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Abstract
The roles of the cerebellum and basal ganglia have typically been confined in the literature to motor
planning and control. However, mounting evidence suggests that these structures are involved in
more cognitive domains such as language processing. In the current study, we looked at effective
connectivity (the influence that one brain region has on another) of the cerebellum and basal ganglia
with regions thought to be involved in phonological processing, i.e. left inferior frontal gyrus and
left lateral temporal cortex. We analyzed functional magnetic resonance imaging data (fMRI)
obtained during a rhyming judgment task in adults using dynamic causal modeling (DCM). The
results showed that the cerebellum has reciprocal connections with both left inferior frontal gyrus
and left lateral temporal cortex, whereas the putamen has unidirectional connections into these two
brain regions. Furthermore, the connections between cerebellum and these phonological processing
areas were stronger than the connections between putamen and these areas. This pattern of results
suggests that the putamen and cerebellum may have distinct roles in language processing. Based on
research in the motor planning and control literature, we argue that the putamen engages in cortical
initiation while the cerebellum amplifies and refines this signal to facilitate correct decision making.
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Introduction
Houk proposed that the basal ganglia is involved in the embodiment (i.e. selection and/or
initiation) of cortical patterns of activation for both planned behaviors and for thoughts (Houk,
2005). In contrast, he proposed that the cerebellum engages in online amplification and
refinement of behaviors or thoughts as they are occurring, which provides an error correction
mechanism for performance of the task. Cerebellar regulation of motor planning and control
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is well documented, particularly for reaching and acquiring targets (Thach, 1998). A coherent
limb movement can be broken down into smaller component sub-movements, which include
online error corrections (Barto et al., 1999; Fishbach et al., 2006; Ghez & Martin, 1982). Houk
(2005) also proposed that the cerebellar role in refinement and amplification and the striatal
role of embodiment could be involved in language processing. The current study is the first to
look at effective connectivity of the cerebellum and basal ganglia during a language processing
task. Both of these structures have connections with frontal regions and temporo-parietal
regions thought to be involved in language processing in humans (Alexander et al., 1986;
Clower et al., 2005; Dum & Strick, 2003; Middleton & Strick, 1994, 1996). In particular, the
inferior frontal gyrus and lateral temporal cortex have been implicated in phonological
processing (Bitan et al., 2005; Booth et al., 2002a).

It is being increasingly recognized that the cerebellum is involved in many cognitive processes
including language processing (Desmond & Fiez, 1998). Studies using rhyming tasks to
visually presented words have shown activation in bilateral cerebellum (Fulbright et al.,
1999). Although some studies show that superior portion of the cerebellum is interconnected
with lateral temporal cortex (Brodal, 1978; Schmahmann & Pandya, 1991; Vaudano et al.,
1991), studies in primates show that the superior portion of the cerebellar hemisphere is
predominantly interconnected with inferior frontal cortex, whereas the inferior portion is
predominantly interconnected with parietal cortex (Brodal, 1978; Schmahmann & Pandya,
1997). Based on the role of the inferior frontal cortex in articulation and the parietal cortex in
phonological short-term memory, Desmond and colleagues proposed that superior portion of
right cerebellum (VI/Crus I) is involved in articulatory control, whereas the inferior portion
(VII) of right cerebellum is involved in phonological working memory (Desmond et al.,
1997). This was supported by their finding that superior cerebellum showed activation in
articulation, rehearsal and verbal working memory, whereas inferior cerebellum only showed
activation in verbal working memory (Chen & Desmond, 2005a; Desmond et al., 1997). In a
subsequent event-related study that allowed an examination of the time course of activation,
they showed that both encoding and maintenance was associated with activation in superior
cerebellum (VI/Crus I), but that only maintenance was associated with activation in inferior
cerebellum (VII/VIII) (Chen & Desmond, 2005b). They interpreted the superior activation as
due to the need to rapidly translate the consonant string into an articulatory trajectory.

Several studies have shown that the basal ganglia is involved in various reading and language
tasks. Greater accuracy of the detection of phonological anomalies is correlated with greater
activation in left caudate nucleus and faster phonological processing is correlated with greater
activation in left putamen (Tettamanti et al., 2005b). Detecting syntactical anomalies has also
been associated with greater activation in left caudate nucleus (Moro et al., 2001). Abdullaev
and Melnichuk (1997) placed depth electrodes in the head of the caudate nucleus in Parkinson’s
patients to measure population neuronal firing rates when these patients were performing a
variety of cognitive tasks (Abdullaev & Melnichuk, 1997). They showed increased firing
within 400–600 ms after stimulus onset during semantic processing by comparing lexical
decision to words versus pseudo-words and increased firing within 1000–1200 ms after
stimulus onset during phonological processing by comparing lexical decision to pseudo-words
to non-words. They also showed that early neuronal firing in semantic processing was
replicated in a categorization task (concrete versus abstract judgment) and that this activation
was not associated with motor output. This study provides provocative evidence that the basal
ganglia is involved in language processing. Comparing this study to an earlier report from the
same group suggests that activation in the caudate nucleus seems to lag behind activation in
left inferior frontal gyrus (Bechtereva et al., 1991). In his procedural/declarative model of
language learning, Ullman (2001) proposes that the basal ganglia is part of a procedural system
that is involved in the assembly of phonemes into words (Ullman, 2001).
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Functional neuroimaging studies aim to identify network components that are selectively
engaged by cognitive tasks. However, a network could shift from one behavioral goal to another
not because of differences in the distribution of activations, but because of differences in the
interactions among its components (Damasio, 1989; McIntosh, 2000; M. M. Mesulam, 1981;
M.M. Mesulam, 1998). Analyses of effective connectivity (the modulatory influence that one
brain region exerts upon another), and its non-directional counterpart known as functional
connectivity (based on correlation of brain activation between regions), have, in fact, shown
that network components can display task-dependent alterations in their interactions
(Chaminade & Fonlupt, 2003; Homae et al., 2003; Horwitz et al., 1998; McIntosh et al.,
1994; K. R. Pugh et al., 2000). Components of distributed networks serve multiple roles
including the integration of convergent inputs, the binding of distributed information, the relay
of information from one region to another, and the control of neural activity within other
network components (M.M. Mesulam, 1998). Some studies have examined effective
connectivity of the basal ganglia and cerebellum with cortical regions, but none have examined
language processing. The cerebellum has been shown to influence parietal cortex during visual/
motor imagery (Solodkin et al., 2004) and prefrontal cortex during recognition tasks (Nyberg
et al., 1996). The basal ganglia has been shown to influence prefrontal regions during
classification learning (Poldrack & Rodriguez, 2004) and object location learning (Honey et
al., 2003).

In a previous study with adults, we used dynamic causal modeling to show that the cognitive
demands of the reading task affect patterns of effective connectivity (Bitan et al., 2005). A
spelling task was marked by converging influence from other brain regions on the intraparietal
sulcus, whereas a rhyming task was marked by converging influence on the lateral temporal
cortex, suggesting that these regions are sites of integration for processing task-selective
information. In both tasks, modulating influences also converge on inferior frontal gyrus. We
proposed that inferior frontal gyrus is involved in top-down modulation of task-selective
regions in a way that differentially enhances their sensitivity to task relevant information. The
goal of the current study was to examine the role of the basal ganglia and cerebellum in
modulating cortical regions thought to be involved in phonological processing, i.e. left inferior
frontal cortex and left lateral temporal cortex. Adults made rhyming judgments to words while
undergoing functional magnetic resonance imaging (fMRI). In this task, three visual words
were presented one after the other (e.g. hold-milk-cold, door-hope-soap, house-press-list) and
the participant had to press a button indicating whether the final word rhymed with either of
the previous two. Activation during rhyming judgment blocks was compared to line judgment
blocks (e.g.//-\\-//) in which participants had to determine whether the final group of lines was
the same as either of the previous two. We chose to use a rhyming task because several previous
studies have consistently implicated left inferior frontal gyrus and left superior temporal gyrus
in phonological processing (Crosson et al., 1999; Kareken et al., 2000; Lurito et al., 2000;
Paulesu et al., 1996; Kenneth R. Pugh et al., 1996; Rumsey et al., 1992; Xu et al., 2001).
Rhyming judgment in the visual modality is a relatively complex task that involves decoding
the orthographic stimuli, holding the phonological/articulatory information in working
memory, and making an explicit determination of whether words rhyme. In order to examine
the effective connectivity between regions, we used Dynamic Causal Modeling (Friston et
al., 2003). If, as proposed by Houk (2005), the basal ganglia is involved in initiating cortical
activation related to phonological processing, we expected the basal ganglia to have stronger
input to inferior frontal gyrus and lateral temporal cortex than their reciprocal output. If, as
proposed by Houk (2005), the cerebellum is involved in amplifying and refining cortical
activation related to phonological processing, we expected it to have significant input and
reciprocal output.
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Results
The mean accuracy of performance was 97% for the rhyming trials and 97% for the control
trials. The mean reaction time was 954 ms for the rhyming trials, and 805 ms for the control
trials. Reaction time was slower for the rhyming trials compared to the control trials (t(13) =
6.5, p < 0.001), but there were no significant differences in accuracy (t(13) = .88, p = .40).

Conventional Analysis
Figure 1 and Table 1 present the patterns of activation in the rhyming trials compared to control
trials. The group maxima of clusters (uncorrected p<0.001, extent threshold: 45 voxels) were
used as reference for choosing the individual regions of interest (ROIs, see Figure 2). These
clusters included left middle/inferior frontal gyri (IFG: BA 46/45/9), left fusiform gyrus (FG:
BA 19/37), left superior/middle temporal gyri (LTC: BA 21/22), cerebellum (VI/Crus I) and
putamen.

Effective Connectivity Analysis
Intrinsic connections—Figure 3 shows that all intrinsic influences among regions (i.e.,
connections that are independent of the task) were significant, except for the connection from
cerebellum to FG.

Modulatory effects—Modulatory effects between regions are depicted in Figure 4. The
modulatory effects between IFG and LTC were both significant, suggesting that these areas
form a loop involved in phonological processing (into IFG: t(13) = 7.11, p < .001; out to LTC:
t(13) = 5.92, p < .001). However, the focus of this paper is on connections into and out of the
cerebellum and putamen.

The first main finding is that cerebellum had reciprocal modulatory effects with the
phonological processing areas (into LTC: t(13) = 6.08, p < .001; out from LTC: (t(13) = 7.45,
p < .001; into IFG: t(13) = 8.87, p < .001; out from IFG (t(13) = 8.50, p < .001)). There were
no significant differences in modulatory input from IFG and LTC to cerebellum (t(13) = 2.34,
p = .036) or modulatory output to these regions (t(13) = 1.70, p = .113). Modulatory output
from cerebellum to IFG was not significantly different than its reciprocal input (t(13) = 2.93,
p = .012) and modulatory output from cerebellum to LTC was not significantly different than
its reciprocal input (t(13) = .61, p = .555).

The second main finding was that the putamen had significant modulatory output to the areas
involved in phonological processing (IFG: t(13) = 6.45, p < .001 ; LTC: t(13) = 4.56, p = .001).
Modulatory output to the IFG and LTC was not significantly different (t(13) = 1.14, p = .276).
Modulatory input from these areas to putamen was not significant (IFG: t(13) = 1.89, p = .08;
LTC: t(13) = 1.88, p = .08). It should be noted that there were significant intrinsic connections
into the putamen from the IFG and LTC, but that these connections were not modulated
differently for the rhyming compared to the control trials.

The third main finding was that the coupling with phonological processing areas was stronger
for cerebellum than for putamen. Modulatory output from cerebellum to IFG was stronger than
modulatory output from putamen to IFG (t(13) = 5.58, p < .001). Modulatory output from
cerebellum to LTC was stronger than modulatory output from putamen to LTC (t(13) = 5.30,
p < .001). Modulatory input to cerebellum from IFG was stronger than modulatory input to
putamen from IFG (t(13) = 4.37, p = .001). Modulatory input to cerebellum from LTC was
stronger than modulatory input to putamen from LTC (t(13) = 4.52, p = .001).
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The fourth main finding was that modulatory input from FG to the putamen was not significant,
(t(13) = 3.30, p = .006), but modulatory input from FG to the cerebellum was significant (t(13)
= 8.83, p < .001).

We performed an exploratory analysis that examined correlations between the significant
modulatory effects (p < .05, corrected for 52 correlations). Figure 5 presents these correlations.
All of the significant correlations involved input to or output from the cerebellum. Output from
cerebellum to LTC was correlated with its reciprocal input (r(13) = 0.869, p < .001) and output
from cerebellum to IFG was correlated with its reciprocal input (r(13) = 0.901, p < .001). Output
from the cerebellum to LTC was correlated with output from IFG to LTC (r(13) = 0.936, p < .
001) and also with output from putamen to LTC (r(13) = 0.883, p < .001). Output from LTC
to cerebellum was correlated with output from IFG to cerebellum (r(13) = 0.850, p < .001) and
also with output from IFG to LTC (r(13) = 0.785, p < .001).

Discussion
This study examined the role of the cerebellum and basal ganglia in language processing during
a rhyming task presented in the visual modality. We used Dynamic Causal Modeling (DCM)
to look at the directional influence of one brain region on another. We found that the cerebellum
had reciprocal modulatory influences with brain regions involved in phonological processing
(i.e. inferior frontal gyrus and lateral temporal cortex), whereas putamen only had
unidirectional modulatory influences to these regions. Modulatory influences between
cerebellum and these phonological processing areas were stronger than modulatory influences
between putamen and these areas. Furthermore, correlations between modulatory influences
all involved the cerebellum’s connections with these phonological processing areas. Finally,
fusiform gyrus had strongest output to cerebellum and no output to putamen.

The finding of significant activation in and effective connectivity with the basal ganglia and
cerebellum is consistent with other studies that have found activation in the cerebellum and
basal ganglia in reading and language tasks (Abdullaev & Melnichuk, 1997; Chen & Desmond,
2005a, 2005b; Desmond et al., 1997; Moro et al., 2001; Tettamanti et al., 2005b). Our region
of interest was in lobe VI/Crus I of the cerebellum. Based on a series of functional imaging
studies, Desmond and colleagues have suggested that this region of the cerebellum is involved
in articulatory control (Chen & Desmond, 2005a, 2005b; Desmond et al., 1997). Interestingly,
we did not find activation in the caudate region of the basal ganglia, but rather only the putamen.
Tettamanti et. al (2005) showed that speed of phonological processing is correlated with tracer
binding potential in left putamen (Tettamanti et al., 2005b). A study using diffusion tensor
imaging recently showed that the putamen is primarily connected to motor and pre-motor
regions as well as posterior regions of the prefrontal cortex (Lehericy et al., 2004). These
posterior regions of the frontal cortex have been associated with phonological segmentation
and articulatory control (Bitan et al., submitted; Poldrack et al., 1999). Both the cerebellum
and the basal ganglia may be involved in modulation of articulatory or phonological output
representations in order to perform our rhyming task. Indeed, the basal ganglia may part of a
procedural system that is involved in the assembly of phonemes into higher order structures
such as words (Ullman, 2001).

The motor theory of speech argues that both perception and production of speech rely on
articulatory gestures in that auditory and motor representations are already phonetic (Alvin M.
Liberman & Mattingly, 1985; A. M. Liberman & Whalen, 2000). This theory further argues
that letters also correspond to these articulatory gestures in that reading involves that activation
of these representations. The motor theory of speech is consistent with studies showing that
monkeys discharge the same neurons in motor cortex both when a sound is perceived and when
it is executed (Kohler et al., 2002) and with studies showing that humans activate the same
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brain regions in motor cortex both when observing actions and when listening to action
sentences (Tettamanti et al., 2005a). In their DIVA model speech acquisition and production,
Guenther and colleagues have also argued that auditory cortex is not only involved in speech
perception, but is also involved in planning movement trajectories based on acoustic and
orosensory feedback as well as an efference copy of the motor command (Guenther et al.,
1998; Nieto-Castanon et al., 2005). Based on this research, one would predict that both the
superior temporal cortex and inferior frontal gyrus are involved articulatory planning and
control. Thus, it is possible that not only the connections of the cerebellum and basal ganglia
with inferior frontal gyrus are involved in articulatory processing, but also the connections of
these regions with superior temporal gyrus are involved in articulatory processing.

Our study also showed that the cerebellum had bidirectional connections with left inferior
frontal gyrus and left lateral temporal cortex, but that the basal ganglia had unidirectional
connections into these cortical regions. Both left lateral temporal cortex and left inferior frontal
gyrus are involved in phonological processing (Booth et al., 2002a, 2002b; Poldrack et al.,
1999), so the cerebellum may be involved in amplifying and refining the patterns of activation
in these regions through recurrent loops (Houk, 2005). The amplification is caused by positive
feedback in the loop between cortex and the cerebellar nucleus. Purkinje cells in the cerebellar
cortex burst or pause to shape the spatial pattern of activity – the bursts inhibit positive feedback
whereas the pauses allow it to become stronger (Houk & Mugnaini, 2003). During limb
movements (or cognitive processing), the majority of Purkinje cells burst while a significant
minority pause (Miller et al., 2002). In essence, the bursts are preventing erroneous cortical
activity whereas the pauses are allowing specific cortical neurons to become very active.
Bidirectional communication between cortex and cerebellum is required for these operations.

In contrast to the bi-directional connections involving the cerebellum, the basal ganglia
(putamen) showed only outgoing unidirectional connections into left inferior frontal gyrus and
left lateral temporal cortex. This is consistent with the hypothesis that the basal ganglia may
be involved in cortical initiation of phonological representations in these structures. Indeed,
Houk and colleagues (in press) have argued that the basal ganglia is involved in generating a
‘ballpark’ estimate of motor programs that are amplified/refined by the cerebellum (Houk et
al., in press). Houk et al’s (in press) model is consistent with the obervation that Parkinson
patients with degeneration of the basal ganglia show motor initiation deficits (Liu et al.,
2006; Rosin et al., 1997), where patients with cerebellar lesions exhibit dysmetria which is a
disorder in the ability to fine-tune motor and cognitive processes (Botzel et al., 1993;
Schmahmann, 2004). It is important to clarify that our results do not show a lack of feedback
from cortex to putamen during the task, because the intrinsic connections from these cortical
regions to the putamen were significant. The lack of significant modulatory effects into
putamen shows that input was not differentially modulated in the rhyming task compared to
the control task (line judgment).

Our suggestion that the cerebellum is involved in amplification and refinement, whereas the
basal ganglia is involved cortical initiation of phonological representations is consistent with
two of our findings. Our first finding was that the connections of the cerebellum with left
inferior frontal gyrus and lateral temporal cortex are stronger than the connections of the
putamen with these regions. Presumably, amplifying and refining phonological representations
would require greater connectivity than aiding in a ‘ball-park’ estimate of these representations.
This hypothesis is consistent with the Houk (2005) model of limb movement control. The loop
through the basal ganglia selects a small focus of cortical activity that is subsequently amplified
and refined by the dual-loop through the cerebellum in order to generate a strong and accurate
composite motor command. Our second finding was that correlations between modulatory
effects all involved the cerebellum. For example, if an individual showed a strong modulatory
effect out from cerebellum to regions involved in phonological processing, s/he tended to show
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strong modulatory input from these regions. This finding is consistent with the hypothesis that
the cerebellum forms recriprocal loops with cortical regions and is involved in amplification
and refinement of representations.

Because the rhyming task was presented in the visual modality, we specified input to the model
into the fusiform gyrus. The putamen did not have significant modulatory connections with
the fusiform gyrus. However, the cerebellum had significant input from the fusiform gyrus and
this input was stronger from the fusiform gyrus than input from any other region, suggesting
that the cerebellum is involved in processing orthographic representations. This could happen
in at least two ways. Either the cerebellum is involved in mapping orthographic information
in the fusiform gyrus to phonological information in left inferior frontal gyrus and left lateral
cortex or the cerebellum is actually using that information in the amplification and refinement
process. Our study design does not allow us to distinguish between these two possibilities.

Our results are consistent with the mounting evidence that the basal ganglia and cerebellum
are involved in reading and language processing in normal populations. They are also consistent
with studies that have found abnormal cerebellar morphology or activity in patients with
developmental dyslexia and language impairment. Structural MRI studies have shown that the
right anterior lobe of the cerebellum is smaller in children with developmental dyslexia and is
correlated with reading performance (Eckert et al., 2003). Another structural MRI study
reported smaller cerebellar grey matter asymmetry in adults with developmental dyslexia and
that smaller asymmetry was correlated with poorer reading performance (Rae et al., 2002).
fMRI studies have shown less activation in the right cerebellum in adults with developmental
dyslexia when executing pre-learned and new motor sequences (Nicolson et al., 1999) and in
word and pseudoword reading tasks relying on phonological processing (Brunswick et al.,
1999; Paulesu et al., 1996). Functional connectivity studies show less connectivity of the
cerebellum with angular gyrus and inferior frontal gyrus during reading tasks in adults with
developmental dyslexia (Horwitz et al., 1998; Stanberry et al., 2006). Less research has shown
cerebellar abnormalities in patients with language impairment, but inherited verbal and
orofacial dyspraxia has been reported to be associated with reduced grey matter density in
bilateral cerebellum (Belton et al., 2003; Vargha-Khadem et al., 1998; Watkins et al., 2002).
Studies on patients with developmental dyslexia and language impairment have also shown
abnormalities in the basal ganglia. Adults with developmental dyslexia have been reported to
show less activation in word and pseudoword reading tasks relying on phonological processing
(Brunswick et al., 1999; Paulesu et al., 1996). Inherited verbal and orofacial dyspraxia is
associated with more grey matter in bilateral putamen (Watkins et al., 2002) and underactive
bilateral putamen (Liegeois et al., 2003).

In conclusion, the strong bi-directional connections in and out of the cerebellum with areas
believed to be involved in phonological processing (i.e. left inferior frontal gyrus and left lateral
temporal cortex) is consistent with the hypothesis that the cerebellum is involved in
amplification and refinement of these representations. The weaker unidirectional connections
out from putamen to these phonological processing areas is consistent with the hypothesis that
this region is involved in the cortical initiation of these representations. These results are
consistent with Houk’s (2005) model of the cerebellum and basal ganglia in motor control and
consistent with the growing body of literature from normal and patient populations suggesting
the integral role of these subcortical brain regions in reading and language.

Experimental Procedure
Participants

Fourteen adults, 5 males and 9 females, ages 21–36, (mean age 26) participated in this study.
A subset of these participants were included in Bitan et al (2005). All participants were right-
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handed, native English speaking university students with no diagnosed neurological/
psychiatric disorders or language/reading disabilities.

Stimuli and Task
Participants were scanned while performing a rhyming task in which a series of three target
words appeared sequentially. Sixty percent of the trials contained a final word that rhymed
with one of the preceding words. Half of these trials contained a target word that rhymed and
was orthographically similar to one of the preceding two words (i.e., had the same rime, e.g.
hold-cold). The other half contained a target word that rhymed but was orthographically
dissimilar to one of the preceding two words (e.g. hope-soap). The experimental set-up for the
control trials was exactly the same as for the word trials, except the three stimuli were abstract,
non-linguistic symbols consisting of straight lines (e.g. \ \). For the rhyming and control trials,
half involved a match to the first stimulus and half involved a match to the second stimulus.
Participants were asked to determine whether the final stimulus rhymed/matched either of the
first two stimuli by pressing one of two buttons.

Experimental Procedure
The task was administered over a 9-minute run that consisted of 10 blocks of 54 seconds in
which 5 rhyming blocks alternated with 5 control blocks. In each trial for the rhyming and
control blocks, three consecutive stimuli were presented, each for 800ms followed by a 200ms
blank interval. Participants had 2000ms to respond after the presentation of the three stimuli.
Each trial lasted a total of 5000ms. Each block began with a 4 seconds instruction (rhyming,
lines) followed by 10 trials.

fMRI Data Acquisition
Images were acquired using a 1.5 Tesla General Electric (GE) scanner with ecoplanar imaging
(EPI) method. The scanning parameters were: Time of repetition (TR) = 3000 ms, time of echo
(TE) = 40 ms, flip angle = 90°, matrix size = 64 × 64, field of view = 22 cm, slice thickness =
4 mm, number of slices = 32. These scanning parameters resulted in a 3.437 × 3.437 × 4mm
voxel size and 180 whole brain volumes. A high resolution, T1 weighted 3D image was also
acquired (SPGR, TR = 21 ms, TE = 8 ms, flip angle = 20°, matrix size=256 × 256, field of
view = 22 cm, slice thickness = 1 mm, number of slices = 124). Placement of slices began at
the most superior portion of the cortex, so there was incomplete coverage of the most inferior
portion of the cerebellum (below Crus II or the inferior semilunar lobule).

Image Data Analysis
Data analysis was performed using Statistical Parametric Mapping (SPM2,
http://www.fil.ion.ucl.ac.uk/spm). The images were spatially realigned to the first volume to
correct for head movements. No individual runs had more than 2.5 mm maximum
displacement. Sinc interpolation was used to minimize timing-errors between slices. The
functional images were coregistered with the anatomical image, and normalized to the standard
T1 template volume (MNI). The data was then smoothed with a 7mm isotropic Gaussian kernel.

Statistical analyses at the first level were calculated using an epoch-based design, with the
rhyming and control blocks as conditions of interest. A high pass filter with a cutoff period of
256 seconds was applied. Group results were obtained using random-effects analyses by
combining subject-specific summary statistics across the group. The group results were then
used for choosing the regions of interest for the effective connectivity analysis. In order to
identify the most robustly activated regions of interest, only clusters larger than 45 voxels were
included. In order to simplify the network, and due to the strong asymmetry in the activation
clusters and well documented laterality of language processes, only left hemisphere neocortical
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clusters were included. This process resulted in three ROIs in left neocortex: fusiform gyrus
(FG), inferior frontal gyrus (IFG), and lateral temporal cortex (LTC). We also included two
subcortical regions: left putamen and right cerebellum. Within the cerebellum, lobe VI/Crus I
were activated by the rhyming task (see Table 1 and Figure 1).

Effective Connectivity
Five regions of interest were specified for each individual: FG, IFG, LTC, putamen and
cerebellum. Regional responses were summarized as the principal eigenvariates of responses
within a 6 mm sphere centered on the most significant voxel for each subject. For the putamen
ROI, a mask was used including only the putamen to ensure that activation was confined to
this anatomically distinct area. Subject-specific maxima were defined operationally as the most
significant voxels within 22mm of the group maximum in the appropriate statistical parametric
map. Figure 2 shows the ROI’s for each subject.

Effective connectivity analysis was performed using the Dynamic Causal Modeling (DCM)
tool in SPM2 (Friston et al., 2003; Penny et al., 2004). Dynamic causal modeling (DCM) is a
nonlinear systems identification procedure that uses Bayesian estimation of parameters to make
inferences about effective connectivity between neural systems and how this connectivity is
affected by experimental conditions. In DCM, three sets of parameters are estimated: the direct
influence of stimuli on regional activity; the intrinsic or latent connections between regions
(i.e., the interregional influences in the absence of modulating experimental effects); and the
changes in the intrinsic connectivity between regions induced by the experimental design
(modulatory effects) (Mechelli et al., 2003). Since ‘connectivity’ in DCM is measured through
the coupling of changes in imaging signals, rather than anatomically, a significant
unidirectional modulatory influence of one brain region upon another does not necessarily
reflect the presence of a direct and unidirectional anatomical connection. Instead, the
connectivity revealed by DCM reflects the inferred direction of neural influences that are
specific to the imaging conditions and that may be mediated through inter-neurons or other
brain regions not explicitly included in the model.

The analysis adopted a two-stage procedure that is formally identical to the summary statistic
approach used in random effects analysis of neuroimaging data. The parameters from the
subject-specific, first level DCM models were taken to a second, between-subject level using
the random effects approach (Bitan et al., 2005). Subject-specific DCMs were assumed to be
fully connected with the exception of connection between the putamen and the cerebellum,
resulting in 18 connections. The modulatory (bilinear) effects of the rhyming task were
specified on the connections among all regions. Input was specified into FG.

One-sample t-tests (p < .05, corrected for 18 comparisons) were used to test for the intrinsic
or modulatory effects. We also had planned comparisons on output from versus input to
cerebellum or basal ganglia (4 comparisons), on output from the cerebellum versus basal
ganglia to LTC or IFG (2 comparisons) and on input to cerebellum versus basal ganglia from
LTC or IFG (2 comparisons). Paired t-tests were used to test for significant differences between
modulatory effects (p < .05, corrected for 8 comparisons).
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Figure 1.
Group mean activation for words-lines condition in (a) IFG, LTC and FG (b) putamen
(indicated by arrow) and (c) cerebellum (p < .001 uncorrected, > 45 voxels).
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Figure 2.
Center of ROIs in individual participants. Red - IFG, Yellow -LTC, Blue - FG, Green - putamen,
Purple - cerebellum.
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Figure 3.
Intrinsic connections. Averaged strengths of influences across individuals are presented.
Strengths with p-value of < .05 (corrected for 18 comparisons) are displayed.
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Figure 4.
Modulatory effects of the rhyming task on the language network. Averaged strengths of effects
across individuals are presented. Strengths with p-value of < .05 (corrected for 18 comparisons)
are displayed.
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Figure 5.
Correlations between modulatory effects. Arrows of the same color indicate that these
modulatory connections were significantly correlated (p < .05, corrected for 52 comparisons).
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Table 1
Group mean activation for the rhyming task

z
Region BA H score voxels x y z

Inferior/Middle Frontal Gyri 46/45/9 L 5.15 850 −51 30 21
Fusiform Gyrus 19/37 L 4.72 321 −45 −60 −21
Superior/
Middle Temporal Gyri

21/22 L 3.71 47 −66 −36 −3

Putamen -- L 4.86 140 −30 −15 −6
Cerebellum -- R 4.25 73 12 −75 −30

Note. BA – Brodmann’s Area; L: left hemisphere; R: right hemisphere. Significance level was set at p < .001 uncorrected, > 45 voxels.
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