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Abstract

We investigated the flexible modulation of undirected functional connectivity (UFC) of brain
pathways during simple uni-manual responding. Two questions were central to our interests: 1)
Does response hand (dominant vs. non-dominant) differentially modulate connectivity and 2) are
these effects related to responding under varying motor sets. fMRI data were acquired in twenty
right-handed volunteers who responded with their right (dominant) or left (non-dominant) hand
(blocked across acquisitions). Within acquisitions, the task oscillated between periodic responses
(promoting the emergence of motor sets) or randomly induced responses (disrupting the
emergence of motor sets). Conjunction analyses revealed eight shared nodes across response hand
and condition, time series from which were analyzed. For right hand responses connectivity of the
M1 «<——> Thalamus and SMA <> Parietal pathways was more significantly modulated during
periodic responding. By comparison, for /eft hand responses, connectivity between five network
pairs (including M1 and SMA, insula, basal ganglia, premotor cortex, parietal cortex, thalamus)
was more significantly modulated during random responding. uFC analyses were complemented
by directed FC based on multivariate autoregressive models of times series from the nodes. These
results were complementary and highlighted significant modulation of dFC for SMA —
Thalamus, SMA — M1, basal ganglia — Insula and basal ganglia — Thalamus. The results
demonstrate complex effects of motor organization and task demand and response hand on
different connectivity classes of fMRI data. The brain’s sub-networks are flexibly modulated by
factors related to motor organization and/or task demand, and our results have implications for
assessment of medical conditions associated with motor dysfunction.
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Introduction

Sensori-motor systems are among the most exquisitely organized within the brain’s
functional networks. fMRI studies reveal “hard-wired” properties such as handedness
(Amunts et al., 1996; Tzourio-Mazoyer et al., 2015), but also show that regional and inter-
regional responses can be responsive to task-induced modulation. The trait-related
representations of handedness interact in predictable (and unpredictable) ways with
variations in motor task demand (Witt & Stevens, 2013). For instance, during rapid visual
detection tasks (when stimuli are briefly presented to one visual hemi-field, and therefore
one visual cortex) fMRI activation profiles are modulated by the response hand used to
signal a response. When right handed individuals respond with their dominant hand, more
extensive activation profiles are observed particularly when the stimulated visual cortex is
contra-lateral to the responding (left) motor cortex (that is under more demanding
conditions)(Diwadkar, Bellani, et al., 2017). Separately, network interactions between
regions such as the dorsal anterior cingulate cortex (dACC) and the supplementary motor
cortex (SMA) are differentially modulated during basic visuo-motor integration tasks that
demand maotor responses to periodic or non-periodic presentations of visual stimuli (Asemi,
Ramaseshan, Burgess, Diwadkar, & Bressler, 2015; Diwadkar, Asemi, Burgess, Chowdury,
& Bressler, 2017; Friedman et al., 2017). Thus, network interactions induced by motor tasks
can be representative of both the motor organization of the cortex (Grefkes, Eickhoff,
Nowak, Dafotakis, & Fink, 2008), and the functional modulation of this organization by task
(Goble et al., 2010; Hoffstaedter et al., 2014; Paus, 2001). Understanding how response hand
and basic motor demands individually or interactively modulate brain network activation has
implications for the characterization of both neurodegenerative (Nuber et al., 2008) and
neuropsychiatric disorders (Abboud, Noronha, & Diwadkar, 2017; Friedman et al., 2017).
Many of these disorders are associated with misrepresentations of effectors in the motor
cortex and/or dysregulation of basic mechanisms of motor control. For example, prior work
demonstrates brain network dysfunction in patients with obsessive compulsive disorder after
performing a simple uni-manual motor task both using fMRI (Friedman, et. al., 2017) as in
the present study and with other neuroimaging tools such as EEG (Velikova, et. al., 2010). In
this study, we deployed a simple uni-manual response paradigm created by manipulating the
periodicity of a presented visual probe to drive basic finger movements (Asemi et al., 2015;
Diwadkar, Asemi, et al., 2017). Varying periodicity provides a simple framework for
manipulating the demands of visuo- motor integration, either promoting the use of a motor
set (periodic presentation of the probe) or disrupting the reliance on such a set (pseudo
random presentation). Here we focused on network characterizations of the core and
extended motor network, by modeling interactions using a) undirected functional
connectivity (UFC) models (Friston, 2011; Silverstein, Bressler, & Diwadkar, 2016) well
suited for the flexible assessment of bi-directional changes in the brain’s functional
connectome; b) uFC analyses were complemented using a class of Granger Causality

Brain Topogr. Author manuscript; available in PMC 2019 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Morris et al.

Page 3

models (Bressler & Seth, 2011; Bressler, Tang, Sylvester, Shulman, & Corbetta, 2008),
based on multi-variate autoregressive models (Asemi et al., 2015; Diwadkar, Asemi, et al.,
2017). MVAR models are well optimized for assessing asymmetric directed interactions
between nodes estimated from time series data, using a more complex statistical framework
for network discovery between network pairs (Silverstein et al., 2016).

In the study (restricted to right handed participants), we modeled the effects of the factorial
combination of response hand (dominant vs. non-dominant) and task demand (where the
onsets of stimuli were periodic or random). For dFC analyses, directional effects (A — B #
B — A) were modeled as an additional factor.

A rationale for the evaluated motor network

Well circumscribed tasks can be used as cognitive scalpels that systematically modulate
brain activity (Goense & Logothetis, 2008), because brain regions are flexibly recruited in
the service of tasks (Park & Friston, 2013). Thus, data aggregation and meta-analyses
provide a powerful framework for reliably identifying brain regions activated in specific
domains (Eickhoff, Bzdok, Laird, Kurth, & Fox, 2012), and applied to motor function has
resulted in the identifying regions that constitute core and extended areas of the brain’s
motor networks (Witt, Laird, & Meyerand, 2008). The primary motor cortex (M1),
specifically on the mid-lateral aspect, is essential in performing discrete forefinger muscle
movements and it is known that the contralateral motor cortex directs these movements, due
to the crossing of the cortico-spinal tract (Lotze et al., 2000; Sarfeld et al., 2012; Volkmann,
Schnitzler, Witte, & Freund, 1998). The supplementary motor area (SMA) is important for
the planning and initiation of movement and its engagement is indicated in proactive-type
motor tasks (Asemi et al., 2015; Grafton, Hazeltine, & Ivry, 2002; Grafton, Mazziotta,
Woods, & Phelps, 1992). Both regions evince a high degree of connectivity with thalamic
nuclei providing a pathway through which sensory inputs can directly innervate the core
motor system (Guye et al., 2003). Other sub-cortical regions are also critical in the cortical -
subcortical interplay that sub serves motor function. The basal ganglia are implicated in the
synchronicity of motor movements and coupling signals across brain networks (Lehericy et
al., 2006). There is substantial functional heterogeneity of the insular cortex, with the
structure associated with autonomous and non-cognitive functions such as interoception and
thermoregulation (Diwadkar, Murphy, & Freedman, 2014; Muzik & Diwadkar, 2016), but
also higher order cognitive functions including attention, emotion and salience processing
(Uddin, Nomi, Hebert-Seropian, Ghaziri, & Boucher, 2017); Its role in motor function may
be sub served by aspects of if its structural connectivity to motor control regions such as the
dorsal anterior cingulate cortex (Ghaziri et al., 2017). The parietal lobe is central to visual
sensory integration (Fogassi et al., 2005; Fogassi & Luppino, 2005), a task element that is
central to the employed paradigm (Friedman et al., 2017). Frontal regions including the
premator cortex (PMC) and (as suggested earlier), the dorsal anterior cingulate cortex
(dACC) become engaged during motor tasks: This engagement is respectively thought to be
associated with the initiation of finger movements (Cunnington, Windischberger, Deecke, &
Moser, 2003), and mechanisms of motor control (Asemi et al., 2015; Diwadkar, Asemi, et
al., 2017; Paus, 2001).
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Hemispheric organization is a central organizing principle for the brain’s motor system (Kim
et al., 1993), and approximately 90% of the adult population is right handed. The
neurobiological bases of right handedness have been known from classic studies in
neurology. Liepmann (Liepmann, 1905) showed that left hemispheric lesions more often
result in apraxia than right hemispheric lesions, suggestive of an asymmetric motor control
system. Recent experimental work continues to the illuminate functional expressions of this
asymmetry. For example, simple motor movements evoke highly asymmetric patterns of
effective connectivity in right handed participants, and the degree of this asymmetry is
greater than what is observed in left handers (Pool, Rehme, Fink, Eickhoff, & Grefkes,
2014). These effects converge with diffusion tensor imaging data showing that right handers
are characterized by increased asymmetry in structural connectivity (Seizeur et al., 2014).
And, as previously noted, dominant right handed responses during inter-hemispheric visual
integration tasks evince activations that are asymmetric relative to left handed responses in
the same participants (Diwadkar, Bellani, et al., 2017).

Motor control is a central element underlying the motor system, and is likely to interact with
handedness and response hand. There is limited prior work that has systematically assessed
how motor network connectivity is modulated by response hand (dominant vs. non-
dominant) under parametrically varied task conditions even though extent evidence indicates
highly asymmetric and favored (toward right handers) patterns of intrinsic functional
connectivity (Pool, Rehme, Eickhoff, Fink, & Grefkes, 2015). Therefore, here we examined
how both the undirected and directed functional connectivity of sub-networks within the
previously described network of regions was differentially modulated when right handed
participants responded with their right or left hand. The visuo-motor integration task used
was characterized by varying demands on control, resulting from a simple manipulation of
the periodicity of the demanded motor response (Friedman et al., 2017). In effect, the overall
experimental design employed a factorial combination of response hand (Right/Dominant
vs. Left/Non-Dominant) and task condition (Random vs. Periodic).

Materials and Methods

Participants

Twenty participants (Age Range: 17-22 yrs., Mean = 19 yrs.; 10 females) provided informed
consent for the fMRI study. The study received ethics approval from the institutional review
board at the Wayne State University School of Medicine and participants received monetary
compensation for their participation. Right-handedness in all participants was established
using the structured Neurological Evaluation Scale (Buchanan & Heinrichs, 1989), and all
participants were evaluated for, and ensured to be free of psychiatric and neurological
conditions (First, Gibbon, Spitzer, Williams, & Benjamin, 1997).

Task

The basic visuo-motor integration paradigm has been independently employed in previous
work to study basic motor control mechanisms (Asemi et al., 2015; Diwadkar, Asemi, et al.,
2017; Friedman et al., 2017). The paradigm involves the repeated presentation of a white
visual stimulus (RGB: 255, 255, 255; extent: 34 x 32 mm; subtended visual angle: ~17°;
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Stimulus duration: 100 ms), at the center of a display panel. Participants were instructed to
tap with the forefinger of their responding hand (Dominant: Right or Non-Dominant Left) in
response to its presentation. The inter-stimulus interval (1SI) was varied across conditions.
Thus, to effectively induce (potentially differential) fMRI estimated neuronal responses, the
periodicity of the stimulus was varied by task epoch: During Periodic epochs, the inter-
stimulus interval (1SI) between successively presented stimuli was fixed, whereas during
Random epochs, the ISI was jittered. To maintain a comparable number of elicited responses
across Periodic and Random epochs, the ISIs for the random periods were created by
randomly sampling values from Gaussian distributions (L =1.0sand o =0.5s0oru=2.0
sand o = 1.0 s; the lower bound on ISI was 300 ms). Thus, the I1SI during Random epochs
were adjusted to ensure that the number of elicited responses was equal to the Periodic
counterpart. All finger responses were collected from the receptive surface (extent: 33 * 33
mm) of a fiber-optic response touchpad (Current Design Systems, Inc.) interfaced with the
Presentation software package (Neurobehavioral Systems, Inc.).

Response hand was blocked across scans; participants responded only with the Right or Left
hand during each of the two fMRI acquisitions (order counterbalanced across participants).
Within each of the two scans, four Periodic and four Random epochs (30 s each) were
employed, in addition to interspersed rest epochs (20 s). During the rest condition,
participants were instructed to fixate on a cross hair in the center of the display panel.

fMRI Collection

Gradient echo EPI fMRI data acquisition was conducted at the Vaitkevicius Magnetic
Resonance Centre on a 3T Siemens Verio system using a 12-channel volume head coil (TR:
2.6s, TE: 29ms, FOV: 256x256mm?, acquisition matrix: 64x64, 36 axial slices, voxel
dimensions: 3.75 x 3.75 x 3 mm3). In addition, a 3D T1-weighted anatomical MRI image
was acquired (TR: 2200ms, Tl: 778ms, TE: 3ms, flip-angle=13°, FOV: 256x256mm2, 256
axial slices of thickness = 1.0mm, matrix=256x256). A neuroradiologist reviewed all scans
to rule out clinically significant abnormalities. Each of the two fMRI acquisitions lasted
approximately 6 min and 30 s.

Image Preprocessing

MR images were preprocessed and analyzed using SPM 8 (Statistical Parametric Mapping,
Wellcome Department of Imaging and Neuroscience, London, UK) using established
methods for temporal (slice timing correction) followed by spatial preprocessing. For spatial
pre-processing, the EPI images for each of the scans were manually oriented to the AC-PC
line with the reorientation vector applied across the EPI image set, realigned to a reference
image to correct for head movement, and coregistered to the anatomical high resolution T
image. This high-resolution T4 image was normalized to the MNI template, with the
resultant deformations subsequently applied to the co-registered EPI images for
normalization. Low frequency components were removed using a low-pass filter (128 s) and
images were spatially smoothed using a Gaussian filter (8 mm full-width half maximum;
FWHM). An autoregressive AR (1) model was used to account for serial correlation, and
regressors modeled as boxcar vectors (for each of the task-related conditions: Periodic,
Random and Rest) were convolved with a canonical hemodynamic reference waveform,
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with the six motion parameters included as effects of no interest. For each of the 20 subjects,
two activation maps for each response hand (one for each of the task conditions) was
forwarded for second level analyses. Thus, each subject contributed four sets of activation
profiles.

Second-level (group) activation analyses were performed using a random effects within-
subject’s two-way analysis of variance with the two experimental factors (Response Hand
and Periodicity) as the principal independent variables of interest. The goal of these
preliminary analyses was to harvest seeds, the time series from which would be forwarded
for uFC analyses. From the second level random-effects model, a conjunction analysis using
the minimum inference statistic was performed to identify a common substrate of regions
activated across both response hands (Nichols, Brett, Andersson, Wager, & Poline, 2005).
Significant clusters in regions of interest were identified using 10* Monte Carlo simulations
of the data to identified minimum cluster extents (p<0.05, cluster-level) (Ward, 2000) by
estimating the minimum cluster extent in order for activated clusters to be rejected as false
positive (noise-only) clusters. The Monte Carlo alpha probability simulation computes the
probability of a random field of noise (after accounting for spatial correlations of voxels
based on the image smoothness within each region of interest estimated directly from the
data set). The resultant cluster size reflects a minimum cluster extent, after thresholding the
noise at a given level. Thus, instead of using only the individual voxel probability threshold
in achieving the desired overall significance level, the method uses a combination of both
probability thresholding and minimum cluster size thresholding. The underlying assumption
is that true regions of activation will occur over contiguous voxels whereas noise has much
less of a tendency to form clusters of activated voxels.

The conjunction analyses identified seven nodes of interest for subsequent uFC and dFC
analysis, and the peak locations were labeled using deterministic stereotactic atlases
(Maldjian, Laurienti, Kraft, & Burdette, 2003). The network of nodes is depicted in Figure 1
(see Table 1 for statistical information).

Undirected Functional Connectivity (UFC) Analysis

uFC analysis was performed using previously published methods (Whitfield-Gabrieli &
Nieto-Castanon, 2012), and the seven nodes of interest identified using conjunction analyses
were forwarded for analyses. Across the sample, two analytic sessions were created, one for
each hand. Segmentation of structural (T4) images was performed and the resulting Grey
Matter and Cerebrospinal Fluid (CSF) images were co-registered with the functional (T>»)
scans. The BOLD signals from white matter and CSF masks, and the motion regressors were
set as confounds, using the default orthogonal time series estimated principal component
analysis (PCA). The temporal confounding factors were then regressed from the BOLD time
series at each voxel and the residual time series are band pass filtered (0.01 Hz - 0.1Hz) to
eliminate low frequency drifts. ROI time series were extracted by averaging across all the
voxels within each individual ROI. uFC between two regions was computed using a zero-
lagged bivariate-correlation, estimating the linear association between two BOLD signals.
Two factors, the response hand used during the acquisition (right vs. left), and the task
condition (random vs. periodic) were modeled as the factors of interest. The task related
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effects for each condition were determined at the group level using the beta value, #statistic
(two-sided ttest), and false discovery rate (FDR) corrected p values.

Directed Functional Connectivity (dFC) Analysis

Results

Directed functional connectivity (dFC) was estimated using MultiVariate AutoRegressive
(MVAR) models. The MVAR model is a statistical framework for estimating the strength of
the directional effects between nodal pairs (A, B: A — B, B — A), with the model
coefficient encoding the magnitude of this strength (Asemi et al., 2015; Bressler & Seth,
2011; Diwadkar, Asemi, et al., 2017; Tang, Bressler, Sylvester, Shulman, & Corbetta, 2012).
This strength serves as a metric of the dynamic “causal” relationship between the time series
of nodal pairs, and is equivalent to Granger Causality, a form of directed functional
connectivity (dFC)(Bressler & Seth, 2011; Silverstein et al., 2016). All modeling was
performed using specifically written scripts (/R software suite). Separate MVAR models were
estimated from the fMRI BOLD time series of the ROIs for the Task Condition (Periodic
and Pseudo-random) from each response hand (Right and Left). The MVVAR model order
indicating the number of previous time points in the model used to estimate a current time
point, was one (Tang et al. 2012). Higher model orders were not tested because model order
one was sufficient for meeting the aims of the study, and the interpretation of between-
condition results from higher models would not capture network interactions at time scales
that are proximate to the cognitive neurodynamics (that are observed at shorter time scales,
typically in the millisecond range (K. D. Singh, 2012). A sliding window approach to
MVAR modeling was adapted within each condition: first, task blocks from each condition
were concatenated; then, separate MVVAR models were estimated for each pair of time
points, avoiding block boundaries; finally, the dFC values from each time point pair were
averaged to yield the final dFC value.

For each nodal pair evaluated (21 pairs 7 nodes excluding the on-diagonal elements; two
directions for each pair) eight MVVAR coefficients were estimated for each participant: One
for each Task Condition (Periodic or Pseudo-random), one for each Hand (Right or Left),
and one for each direction of the pair (A — B or B — A). Then, these coefficients were
forwarded to repeated measures analyses of variance performed on each pair. Each ANOVA
had three factors (all modeled as within-subject’s factors): Direction (A — B vs. B — A),
Hand (Right vs. Left) and Condition (Random vs. Periodic). This approach provided a
flexible assessment of the main effects of interest as well as higher order interactions.

We organize the presentation of results as follows: 1) First, we present the results of the
activation analyses, depicting activation conjunctions in our theoretically and experimentally
motivated regions of interest (see Introduction). Using this data, we identified the nodes of
interest forwarded for network analyses using uFC; 2) We then provide evidence of how the
network of interest was modulated under each combination of the factors of response hand
and task condition; 3) Next, we present results directly contrasting the factored conditions;
4) Lastly, we demonstrate the results of dFC analyses, to provide evidence of effects
associated with Direction, Task Condition, Hand and potential interactions between them.
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1. Activation Analysis

Figure 1 depicts identified clusters localized in areas consistent with other studies of finger
movement responses with external sensory stimuli (Witt et al., 2008). Activation peaks in the
left hemisphere, are consistent with previous studies involving simple motor tasks
(Alahmadi et al., 2015; L. N. Singh et al., 1998). The extensive overlaps observed across the
ROIs displayed in the BOLD activation map (Figure 1) highlight the value of deriving more
specific and differentiable network interactions driving these activations (Friston, 2011).

2. Modulation of uFC as a function of Condition

uFC was used to identify pathways, the connectivity of which was significantly modulated
by task, and then to investigate condition related differences in connectivity between co-
activated nodes across the network. As seen in Figure 2, each combination of response hand
and condition resulted in significant (relative to the null hypothesis) modulation of uFC (the
figure shows patterns of increased and decreased uFC). The modulatory effects of task were
largely positive, with only selective pathways characterized by a decrease in uFC. The
significance effects in Figure 2 are presented in the form of binarized symmetric
connectivity matrices in Figure 3. Significant modulation of pathways was most widely
observed when the dominant right hand was used during the Periodic condition, that is,
when a consistent motor set was established (Figure 3, top right).

Eight pathways were commonly modulated regardless of experimental condition (see
Figures 2 and 3), and these effects suggest that these formed a common functional substrate
underlying the task. When collapsed across Response Hand, the Periodic condition
modulated connectivity of the following sub-networks Parietal Thalamus, Thalamus «——>
PMC, PMC «<—> M1, PMC «<—> BG, BG <——> M1, and BG <— Insula.

By comparison, only four pathways were significantly modulated regardless of response
hand during the random condition, all associated with the basal ganglia: BG «<—— M1, BG
<«—> Parietal, PMC «<—— BG, and BG <—— Insula), with the Random condition inducing
anti-correlations for M1 «<——> Thalamus and Insula «<——> Thalamus.

3. Comparison of uFC Based on Condition

Condition-related differences within Respond Hand: Figure 4 depicts Task
condition related differences within each hand. The top panels depict connectivity matrices,
color- coded by the #statistic (see color bar) representing the change in uFC under periodic
(warm colors) or random (cool colors) conditions. The connectomic rings in the bottom
panel, represent the sub-networks wherein significant differences in uFC were observed to
be greater either during periodic (warm colors) or random (cool colors) conditions (see color
bar). As shown, condition specific differences were only observed for the right hand.

Comparison of Periodic and Random task conditions revealed that the Periodic condition
induced greater uFC induced on the M1 <——> Thalamus pathway (8= 0.57, f19) = 3.88),
and the SMA <——> Parietal pathway (8= 0.30, {19 = 2.59).
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Response Hand-related differences within Condition: Figure 5 maintains the
conventions used in Figure 4, but outlines hand-related effects within each condition.

When assessing for significance, hand-related differences were confined to the random
condition wherein responding with the non-dominant left hand resulted in stronger
modulation of pathway connectivity (connectomic ring, bottom left).

These effects were observed for the M1 <——> Thalamus (8= 0.69, {19) = 4.26), the PMC
<> Insula (8= 0.23, {19) = 2.73), SMA < Parietal (8= 0.35, {19) = 2.30) and BG
<> Thalamus (8= 0.32, {19) = 2.16) pathways.

4. Directed Functional Connectivity Analysis

The un-thresholded F- and p-matrices (Figure 6a and 6b) depict statistical effects associated
with the Main Effect of Direction (A — B vs. B — A) for each analyses of variance
conducted on sub-network pairs. Because the colors encode directional effects, these are
asymmetric adjacency matrices. The vertical and horizontal axes are labeled “A” and “B”
respectively: The warm colors indicate greater significance in the A — B direction, the cool
colors indicate greater significance in the B — A direction (see color bar).

As seen, four significant main effects of Direction were observed (clearly indicated in the
relevant cells), with two of these centering on the thalamus as target. MVAR coefficients for
the BG — Thalamus (/7 18=4.98, p<.039, MSe=.199) and SMA — Thalamus (/7 15=6.98,
p<.017, MSe=.201) were significantly greater than the opposite direction. In addition, the
MVAR coefficient from the BG — Insula was significantly greater than the opposite
direction (£ 18=4.96, p<.039, MSe=.198), and the coefficient from the SMA — M1 was
greater than the opposite direction (r1,g=11.34, p<.003, MSe=.093).

Other significant or marginally significant effects were observed. A main effect of Hand
(Right # Left) was observed for the SMA <——> Parietal pathway, (F1 1g=3.608, p<.05 one-
tailed, MSe=.103), with the dFC on this pathway being greater when responding with the
Left than the Right hand (See Figure 7a).

A significant interaction between Hand and Direction was observed on the M1
<——>Thalamus pathway, (F1 1g=11-95, p<.003, MSe=.066). As seen in Figure 7b, M1 —
Thalamus connectivity was greater for Left Hand responses, but Thalamus — M1
connectivity was greater for Right Hand responses. For this pathway, we also observed a
marginally significant interaction between Direction and Condition, (/7 15=3.389, p<.05 one-
tailed, MSe=.087), largely driven by strong dFC for M1 — Thal during the Random
condition (Figure 7c).

On the BG «<—— Thalamus pathway, we observed a significant effect of Condition
(F1,18=7.358, p<.014, MSe=.046), with greater dFC observed during the Periodic, relative to
the Random condition (Figure 7d).

Finally, on the Insula SMA pathway, we observed a marginally significant effect of Hand
(F1,1g=3.721, p<.05 one-tailed, MSe=.055), with greater dFC for the Right hand (Figure 7e).
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Discussion

We used a basic visuo-motor integration paradigm with varying demands, to discover how
task variations and/or response hand modulated the functional connectivity between regions
in core and extended motor networks. The task differentially modulated uFC in an a priori
suite of seven brain regions: pre-motor cortex, BG, insula, parietal lobe, SMA, M1, and
thalamus. Each of the experimental conditions (created by a factorial combination of
response hand and task condition), exerted unique (to the condition) and overlapping (with
other conditions) effects on uFC (Figure 2). Our significant results were these: a) Eight
pathways were consistently modulated across all conditions, with the SMA and the Parietal
cortex figuring prominently: These pathways were SMA «<—— BG, SMA <—— insula, SMA
PMC, thalamus «<——> BG, insula «—— PMC, parietal «—> SMA, parietal insula, and
parietal «<—> PMC. That the uFC of these sub-networks was modulated regardless of
condition, suggests central roles for the SMA and the parietal cortex during the task that
may relate to the initiation of finger movement and interactions between (Nachev, Kennard,
& Husain, 2008; Pool et al., 2017; Tanji, 1994); b) More sub-networks were modulated
when responding with the dominant right hand (Figure 3), suggesting a strong expression of
hand dominance on observed functional patterns (Amunts et al., 1996); c) Significant task-
related differences (Random # Periodic) were confined to responses using the dominant
right hand (Figure 4). This specificity for hand indicates pronounced expression of the
dominant hand during conditions that promoted the use of a motor set and the
synchronization of the movement (Witt et al., 2008). These effects are broadly consistent
with previous independent studies using a similar paradigm (Asemi et al., 2015), and suggest
that the induction of a motor set unfolds inherent representations of the dominant right hand
through increased synchrony between key sub-networks. Moreover, these sub-networks
include regions such as the thalamus and the parietal cortex that are committed to attention
processing (Corbetta et al., 1998; Jagtap & Diwadkar, 2016), and the primary motor cortex
(M1) and SMA wherein hand dominance is strongly expressed (Bernard & Seidler, 2012); d)
In investigating hand-related differences within each task condition, the random condition
induced the greatest modulation (Figure 5), specifically when responding with the non-
dominant left hand. These effects are intriguing for multiple reasons: First, as previously
noted the unpredictability of onsets during the random condition is challenging enough to
preempt the establishment of a motor set during task epochs (Asemi et al., 2015) resulting in
reactive responding. Second, in right handed participants, representations of the non-
dominant left hand are distributed bi-laterally, unlike the contra-lateral mapping of the right
hand to the left hemisphere (Diwadkar, Bellani, et al., 2017) which is relatively dominant for
skilled or high fidelity motor movements (Haaland, Elsinger, Mayer, Durgerian, & Rao,
2004; Haaland, Harrington, & Knight, 2000; Volkmann et al., 1998). Consequently, the uFC
of networks will be more strongly modulated under more stringent or reactive task
conditions when participants respond with the “weaker” effector. Unsurprisingly, uFC on
connections with “higher level” heteromodal centers associated with excitatory and
inhibitory effects, including the PMC and the parietal cortex (Kolodny, Mevorach, & Shalev,
2017; Miller & Cohen, 2001) were more strongly modulated when the non-dominant left
hand was used.
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To compliment the uFC analyses, MVVAR models were employed to observe directional
effects among the regions. These analyses are consistent with principles in Granger
Causality, and provided pair-wise assessment of effects between pairs. The results from
these analyses show that significant effects of direction were observed and each of the
experimental conditions (hand used and periodicity of stimuli) exerted specific effects on
dFC (Figures 6 and 7). Our significant results were as follows: a) during the unimanual
visuo-motor integration task four significant directional effects were observed including BG
— Thalamus, SMA — Thalamus, BG — Insula, and SMA — M1 (Figure 6). These results
suggest a central role of motor network regions exerting directional effects upon the
thalamus consistent with thalamo-motor circuits previously described (Ahissar & Oram,
2013). Furthermore, SMA significantly exerted effects over both thalamus and M1
indicating that SMA has a predominant role in driving the networks related to finger
movement in response to a visual stimulus (Guo, Schmitz, Mur, Ferreira, & Anderson,
2017); b) response hand exerted significant effects on dFC, with the SMA <——Parietal
pathway showing greater dFC for non-dominant left hand responses, but the Insula «——>
SMA pathway showing greater dFC for the dominant right hand (Figures 7a and 7e
respectively). Generally, these effects track those from the uFC analyses, which showed that
when using the non-dominant hand, brain regions such as the parietal cortex that are
involved with attention processing are more active; ¢) When using the non-dominant hand,
the M1 — Thalamus pathway showed great dFC, but in contrast when the dominant hand
was used, the Thalamus — M1 connectivity was greater (Figure 7b). These effects provide
evidence of differences in causal connectivity in the thalamus and primary motor cortex loop
depending on hand used (dominant vs. non-dominant). The results are consistent with the
uFC analyses, which indicated that the thalamus was involved in the development of a motor
set and thus is capable of exerting effects back on M1 when the dominant hand is used,
however the effect is reversed with the non-dominant hand suggesting that a motor-set
starting from the thalamus may not be in place (Gao, Duan, Chen, 2011); d) The BG
«<——>Thalamus pathway had greater dFC during the Periodic condition relative to the
Random condition (Figure 7d). These effects also generally track the uFC results showing
that BG and thalamus circuits are involved in task conditions more amenable to developing a
motor set; e) Finally, for the Random condition M1 — Thalamus dFC was strongest (Figure
7¢). These results are similar to the results of the effects of hand used on dFC. In either
situation, in the variable more likely to develop synchronicity (periodic condition or
dominant hand), the thalamus exerted significant effects on the primary motor cortex.
Whereas the opposite was true with the variables more likely to require higher cortical
processing (random condition or non-dominant hand) where M1 exerted significant greater
dFC on the thalamus. These results suggest that the M1 <——> Thalamus sub-network’s
directional interactions are modified depending on complexity of task.

Task-driven changes are the strongest and most meaningful modulators of fMRI estimated
functional profiles, which are driven by a combination of relatively slowly unfolding
metabolic and vascular effects (Hoge et al., 1999; Logothetis, 2008). In addition to general
task dynamics, fMRI signals are known to reflect representations of sensori-motor
organization; Two classic examples are the retinotopic mapping of the visual fields to the
ipsi- and contra-lateral visual cortex (Tootell, Mendola, Hadjikhani, Liu, & Dale, 1998), and
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the center-surround organization of the visual cortex that can drive positive and negative
BOLD responses (Shmuel, Augath, Oeltermann, & Logothetis, 2006). However, both
activation and connectivity profiles induced within the same study and/or condition may
reflect an admixture of representation-based and task- based processing. It is precisely this
degree of flexibility in how the brain works and responds to/implements function that
renders it challenging to understand structure- function-behavior relationships in the brain
(Park & Friston, 2013). Distributed domain representations in the neural substrate can lead
to unpredictable synchronies between functional networks, and these synchronies do not
necessarily map in predictable ways to cognitive architectures (Price & Friston, 2005).
Furthermore, higher-level cognitive architectures are themselves subjected to a multiplicity
of feed-forward and feed-back interactions between uni-modal and heteromodal cortices
(Mesulam, 1998); these interactions are unfolding at multiple time scales (Bressler &
Tognoli, 2006; K. D. Singh, 2012). In this context, relatively circumscribed visuo-motor
paradigms are well-suited, for tractably understanding task-dependent contextual modulation
of the brain’s functional pathways (Passingham, Stephan, & Kotter, 2002). This latter aspect
motivated our study goals, and the combination of response hand and experimentally
manipulated task conditions allowed us to discover their impact on sub-network uFC
(Figures 2 & 3).

The juxtaposition of Figures 4 and 5 provide a useful illustration of how the uFC of the M1
<> Thalamus and SMA <——> Parietal pathways are differentially modulated under
combinations of effector use and condition. M1 is generally associated with effector
representation, and is consistently activated during the initiation of finger movements (van
den Berg, Swinnen, & Wenderoth, 2011), but its responses are also mediated by the
cognitive characteristics of the task, evidence of a degree of flexibility in its functions in a
range of cognitive paradigms (Tomasino & Gremese, 2016). The thalamus in addition to its
role as an attention relay (Saalmann & Kastner, 2011), helps regulate and coordinate activity
across motor regions (Ahissar & Oram, 2013), suggesting that the M1 <——> thalamus sub-
network is an important motor-attention functional loop. Both the SMA and the parietal
cortex have been implicated in command-related signaling of basic hand movements
(Rathelot, Dum, & Strick, 2017), and their responses (Sale et al., 2017) and inter-regional
interactions are known to underpin motor learning. As Figure 4 and Figure X demonstrates,
the combination of responding with the dominant effector while establishing a motor set
(periodic condition) induces greater uFC and dFC in these sub-networks, implying that the
condition evokes representations of handedness. As Figure 5 and Figure X demonstrates,
responding with the non-dominant effector during reactive response conditions induces
greater undirected and directed functional connectivity, implying a greater representation of
response difficulty when responding with the non-dominant hand.

Three additional pathways, SMA «<—— PMC, BG «<—— thalamus, and PMC «<—— insula
also showed greater representations of reactive responding when responding with the non-
dominant effector (left hand). These effects in part must be presumed to reflect the
complexity of responding with the non-dominant hand during uni-manual motor tasks (Sisti
etal., 2011), and the increased synchrony between sub-networks thus sub serves execution
of task complexity (Friedman et al., 2017). The representation of the basal ganglia, PMC and

Brain Topogr. Author manuscript; available in PMC 2019 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Morris et al.

Page 13

the SMA in this effect is revealing given these region’s roles in executive processing and
motor control. Meta-analytic evidence has highlighted their roles in motor responding during
stop/signal and go/no-go tasks, both paradigms which are characterized by reactive
responding under uncertain stimulus onsets, similar to our study (Guo, Schmitz, Mur,
Ferreira, & Anderson, 2017). Moreover, the synchrony between the SMA and primary
cortex is associated with finger movements that underpin complex rhythmic patterns
(Adhikari, Epstein, & Dhamala, 2017). Finally, meta analyses also implicate the thalamus as
crucial for executive control mechanisms related to motor responding (Ardila, Bernal, &
Rosselli, 2017), and all of these regions in mediating motor responses to conditional stimuli
(Zapparoli, Seghezzi, & Paulesu, 2017).

Our study aims while modest underline the complexity of network dynamics even in the
simplest of tasks and domains (Park & Friston, 2013). The modulation of functional
connectivity in the brain’s sub networks can reflect aspects of hand organization and/or how
task complexity impacts motor function under different effector responses. In addition to
reiterating apparent characteristics of brain function and organization, our results have
implications for studying the pathophysiology of neurological and/or neuropsychiatric
conditions with fMRI and motor paradigms (Abboud et al., 2017). Several of these
conditions are characterized by motor deficits, yet have not been systematically studied
using tractably administered tasks. Our effects suggest that it may be plausible to target
motor network deficits in the brain using a combination of focused experimentation and
connectivity analyses. Emerging studies using network analytic methods are beginning to
document these effects even in disorders such as obsessive compulsive disorder (Friedman et
al., 2017) hitherto not associated with motor dysfunction. Our ongoing work is focused both
on using these methods to study aspects of motor organization and demand and evaluate
brain network dysfunction in neuropsychiatric conditions.
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Figure 1.
The left panel depicts the results of a conjunction analysis (Left Hand ~ Right Hand)

derived from second level random effects model (see Methods). Significant clusters (p<0.05,
cluster level) under this analysis depict regions co-activated regardless of the hand used in
responding. Results are overlaid on a mosaic of sagittal slices with peaks in the BG, PMC,
Insula, M1, SMA, parietal, and thalamus labelled. These peaks were forwarded for uFC
analyses, and the figure on the right reveals the reduced matrix of regions (see also Figures
3-5). Subsequent figures/analyses are focused on quantifying changes in the uFC of sub-
networks in this matrix.
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The framework of the overall experimental design and analyses are depicted with each of the
two factors, Response Hand (Left vs. Right) and Visuo-Motor Condition (Periodic vs.
Random) shown horizontally and vertically respectively (for a total of four conditions).
Under this framework and in each of the connectomic rings, we denote edges representing
sub-networks the uFC between which was significantly modulated under each condition
(warm colors represent increased uFC, cool colors represent decreased uFC).
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Left Hand w v Right Hand

Response Hand

The connectomic rings from Figure 2 are re-represented in (Symmetric) adjacency matrices.
As depicted here, each condition induces specific patterns of uFC (filled positive or negative
matric locations). with the combination of dominant (right) hand and periodic condition
inducing the highest degree of uFC modulation, and the combination of non-dominant (left)
hand and periodic condition inducing the lowest degree of uFC.

Brain Topogr. Author manuscript; available in PMC 2019 November 01.

A
ol « 3
023533 023 53F
Mmoo =0 wmi- Mmoo E£E=2a v
BG
PMC
. Insula . Insuia
M1
Parietal Parietal
SMA
Thal Thal
© S © S
083553 288553
Mmoot =o0wmi- Mo £ =0 w-
BG BG
PMC
Insula !nsula
M1
Parietal Parletal
L SMA N
Thal Thal
Negative uFC . Positive uFC
Figure 3.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Morris et al. Page 21

Left Hand w W Right Hand

3 s 3
= < o 3 ) - w
o ] < ] o = 2 = T = ‘5
L) - m o — = o (7]
@ = 2 S sz =
BG BG A -
4 =
PMC PMC 2
12]
Insula Insula
M1 ]
Parietal Parietal |
SMA SMA 2
2
Thal Thal g
No significant
differences
o
Sty
N sc *
S
oo™
C *
" %
g )
L]
e o Random Periodic
.
iy
' F =
Pror<.05
Figure 4.

The figure depicts how visuo-motor condition (Periodic vs. Random) induces differences in
uFC under responding with the dominant Right hand or Left hand. The adjacency matrices
depicted unthresholded #maps. A positive t-statistic indicates greater uFC during the
Periodic condition (warm colors) and a negative t-statistic indicates greater uFC during the
Random condition (cool colors). Below these “heat” matrices, we present statistically
thresholded differences, depicted as edges in the connectomic rings. As seen, only when
responding with the dominant Right Hand do we observe differences in induced uFC
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between the two conditions (Periodic > Random), observed on the M1<——> thalamus and
Parietal «—— SMA sub-networks.
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Figureb.
The figure depicts how Response Hand (Right vs. Left) induces differences in uFC under

each of the Periodic or Random visuo-motor conditions. The adjacency matrices depicted
unthresholded t-maps. A positive £statistic indicates greater uFC when responding with the
Right Hand (warm colors) and a negative #statistic indicates greater uFC when responding
with the Left Hand (cool colors). Below these “heat” matrices, we present statistically
thresholded differences, depicted as edges in the connectomic rings. As seen, significant

Random

Insula

M1

Parietal

SMA

Thal

BG

PMC

M1
Parietal

SMA

Thal

Qo
m

PMC

Periodic

NG

Insula
M1
Parietal

No significant
differences

Brain Topogr. Author manuscript; available in PMC 2019 November 01.

SMA

Thal

W_‘!

—

Page 23

T-Statistic

Pror<.05

puey y

puey



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Morris et al.

Page 24

differences are only observed under the Random condition, wherein responding with the
Left Hand induces greater uFC in multiple sub-networks (see text).
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(a) F statistic adjacency matrix (Main effects of Direction).
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Figure6.
The figure depicts un-thresholded F- (6a) and p-matrices (6b) depicting statistical effects

associated with the Main Effect of Direction (A — B vs. B — A) for each analyses of
variance conducted on sub-network pairs. The colors encode directional effects, resulting in
asymmetric adjacency matrices. The vertical and horizontal axes are labeled “A” and “B”
respectively: The warm colors indicate greater significance in the A — B direction, the cool
colors indicate greater significance in the B — A direction (see color bar). Four significant
main effects of Direction were observed (clearly indicated in the relevant cells): BG —
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Thalamus, SMA — Thalamus, BG — Insula and SMA — M1 (see Results for detailed
statistical information.
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(b) Significant Hand x Direction Interaction
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The Figure depicts ancillary effects from the dFC analyses to show: a) greater dFC during
Left hand, than Right hand responses on the SMA <——> Parietal pathway, b) a significant
Hand x Direction interaction on the M1 «<——> Thalamus pathway, c) A significant Condition
x Direction interaction on the M1 <——> Thalamus pathway, d) greater dFC during Periodic
compared to Random conditions on the BG «<—— Thalamus pathway, and e) marginally
greater dFC during Right hand, than Left hand responses on the Insula «<—— SMA pathway.
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In all graphs, we plot the estimated MVAR coefficient (see Methods), and error bars are +
sem.
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The table provides statistical and spatial information for cluster extents (p<.05) and significance peaks (Figure

1) forwarded for uFC analyses (Figures 2-5).

MNI Coordinates Cluster Peak-level T-
ROI Extent statistic
X Y Z  Threshold (k)

BG -24 -1 9 191 451
PMC -51 0 36 45 4.39
Insula -46 2 3 175 3.76
M1 -46 -6 48 27 417
Parietal -60 -16 21 229 4.46
SMA -2 3 52 331 591
Thalamus -15 -10 13 87 2.59
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