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Abstract

In the evolving modern era of neuromodulation for movement disorders in adults and children,
much progress has been made recently characterizing the human motor network (MN) with
potentially important treatment implications. Herein is a focused review of relevant resting state
fMRI functional and effective connectivity of the human motor network across the lifespan in
health and disease. The goal is to examine how the transition from static functional to dynamic
effective connectivity may be especially informative of network-targeted movement disorder

therapies, with hopeful implications for children.

Impact Statement

While functional connectivity has elucidated much MN properties with relation to age, disease,
and behavior, effective connectivity has been shown to be useful in MN-informed therapies in
adults. Thus, effective connectivity may have potential to impact childhood movement disorder

therapies, given the lower to no patient demand.
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Functional Connectivity

Healthy adults

Studies of motor network (MN) resting state fMRI (rs-fMRI) functional connectivity (FC)
build upon those from structural connectivity (SC) in healthy adults and together show that flexible
motor behavior is generated and tightly regulated by sophisticated physiological networks residing
in the cortex and subcortical structures through a series of parallel loops, known as the direct,
indirect, and hyperdirect pathways.~ Although these network loops are configured in parallel, as
evidenced by neuron tracing studies in primates and non-primate animal models and corroborated
in diffusion tensor imaging (DTI) tractography in healthy adults, they are not independent.*-10
Such parallel yet interdependent networks yield means to compensate for local network
pathology. Evidence for the compensation-yielding loops is shown through isolated lesions of
pallidum and striatum in adults, which are not always associated with severe motor
dysfunction.'®!! Thus, the static measures of SC and FC have provided additional insight and

support of prior modalities’ findings of MN configuration and function.
Age dependency

FC has revealed age-dependent basal ganglia (BG) and related motor phenotype
differences. BG FC primarily increases from age seven to middle adulthood and then decreases
in the healthy aging elderly.??-*4 However, in one study in the healthy elderly no relationship
between BG FC and motor skill was detected.** Changes in FC from early to mid-adulthood are
more varied between the BG and cortical regions than between subcortical motor regions,
indicating the subcortical and cortical motor structures have different age-dependent connectivity
trajectories in adulthood.? Thus, static FC across development does have age-related changes
that correlate with motor behavior, though may have no significant behavioral relationship in the

age group of older healthy adults.
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Behavior

In the healthy, MN FC is associated with motor skill and training. A recent study of trained
young adult dancers showed that, compared to non-dancers, dancers had higher FC in bilateral
sensorimotor cortex, bilateral putamen, and right superior occipital gyrus.'®* They also had
increased FC between the putamen and middle cingulate cortex (MCC), and enhanced integration
of cortico-basal ganglia loops via the MCC. Additionally, FC in the sensorimotor cortex was
positively correlated with the average time spent training in a week. This suggests that FC in these
regions is related to the amount of time spent using motor programs and regions, which is relevant
for clinical conditions that may affect those regions. A study investigating FC in musicians with
and without musician’s dystonia found that, FC within in the right putamen was increased overall
in musicians with musician’s dystonia compared to musicians without musician’s dystonia
(hyperconnectivity), and that this difference was greatest in the right anterior putamen. However,
increased FC within the anterior right putamen was correlated with piano skill playing level in
healthy controls (HC), but not those with musician’s dystonia.'® Thus, static MN FC is associated
with and is modulated by MN-utilization behaviors, and this appears to be distinguishable from

disease-related FC.

Disease

MN FC demonstrates disease differentiating and severity attributes. Parkinson’s disease
showed decreased BG FC (hypoconnectivity), compared to HC and Alzheimer’s disease. Thus,
Alzheimer's and Parkinson’s disease are differentiable by FC.!” Parkinson’s Disease shows
reduced FC between striatum and the thalamus, midbrain, pons, and cerebellum have also been
noted in PD compared to HC, whereas Alzheimer's disease has less specifically localized
neurodegenerative FC effect.!”'® Parkinson’s disease FC has shown additional broader range

reduced connectivity in the supplementary motor area (SMA), left dorsolateral prefrontal cortex
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(DLPFC), and left putamen, and increased FC in the left primary motor cortex (M1), parietal
cortex, and cerebellum compared to HC.'® In Parkinson’s disease midbrain-cortical FC is
associated with freezing gait.?° Neonatal prematurity showed association between thalamus-
motor and BG-motor network connectivity and behavioral motor outcome scores in a systemic
review.?! Neonatal diaschisis resulting in later outcomes of severe childhood motor impairments
are associated with MN FC.?2 Thus, static MN FC in neonatal, pediatric, and adult pathology is
associated with motor impairments and adult MN pathologies of Parkinson’s and Alzheimer’s

disease show FC-disease differentiating attributes and widespread network effects.

Static FC has also demonstrated differences between patients with focal dystonia and HC
and that these differences can be specific to the type of focal dystonia. Right-handed patients with
writers’ cramp show FC decreases in the left primary somatosensory area as well as between the
left superior parietal lobule and left dorsal premotor hand area and FC increases in left putamen
Mohammadi et al. (2012).224 In contrast, patients with spasmodic dysphonia have been shown
to have a mixture of increased and decreased FC between deep grey, cerebellar, and cortical
regions thought to subserve language and articulation compared to controls and FC between left
thalamus and left caudate was correlated with disease severity.?® In cervical dystonia, patients
were shown to have decreased FC between the primary and secondary sensory cortices
compared to controls, but increased FC within the BG, between the BG and thalamus, and
between the somatosensory and motor cortices.?® In contrast, patients with blepharospasm
showed only widespread reduced FC, both regional (between neighboring cortical or cerebellar
regions, but not within deep grey structures) and long-range.?’” Thus, FC abnormalities in focal

dystonia appear to show some differentiation between focal dystonia type.

There is also evidence that abnormal regional FC contributes to disruption of global FC .8
However, another study determined that while patients with focal dystonia had decreased

functional connectivity regionally (within the striatum and between lateral primary sensorimotor
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cortex and the ventral intraparietal area), whole-brain global FC measures did not distinguish
dystonia from HC after motion correction using global signal regression.?® In summary, focal
dystonia in adults also show FC differences compared to controls, these differences appear to be
primarily hyper connective within deep gray structures and often, but not always, hypoconnective

in the cerebral cortex.

There have been several recent advances in knowledge about the potential utility of FC in
predicting the effectiveness of deep brain stimulation (DBS) in Parkinson’s disease, in particular,
including the development of specialized toolboxes that provide pipelines for processing an
integrating neuroimaging data for DBS.3%3! Using a combination of normative healthy adult data
and data from adults with Parkinson’s disease, Horn et al. (2017) demonstrated that preoperative
anti-correlated FC between the subthalamic nucleus (DBS lead target) and primary motor cortex
is predictive of clinical improvement after STN-DBS implantation.3? Preoperative FC between STN
and the ipsilateral globus pallidus internus (GPi) has also been shown to be positively correlated
with clinical improvement after STN-DBS in Parkinson’s disease.® In contrast, there is far less
known about preoperative FC and DBS outcomes in patients with idiopathic generalized dystonia,
however a recent study positively correlated preoperative FC between lead site (GPi) and primary
sensorimotor cortex, motor thalamus, and cerebellum. 3* It should be noted that several of these
connectivity studies also utilize structural connectivity (T2 diffusion imaging) although FC often

independently predicts DBS outcomes.3234

Finally, studies have also shown changes in FC to be associated with treatment for
movement disorders. While this proves challenging for DBS (a pre-post FC design is technically
difficult due to the challenges of MRI after DBS including both safety and susceptibility artifact
introduced from DBS lead sites), there have been some observational studies investigating FC

changes after treatment with botulinum toxin in focal (cervical) dystonia and
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blepharospasm.26-27.35-37 Taken together, these studies demonstrate that brain network changes

associated with clinical treatment in movement disorders can be respectively measured with FC.

Advancements through Effective Connectivity

Static FC demonstrates the potential of rs-fMRI signal to capture MN relevant
characterizations. Although FC has revealed MN location and connectivity changes with age and
disease, a different rs-fMRI connectivity approach, EC, may be uniquely informative for clinically
relevant dynamic MN-informed characterizations. Importantly, EC allows the user to not only infer
functional connectivity between two regions, but direction of influence. This may prove beneficial
for understanding not only why regions appear hyper or hypoconnected but also the mechanistic

changes of treatments.

An important aside on EC methods: active task-based EC (active-EC) requires patient
cooperation, whereas passive task-based EC (passive-EC) and purely resting state EC (rs-EC)
have little to no patient cooperation demand, respectively, which has age-capacity success

implications.
Healthy adults

Supportively, healthy adults’ active-EC is predictive of immediate future motor
performance and downstream signaling network paradigms. For example, during adult response
inhibition active-EC increases from the globus pallidus internus to the thalamus, predicting both
increased response inhibition and downstream active-EC from pre-SMA to right caudate.® Such
immediate-behavioral-and-MN prediction capacity could hypothetically inform adjustments deep
brain stimulator (DBS) neuromodulation settings in disease. Also, this dynamic active-EC
signaling paradigm is consistent with the indirect and hyperdirect model of BG signaling
inhibition.® These active-EC measures also correlated with the Unified Parkinson’s Disease

Rating Scale motor score and the finding that use of levodopa normalizes atypical FC patterns.3®
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Taken together, this suggests that active-EC measures have pathophysiologic meaning and could
hypothetically accelerate DBS motor related improvements via informed stimulation parameter

adjustments.
Disease

Additionally, altered active-EC and passive-EC in adult BG circuitry has been observed in
movement disorders including PD (passive-EC, and active-EC), and dystonia (active-EC). 394
For example, adults with writer's cramp dystonia compared to HC showed a mixture of abnormal
excitatory and inhibitory active-EC within connections between motor cortex and the cerebellum,
as well as BG during a finger tapping task with the non-dominant hand.*® Thus, active-EC was
able to localize the atypical connections during task. Additionally, in adults with spasmodic
dysphonia, both top-down (parieto-putaminal) and interhemispheric (right-to-left pre-motor) rs-EC
is hyperexcitable and patients with and without tremor can be further differentiated by the fact that
patients with tremor additionally show less self-inhibition for the left parietal cortex, left putamen,
and right premotor cortex.* Thus rs-EC was able to localize atypical directional connectivity in

focal dystonia as well as differentiate sub-groups of similar patient groups.

Importantly, passive-EC and rs-EC have demonstrated potential for localizing and

characterizing pathological dynamic network signal on an individual basis to quide effective

surgical therapies in adults, such as the positioning of modulatory intracerebral leads or ablations.

4045 Suych proof of concept is exemplified in PD, where passive-EC by dynamic causal modeling
(DCM) has been used to model the effects of subthalamic nucleus (STN)-DBS on BG circuitry,
and changes of directional modulation induced with ‘on’ STN-DBS are associated with clinical

efficacy of DBS.*°

One advantage of passive and rs-EC paradigms for investigating the effects of DBS is that

directional computational modelling techniques, such as dynamic causal modelling (DCM), can
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model ‘hidden’ nodes in a network. This is beneficial because, post DBS implant, an MRI
susceptibility artifact will occur at lead locations, thus making it not possible to measure the BOLD
response at lead location. However, as techniques such as DCM are able to model lead-inferred
location activity (LILA) within a network of regions by placing a ‘hidden’ node at the lead location,
in can use rs-fMRI to infer the effect of DBS on brain-network dynamics. %4647 rs-EC in essential
tremor, pre and post-thalamotomy, also predicts post-operative dynamic MN changes and clinical
motor-symptom scores.* This suggests that rs-EC characterizes casual network dynamics with
high enough integrity to guide surgical strategy and is associated with clinical outcomes in adults
with essential tremor. Specifically, rs-EC allows for the identification of regions that are
functionally connected, as well as the direction and nature of those connections. Certain
techniques also allow for LILA, opening possibilities for inferring neural activity at lead sites and
identifying causal network dynamic changes (not restricted to lead sites) as a function of DBS. As
such, rs-EC may lead to higher specificity and precision in identifying underlying network

neuropathology.

Conclusion

Functional connectivity builds upon the work established by structural modalities in
characterizing MN configuration, is associated with lifespan MN related changes, has pathology-
localizing potential, has potential to localize FC related changes after medical treatments including
medications and botulinum injection, and relates to motor behavior in health and disease across
neonatal to adult age groups. However, effective connectivity may prove to be particularly useful
in brain-invasive (DBS) MN-informed therapies due to its potential to demonstrate lead-inferred
location activity, especially as DBS systems have begun to be compatible with 3T MRI. Passive-
EC and rs-EC potential may hold promise in childhood movement disorder therapies, given the

lower to no patient demand during a resting state fMRI scan.
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