (Saad et al., 2009), and
the functional data were motion-corrected (within and across runs),
de-spiked, and mean-normalized using AFNI (Cox, 1996). A linear
least squares model was used to establish a fit to each time point of
the hemodynamic response function for each condition. We modeled
the entire trial duration (i.e., 6 s), which included stimulus presentation
and speech production.

First level (subject) analysis

Event-related signals were deconvolved by linear interpolation,
beginning at stimulus onset, and continuing for 12 s, using AFNI's
tent function (i.e., a piecewise linear spline model). For sentence gen-
eration and sentence repetition, we examined the fit at two different
time lags (0-6 s, and 6-12 s) to identify the time point showing the
strongest hemodynamic response both across the brain as well as in
all of our regions of interest (left and right caudate and putamen;
see First level (subject) analysis section below). All subsequent anal-
yses focused on the activation from the first 6 s post-stimulus onset.
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There were separate regressors for each of the experimental condi-
tions (sentence generation, sentence repetition, sentence listening,
picture observation), as well as for each of the six motion parameters
(x,y, z, roll, pitch, yaw). To remove additional sources of spurious var-
iance unlikely to represent signal of interest, we also included the re-
gression signal from the lateral ventricles (Dick et al., 2010; Fox et al.,
2005), which was identified using the automated subcortical segmen-
tation from FreeSurfer to mask the ventricles. Data were smoothed to
achieve a target smoothing value of 3 mm using a Gaussian full width
half maximum (FWHM) filter. Anatomical and functional data sets
were then spatially normalized to the ICBM 452 template to compen-
sate for inter-subject variability in structural and functional anatomy.

Whole-brain analyses

Whole-brain group analyses were performed using AFNI on the
participants' beta values resulting from the first-level analysis. As
our objective was to compare the activation related to sentence gener-
ation and sentence repetition, we first subtracted the activation from
baseline (sentence generation-picture observation; sentence repeti-
tion-sentence listening). Next, we examined the difference between
sentence generation and sentence repetition. These subtraction-type
analyses were complemented by a “conjunction” analysis (Nichols
et al., 2005) to uncover brain regions jointly active across the two tasks.
For each analysis, a permutation approach (Nichols and Holmes, 2002)
was used to identify significant clusters of activated voxels, with an indi-
vidual voxel threshold of p < .00005, corrected for multiple comparisons
to achieve a family-wise error (FWE) rate of p < .01 (clusters > 3 voxels,
ie. 105.5 ul).!

Anatomical region of interest (ROI) analysis

An automated segmentation scheme implemented in FreeSurfer
(Fischl et al., 2002) was used to parcellate the neostriatal structures of
each individual participant. We focused on anatomical regions of inter-
est, thus avoiding selection bias (e.g., Vul and Kanwisher (2009) for dis-
cussion). The four regions of interest (ROIs) were the left and right
caudate and the left and right putamen. The beta values resulting
from the first-level analysis of sentence generation and sentence repe-
tition were averaged across all voxels within each ROI for each subject,
and then entered in a 2 x 2 x 2 repeated measures ANOVA (task, RO],
hemisphere). One-sample two-tailed t-tests were used to examine
whether the activation magnitude in each ROI was significantly differ-
ent from zero for repetition and generation.

Results
Whole neostriatum group analysis

Sentence generation, sentence repetition, sentence generation N sentence
repetition

Comparing sentence generation with picture observation in the
neostriatum demonstrated significant activation in both caudate nuclei
(body-tail) and putamina (mid-anterior). Comparison of sentence repe-
tition with sentence listening yielded significant bilateral putamen acti-
vation (mid-posterior). There was no overlap in caudate activation
across the two tasks. Putaminal activations in both conditions were
mainly seen in the median areas. Fig. 1 below illustrates the brain areas
jointly activated for sentence repetition and sentence generation, along
with those activated exclusively for sentence generation and those
exclusively for sentence repetition. An exhaustive list of all neostriatal
regions is presented in Table 1. Each entry in the table represents a
single cluster of activation; sometimes clusters span over more than
one structure.

! The results yielded were not compromised by relaxing the individual voxel thresh-
old at p <.0001, or by not applying cluster size correction at p <.00005.

Sentence generation versus sentence repetition

Next we compared sentence generation and sentence repetition
after controlling for activation in their respective control conditions
([sentence generation-picture observation]-[sentence repetition—
sentence listening]). As shown in Fig. 2, activation in the left anterior
putamen and caudate was found for sentence generation > sentence
repetition, and in the right posterior putamen for sentence repetition >
sentence generation. These results are detailed in Table 2. To demon-
strate that this pattern did not result from differences in control condi-
tions, we conducted two supplementary analyses comparing sentence
generation and sentence repetition directly before “subtracting” ac-
tivation in their respective control conditions, as well as comparing
activations in the control conditions (picture observation and sen-
tence listening). Activations in the same striatal areas were observed
when comparing sentence generation and sentence repetition before
subtracting activations in their control conditions, while no striatal acti-
vations were observed when comparing the control conditions (see
Supplementary material).

ROI analysis

The three-way omnibus ANOVA (Task, Hemisphere, ROI) yielded a
main effect of Task [F (120) = 13.41, p = .002]? across hemispheres
[Task x Hemisphere: F (1 20y = 1.07, p = .3], along with a Task x ROI
interaction [F (120) = 5.54, p = .029], also observed across hemi-
spheres [Task x ROI x Hemisphere: F 120y = .82, p = .4]. However,
the two ROIs did not differ in activation independent of the task
[ROI: F(120) = 1.42, p = .2]. There was also a statistically insignifi-
cant effect of Hemisphere [F (1 20y = 4.06, p = .06] across ROIs and
tasks [ROI x Hemisphere: F (120) = 1.06, p = .3] with a tendency
for left ROIs to show stronger activation than right ROIs (Fig. 3).

A two-way ANOVA on activation in the caudate nucleus replicated
the main effect of Task [F (1.20) = 13.13, p = .002], and an ANOVA on
putaminal activation was also significant [F; 0y = 4.43, p = .048].
The two-way ANOVAs on the two tasks showed no effect of ROI in
the sentence generation task [ROI: F(; 50y = .2, p = .7], but a signifi-
cant main effect on the sentence repetition task [ROI: F; 29y = 6.71,
p = .02].

To examine these results further, we tested the activation level in
each ROI against zero, using one-sample t-tests. Significant activation
was found in the putamen across conditions [left putamen, sentence
generation: t (150) = 6.72, p = .000002; repetition: t (1209) = 3.21,
p = .004; right putamen, sentence generation: t (j20) = 5.29,
p = .00004; repetition: t (;20) = 3.12, p = .005]. The caudate, in

contrast, was selectively active for sentence generation [left cau- :

date, sentence generation: ¢ (1 20y = 6.04, p = .000007; repetition:

t (120) = .89, p = 4, right caudate, sentence generation: t (1,209) = :

448, p = .0002; repetition: t (120) = 1.08, p = .3].

We also performed a series of paired sample t-tests between :
sentence generation and sentence repetition in each ROI. Activation :
in both the left and the right caudate for sentence generation was :

significantly stronger than for sentence repetition [left caudate:
t (1200 = 4.16, p = .0005; right caudate: t (120) = 2.87, p = .009].

For the putamen, the same difference was significant only in the left :

hemisphere [left putamen: t (120) = 2.07, p = .05; right putamen:
t (1,200 = 1.88, p = .08].

2 To ensure that the effects observed could not be attributed to differences in SNR
values across the brain, we calculated the mean SNR value per ROI per condition per
subject. We entered these values in a similar 2 x 2 x 2 ANOVA for the experimental
conditions (task: sentence generation/repetition; ROI: caudate/putamen; Hemisphere:
left/right), and another 2 x 2 x 2 ANOVA for the experimental baselines (task: picture
observation/sentence listening; ROI: caudate/putamen; Hemisphere: left/right). No
structure x task interaction was observed, for either the experimental (F < 1) or base-
line conditions (p > .1).
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2 3 4 5
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Fig. 1. Family-wise error-corrected (cluster size > 3 contiguous voxels, corrected at p < .01) group-level (n = 21) neostriatal activations (signal % change, individual voxel threshold of
p < .00005) for Sentence Generation (red) and Sentence Repetition (blue) after subtracting their corresponding baseline activations, and for Sentence Generation N Sentence Repetition
(green); top left to bottom right: axial slices in ICMB 452 space from z = —4 to z = 20. RAI orientation.

Discussion

The BG is a set of complex structures that play a fundamental role
in many aspects of human behavior, including the planning and exe-
cution of action and cognition. Although the significance of the BG in
language processing is widely accepted, their specific role remains
elusive. Our objective was to examine the involvement of neostriatal
structures in overt sentence production, and more specifically in re-
sponse selection during sentence production. To this aim, we conducted
a direct comparison of BG activation patterns across two different lan-
guage tasks. Such direct comparisons are indeed rare because of the var-
iability and reduced amplitude of BG activation compared to that of the
cerebral cortex (see Crosson et al. (2003, 2007) for discussion). Despite
these difficulties, we found differences across language tasks, both in
the neostriatum as a whole and in four neostriatal regions of interest.

We predicted that both caudate and putamen would be involved
in response selection in overt sentence production for four reasons:
(i) they have well-established reciprocal connectivity with the cerebral

Table 1

~
\%
>

cortex (e.g., Hoover and Strick, 1999; Parent, 1990; Middleton and
Strick, 2000), a subset of which is involved in motor/lexical selection
processes in single word as well as sentence production (Tremblay

and Small, 2011a); (ii) they have a well-established role in overall :
motor response selection (e.g. Gerfen, 1992; Jueptner and Weiller, :
1998); (iii) they have significant involvement in language processes of :

various types (e.g., Cross and Haaland, 2003; Crosson et al., 2007);

and perhaps most importantly, (iv) they are heavily involved in single :
word selection processes (e.g., Abutalebi et al., 2008; Ali et al., 2009; :
Price et al., 1999; van Heuven et al., 2008). Based on the connectivity :

of these two neostriatal regions, our specific predictions were that

(1) the putamen, a structure largely embedded within the motor :
cortico-BG-thalamic-cortical loop, would show significant activation :
in both sentence generation and sentence repetition, and that (2) the :
caudate, an area predominantly involved in the associative loop, would :

be involved either selectively in sentence generation, or more strongly

during generation compared to repetition. Our findings are discussed :

in the following paragraphs.

Family-wise error-corrected (cluster size > 3 contiguous voxels, corrected at p <.01) group-level (n = 21) neostriatal activations (signal % change, individual voxel threshold of
p <.00005) for Sentence Generation, Sentence Repetition and Sentence Generation N Sentence Repetition. All coordinates are in ICMB 452 space. CM: Center of Mass; MI: Maxi-

mum Intensity; SEM: Standard Error of the Mean. RAI orientation.

Task Brain structure Hemi volume (pl) CM x CMy CM z MI x Mly Ml z Mean SEM MI
Generate Brainstem LR 15065.6 136 23 1.6 119 154 372 .006 967
Thalamus LR
Putamen (anterior-mid) LR
caudate (body-tail) LR
Repeat Putamen (mid) L 211.2 224 —0.8 9.7 20.3 —0.6 8.2 383 .028 463
R 105.6 —234 1.4 129 —234 25 11.8 .167 .009 178
Putamen (posterior) L 105.6 25.6 6.7 —2.6 26.6 8.8 —2.6 337 .014 363
R 105.6 —285 35 —26 —26.6 2.5 —2.6 253 .022 292
Generate N Repeat Putamen (mid) L 105.6 214 —-1.7 94
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1

Fig. 2. Family-wise error-corrected (cluster size > 3 contiguous voxels, corrected at p < .01) group-level (n = 21) neostriatal activations (signal % change, individual voxel threshold of
p < .00005) for Generation > Repetition (red) and Repetition > Generation (blue), after subtracting baseline activations from each; top left to bottom right: axial slices in ICMB 452
space, from z = —4 to z = 10. RAI orientation.

Putamen: sentence production in both tasks. Importantly, this interpretation is coherent with evidence 363

on the anatomical connectivity of the putamen and particularly its pos- 364

Our results demonstrate that the putamen was similarly active in terior parts, which connect reciprocally with motor and premotor corti- 365
sentence repetition and sentence generation. We thus suggest that cal areas (e.g., Di Martino et al,, 2011). Tremblay and Small (2011b) 366 Q7

this structure is involved in motor aspects of response selection present reported that the rostral and caudal parts of the left ventral premotor 367

Table 2

Family-wise error-corrected (cluster size > 3 contiguous voxels, corrected at p < .01) group-level (n = 21) neostriatal activations (signal % change, individual voxel threshold of
p < .00005) for Sentence Generation > Sentence Repetition and Sentence Repetition > Sentence Generation. All coordinates are in ICMB 452 space. CM: Center of Mass; MI: Maximum
Intensity; SEM: Standard Error of the Mean. RAI orientation.

Comparison Brain structure Hemi Volume (pl) CM x CMy CMz MI x Mly MI z Mean SEM Max Int

Generate > Repeat putamen (anterior); L 176 16.6 —17.3 0.1 17.2 —16.2 1 0.332 0.029 0411
caudate (head)

Repeat > Generate putamen (posterior) R 105.6 —29.7 14 6.8 —29.7 15 4.6 —0.202 0.017 —0.237
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Fig. 3. Brain activity expressed as a percentage of signal change for sentence generation
(gray) and sentence repetition (white) for the anatomical ROIs of the left and right cau-
date and putamen. The asterisk indicates that the statistics are significant (p < .005).
Error bars represent + 1 Standard Error of the Mean.

cortex are active in both sentence repetition and sentence generation,
and also exhibit a significant task-related modulation. Indeed, in the
present study, the putamen shows an identical pattern, reflecting
its connection with the ventral premotor cortex within the ‘motor’
cortico-striatal loop.

Caudate nucleus: response selection

The strongest version of our prediction was indeed verified for the
caudate, which showed no activation in sentence repetition. We
interpreted this pattern as reflecting a role for the caudate in response
selection during language production. Our findings are consistent
with evidence on the anatomical connectivity of the caudate, and, in
particular, the caudate head, which connects with the dorsolateral
and ventrolateral prefrontal cortex (e.g., Di Martino et al., 2011).
Tremblay and Small (2011b) reported that the left pars triangularis
of the inferior frontal gyrus showed selective activation in sentence
generation, in the same fashion as the caudate here, with which it is
connected within the ‘associative’ cortico-striatal loop. Moreover,
the caudate head activation observed complements a growing body
of evidence on the significance of this structure along with the inferi-
or parietal lobule, pulvinar thalamic nuclei, cerebellar lobules, and the
anterior cingulate in selection operations in language processing (see
Ketteler and Ketteler (2010) as well as Lieberman (2001) for further
discussion).?

An alternative interpretation is that this activation pattern reflects
processing difficulty rather than selection demands. Indeed, sentence
generation is more demanding than sentence repetition, requiring
more attentional resources and increased error monitoring. It is
therefore possible that the neostriatal modulation observed can be
attributed to these cognitive processes (see Chan et al. (in press) for
discussion) rather than to response selection. However, while partic-
ipants made more errors in generation than repetition, representing
13.5% and 1.2% of all trials respectively (see Tremblay and Small,
2011a,b for the details), all such trials were removed from the present

3 Information on cerebral cortical activations can be found in Tremblay and Small
(2011a,b). No activation was observed here for the cerebellum or the thalamus.

analysis. Furthermore, the sentence generation and repetition tasks
did not differ on any online measures (i.e., sentence length, word
length, accuracy). Moreover, structural priming was anticipated
(and ultimately observed) in the generation task (see Pickering and
Ferreira, 2008 for a recent review), originating from the sentence lis-
tening and sentence repetition task, and thus the sentences generated
by participants were largely identical to those they had heard (see
Tremblay and Small, 2011b, for details). Consequently, during sen-
tence generation, participants chose what responses (words) to pro-
duce but kept the syntactic structure fairly constant, meaning that
the main difference between the two tasks was demand on response
selection rather than syntax. Given that sentence repetition poses far
fewer semantic processing demands than generation, and since the
caudate was not active in repetition, we suggest that the caudate
may be selectively involved in semantic aspects of selection. Of note
here is its demonstrated role in regulating semantic competition be-
tween words in different languages. For instance, caudate activation
increases when translating rather than repeating words (Price et al.,
1999), when naming pictures in the first language in a bilingual as
compared with a monolingual context (Abutalebi et al., 2008), or
when making a lexical decision on a letter string in subjects’ second
language when it is also a word with different semantics in their first
(van Heuven et al., 2008).

Another interpretation is that the caudate was selectively active in
sentence generation due to increased demands for cognitive control,
i.e., the inhibition of inappropriate responses, and the release of an
appropriate one from inhibition. Indeed, sentence generation also
differs from sentence repetition in the degree of automaticity and
cognitive control. This explanation would not commit the caudate
to a particular level of language processing, but to a processing
mode (automatic vs. controlled). In a study of lexical ambiguity reso-
lution, for instance, Ketteler et al. (2008) implicated the caudate,
along with a number of cerebral cortical areas in the regulation of
pre-formulated language segments for motor programming and se-
mantic verification. Similarly, Ali et al. (2011) found caudate activation
in a Stroop task, which they attributed to overcoming habitual or
overlearned actions, irrespective of behavioral domain (e.g., Shadmehr
and Holcomb, 1999; for a discussion of the significance of the BG in
the automatization of language processing, see also Argyropoulos
(2008) and references therein). In a study of intraoperative electrical
stimulation on awake patients during brain surgery, stimulation of the
caudate elicited perseveration, while stimulation of the anterior puta-
men elicited dysarthria/anarthria. The authors concluded that there
are two separate BG systems involved in language, one mediated

by the putamen and playing a motor role, and the other mediated -

by the caudate, plausibly involved in cognitive control (Gil-Robles
et al., 2005). In a sequential learning task, certain neurons in the
monkey striatum are preferentially active for new sequences and
others for older sequences, with the former localizing more to the
“association” region of the caudate and the rostral putamen, and
the latter in the “sensorimotor” region of the posterior putamen
(Miyachi et al., 2002). Further research would thus be required to
dissociate between these two explanations.

Conclusion

The present study provides evidence for the involvement of the
human neostriatum in response selection during overt sentence pro-
duction. In particular, it extends our knowledge of the caudate by
showing a role for this structure in response selection beyond the
single-word to the sentence level. Further, our findings show that
particular subcortical structures are involved in linguistic response
selection in overt sentence production. A more refined segmentation
of the neostriatum into anterior/posterior putamen and caudate
head/body and tail should allow us to examine whether the patterns
observed here were driven by particular areas within the caudate and
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the putamen,® and whether there are coactivations among specific
neostriatal and cerebrocortical regions. Further research is required
to clarify whether this involvement reflects domain-general processes
of cognitive control in language, or to more specific semantic processes.
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