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Thesis Abstract
Parkinson’s disease (PD) is a chronic, progressive, and disabling neurological condition
characterised by motor- and non-motor symptoms. A debilitating motor symptom of PD is
resting tremor, which is the involuntary shaking of one or multiple body parts that
substantially affects activities of daily living and functional independence. As PD resting
tremor is not associated with the typical progressive degeneration of dopaminergic neurons in
the basal ganglia, other brain regions likely play a role in tremor production. The overarching
aim of this thesis was to use dual-site transcranial magnetic stimulation (TMS) to examine
connectivity between brain regions thought to be implicated in PD tremor, including between
the cerebellum and the primary motor cortex (M1) and between the supplementary motor
area (SMA) and M1. The first aim was to establish test re-test reliability of dual-site TMS
measures of cerebellum-M1 and SMA-M1 connectivity (Chapters 2-3). In younger adults,
moderate reliability was found for cerebellum-M1 and SMA-M1 connectivity; for older
adults, moderate reliability was found for SMA-M1 connectivity, and poor reliability was
found for cerebellum-M1 connectivity. The second aim was to determine whether
cerebellum-M1 and SMA-M1 connectivity plays a role in motor control in older adults
(Chapters 2 and 4). Cerebellum-M1 and SMA-M1 connectivity were greater in younger than
older adults, and weak connectivity was associated with poor motor control in older adults.
The third aim was to determine whether SMA-M1 connectivity was associated with resting
tremor severity in PD (Chapter 5). SMA-M1 connectivity was stronger ON than OFF
levodopa medication, and weak connectivity was associated with greater tremor severity.
Together, SMA-M1 connectivity was affected by age and PD and plays a role in declining
motor control. These results provide a neurophysiological basis for developing interventions
to improve motor control in aging and PD.
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Chapter 1. Introduction

1.1. General overview
Parkinson’s disease (PD) is one of the most common neurodegenerative disorders affecting
approximately 80,000 people in Australia and 10 million people worldwide (De Lau &
Breteler, 2006; World Health Organisation, 2006). The prevalence of PD increases with
advancing age both in men and women but is twice as common in men than in women
(Baldereschi et al., 2000; Mehta et al., 2007; Sveinbjornsdottir, 2016; Van Den Eeden et al.,
2003). PD is characterised by a decline in mental health and cognition and increased motor
symptoms (Goetz et al., 2008; Rektorova, 2019). Tremor, which involves the involuntary and
rhythmic movements of one or more body parts, is the most common presenting motor
symptom in PD (Chen et al., 2017; Jankovic, 2008). The pathological hallmark of PD is a
progressive degeneration of dopaminergic neurons in the basal ganglia, resulting in
dysfunction in subcortical and cortical areas of the brain important for motor control
(Jankovic, 2008; Lang & Lozano, 1998). Dopamine transporter imaging studies indicate that
PD tremor is not associated with dopamine loss in the basal ganglia (Pirker, 2003;
Vingerhoets et al., 1997), suggesting that dopamine depletion cannot fully explain PD tremor.
Instead, functional changes in cortical regions targeted by the basal ganglia might underpin
PD tremor.

This thesis aimed to understand the pathophysiological mechanisms underpinning PD tremor
using non-invasive brain stimulation. This Chapter will, first, comprehensively characterise
PD. Second, outline neural substrates implicated in PD. Third, outline non-invasive brain
stimulation research examining neural substrates implicated in PD tremor.

Chapter 1. Introduction
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1.2. Parkinson’s disease
PD is a chronic, progressive, and disabling neurological condition characterised by motorand non-motor symptoms (Goetz et al., 2008; Rektorova, 2019). Motor symptoms include
slowness of movement, muscle rigidity, gait disturbance, and tremor (Jankovic, 2008;
Sveinbjornsdottir, 2016). Non-motor symptoms can consist of neuropsychiatric, autonomic,
sensory, and sleep disturbances (Bianchi et al., 2019; Meissner et al., 2011; Park & Stacy,
2009). In people with PD, these motor- and non-motor symptoms impact the quality of life
and activities of daily living, which can result in the need for residential aged care placement
and/or hospital services to help manage these symptoms (Deloitte Access Economic, 2014).
In 2014, the total Australian health system costs associated with PD assistance were
estimated to be $567.7 million, increasing $223.8 million since 2005 (Deloitte Access
Economics, 2014). PD is a clinically heterogenous condition, ranging in severity, disease
course, and symptom profile, making it challenging to identify a cure. Without a cure for PD,
treatments are focused on symptom management to help individuals with PD to live
comfortably with the disease for a longer time.

Primary PD motor symptoms
To be clinically diagnosed with PD, an individual must present with bradykinesia and either
resting tremor, rigidity, or both (Postuma et al., 2015). In most cases, motor symptoms start
unilaterally and are mild in severity (Sveinbjornsdottir, 2016). After a few years, motor
symptoms progress in severity and typically present bilaterally (Sveinbjornsdottir, 2016).
Bradykinesia refers to the slowness of initiation of voluntary movement, which involves
difficulties with planning, initiating, and executing movement (Berardelli et al., 2001;
Jankovic, 2008). Bradykinesia can be observed during tasks that involve repetitive
movements, such as finger tapping or hand rotation from pronation to supination (van Hilten
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et al., 1998). In addition, bradykinesia can be observed during walking; short, shuffling steps
occur (Zampier et al., 2018). Muscle rigidity reflects an increase in muscle tone, causing
resistance or a feeling of stiffness, which may occur proximally (e.g., neck, shoulders) and/or
distally (e.g., wrists, ankles; Gazewood et al., 2013). PD rigidity causes an increase in
resistance during a passive movement of the affected limb, which contributes to a decline in a
range of motion (Xia et al., 2011). Postural instability is characterised by poor postural
control and difficulties restoring a state of balance during movements and standing (Peterson
& Horak, 2016). In most instances, postural sway occurs when turning from side-to-side,
making quick movements, or when pivoting (Morris et al., 2000). Of the four primary motor
symptoms, tremor is the most common presenting motor symptom occurring in ~70% of
people with PD (Alves et al., 2008; Chen et al., 2017). Tremor is characterised by involuntary
movements of a part of the body during rest or during movements (Chen et al., 2017; Deuschl
et al., 1998), which can involve one or more limbs, but is often more pronounced unilaterally
than bilaterally, and in the upper- than lower-limbs (Chen et al., 2017; Jankovic, 2008).
Tremor can also involve the tongue, lip, or chin but rarely involves the head (Chen et al.,
2017).

Primary PD treatment
Treatments for managing PD motor symptoms target the progressive decline of dopaminergic
levels in the basal ganglia using surgical intervention, cell therapy, or pharmacological
therapy. The surgical intervention is a highly invasive procedure that uses deep brain
stimulation, involving surgically implanting electrodes to send high-frequency electrical
signals (~150-180 Hz) to areas of the basal ganglia, such as the subthalamic nucleus or the
internal globus pallidus (Chakraborty et al., 2020). The implanted electrodes are connected
by a tunnelled wire to a small pulse-generating device called a neurostimulator placed under
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the skin of the upper chest (Fang & Tolleson, 2017). The basic principle of deep brain
stimulation is to restore the natural frequencies of neurons, giving back their asynchronous
functioning (Martinez-Ramirez et al., 2015). The surgical neural targets depend on the
individual’s demographic (e.g., age, disease duration) and clinical characteristics (e.g.,
comorbidities, dopamine medication responsiveness) and the impact caused by the presenting
motor symptoms (Munhoz et al., 2016). From this, one of three surgical targets is selected:
(1) subthalamic nucleus; (2) globus pallidus, or (3) ventral intermediate nucleus of the
thalamus (Munhoz et al., 2016). Deep brain stimulation has been shown to be effective in
reducing primary motor symptoms, such as bradykinesia, in people with advanced stages of
PD (Schuepbach et al., 2013). However, deep brain stimulation can come with complications,
including cognitive impairment, sleep difficulties, motor instability, and mood disturbances
(Funkiewiez et al., 2004; McIntyre & Anderson, 2016; Pouratian et al., 2012). In addition, the
surgical procedure may cause brain haemorrhage and/or infection (Pouratian et al., 2012). In
Australia, the cost of deep brain stimulation implantation is high, ranging between $7,000 $30,000 out-of-pocket expenses (Deloitte Access Economics, 2014). Due to these factors,
deep brain stimulation is not viable for most people with PD.

Cell replacement therapy is a procedure that transplants modified cells to help restore
dopaminergic transmission in the nigrostriatal pathway of the basal ganglia (Wijeyekoon &
Barker, 2009). For example, astrocytes, a type of cell that supports other brain cells, are not
affected in PD and can be modified into dopamine-producing cells inside the brain (Gaillard
& Jaber, 2011; Kirkeby et al., 2012). Cells are derived from fetal sources, embryonic origins,
or reprogrammed from adult cell types, such as induced pluripotent stem cells, which
undergo self-renewal to produce new cells with the same properties (Fu et al., 2015; Stoker,
2018). A risk of cell replacement therapy is the development of dyskinesia, which increases
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involuntary, purposeless movements both during rest and voluntary movements (Ahlskog &
Muenter, 2001; Olanow et al., 2001). Cell replacement therapy has been shown to improve
PD rigidity and bradykinesia, but not tremor (Freed et al., 2001).

The gold-standard treatment for managing PD motor symptoms is pharmacological therapy
involving dopaminergic replacement therapy (Hurtado et al., 2016; Jankovic & Tan, 2020;
Mercuri & Bernardi, 2005). The most common dopaminergic replacement therapy is an oral
medication known as levodopa (precursor to dopamine; L-Dihydroxyphenylalanine), which
increases dopamine concentrations in the basal ganglia circuitry (Chakraborty et al., 2020).
Although dopaminergic replacement therapy can be effective for symptomatic relief,
prolonged treatment increases the risk of developing adverse side effects (Pahwa & Lyons,
2009; Poewe et al., 2000). One side effect is the wearing-off effect, which involves symptom
severity fluctuations that typically occur before a scheduled dose of dopaminergic medication
(Pahwa & Lyons, 2009). Additionally, prolonged treatment increases an individual's
susceptibility to developing dyskinesia and/or psychosocial impairment, such as
hallucinations and confusion (Herz et al., 2015). The likelihood of developing levodopainduced dyskinesia is ~40% within 4-6 years of levodopa therapy, and its incidence increases
to ~90% when levodopa is taken for more than 10 years (Ahlskog & Muenter, 2001; Fabbrini
et al., 2007). Other types of dopaminergic replacement therapies are used to help manage
some of these fluctuations, including carbidopa, dopamine agonists, monoamine oxidase B
inhibitors and catechol-O-methyltransferase inhibitors (Jankovic & Tan, 2020;
Sveinbjornsdottir, 2016). Dopaminergic replacement therapy is an effective treatment for
symptomatic relief of bradykinesia and rigidity (Lewis et al., 2011; Marjama-Lyons &
Koller, 2000). However, the response to dopaminergic medication varies greatly within and
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between individuals with tremor as their primary motor symptom, with some individuals
showing dopamine-resistant tremor (Fishman, 2008; Pogarell et al., 2002).

PD tremor
Given that tremor is the most common presenting symptom among the four primary motor
symptoms of PD and that tremor responsiveness to dopaminergic treatment is variable, there
is a critical need to understand the pathophysiology of PD tremor to develop alternative
therapies for PD tremor. Clinically, tremors are classified as resting tremor, postural tremor,
or action tremor.

Resting tremor involves involuntary movement when the affected limb(s) is completely
supported against gravity, such as when the hands are resting on the lap (Deuschl et al., 1998;
Jankovic, 2008). The frequency of resting tremor ranges between 4-6 Hz, but the upperfrequency limit is not well-defined, and frequencies can increase up to 9 Hz (Deuschl et al.,
1998; Deuschl et al., 2000). Postural tremor involves involuntary movement while voluntarily
maintaining a position against gravity, such as extending the arm out in front of the body
(Deuschl et al., 1998; Duval, 2006; Helmich et al., 2012). The frequency of postural tremor
ranges between 4-12 Hz (Deuschl et al., 1998; Milanov, 2001; Timmermann et al., 2003;
Wenzelburger et al., 2000). Postural tremor is sometimes considered as an extension of
resting tremor, but only when tremor develops during rest and re-emerges after a short period
of maintaining a position against gravity (i.e., when maintaining a position against gravity, no
tremor is present at the beginning of this action but present after a short period of time
maintaining this action; Jankovic, Schwartz, & Ondo, 1999). Although the frequency of this
tremor type, namely re-emergent tremor, is similar to resting tremor (range: 4-7 Hz), growing
evidence suggests that it is a separate subgroup to resting tremor as re-emergent tremor is less
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responsive to dopaminergic medication compared to resting tremor (Dirkx et al., 2018;
Jankovic et al., 1999; Mailankody et al., 2016). Action tremor involves involuntary
movement during a state of activation of the affected limb(s) and can be sub-categorised as
kinetic tremor, intention tremor, task-specific tremor, and isometric tremor (Deuschl et al.,
1998; Deuschl et al., 2000). These sub-categories of action tremor may present together or
separate from one another (Deuschl et al., 1998; Deuschl et al., 2000). The frequency of
action tremor ranges between 4-9 Hz, but, like resting tremor, the upper-frequency limit is
not well-defined, and frequencies can increase up to 12 Hz (Deuschl et al., 1998;
Timmermann et al., 2003; Wenzelburger et al., 2000). Kinetic tremor involves involuntary
movement during slow voluntary movements of a body part, such as performing a slow
flexion/extension movement of the elbow (Deuschl et al., 2000). Intention tremor involves
involuntary movement when approaching a targeted object with the affected limb, such as
performing an action requiring an individual to touch their nose with their index finger
followed by touching a target in front of them (Deuschl et al., 1998). Task-specific tremor
involves involuntary movement while performing specific tasks, such as writing or playing a
musical instrument (Deuschl et al., 1998; Jitkritsadakul et al., 2016). Isometric tremor
involves involuntary movement during a muscle contraction against a rigid stationary object,
such as pushing the index finger against a stabilised object (Deuschl et al., 1998;
Jitkritsadakul et al., 2016).

Measuring PD tremor
A subjective measure of tremor.
The Movement Disorder Society Unified Parkinson’s Disease Rating Scale (MDS-UPDRS)
part III is the gold-standard clinical rating scale to evaluate the severity of PD tremor (Goetz
et al., 2008). The MDS-UPDRS consists of a 5-point scale to assess the severity of resting,
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postural, and kinetic tremor (0: no tremor; 1: slight tremor; 2: mild tremor; 3: moderate
tremor; 4: severe tremor). In addition, a 5-point scale is used to assess the constancy of
resting tremor during the period of administering the MDS-UPDRS (0: no tremor; 1: tremor
present <25%; 2: mild tremor present 26-50%; 3: moderate tremor present 51-75%; 4: severe
tremor present >75%).

Objective measures of tremor.
Electromyography (EMG). EMG provides information about the electrical activity of muscles
involved in the generation of tremors of the affected limb(s) (Hess & Pullman, 2012).
EMG activity can be recorded using wired electrodes, needles, or surface electrodes (Pullman
et al., 2000). Surface electrodes can be placed in a belly-tendon montage on the targeted
muscles: one electrode is placed over the belly of the muscle and the second electrode is
placed over a tendon 2-4 cm from the targeted muscle (Zipp, 1982). Surface electrodes are
used in pairs to cover both agonist and antagonist muscles involved in the tremor (Vial et al.,
2019). For example, if the affected limb is the arm, surface electrodes would be placed on the
extensor and flexor muscles of the forearm.

Accelerometer. Accelerometry can provide information about movements in a limb during
rest and while performing a task (Elble & McNames, 2016; Grimaldi & Manto, 2010; Hess &
Pullman, 2012). A tri-axial accelerometer is commonly used to characterise tremor
acceleration changes in three dimensions (x, y, and z planes; Grimaldi & Manto, 2010; Luft
et al., 2019; Vial et al., 2019). Tri-axial accelerometers are placed distally on the most
affected limb(s) (secured with tape or a band), with the recording axis aligned to the
dominant tremor axis, which is typically the vertical plane (Luft et al., 2019; Vial et al.,
2019).
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The main parameters that characterise tremor include frequency and amplitude, which are
extracted from EMG and acceleration signals using time-domain and/or frequency-domain
analyses (Dai et al., 2015; Deuschl et al., 1995; Elble & McNames, 2016; Hellwig et al.,
2009; Timmer et al., 1993). For frequency, the tremor signal is transformed from the timedomain to the frequency-domain using a mathematical technique called the Fourier transform
(Elble & McNames, 2016; Wilk & Olbrycht, 2016); dominant frequency, peak frequency
width, and peak frequency amplitude are some of the characteristics that can be extracted
when the tremor signal is converted into the frequency-domain (Dai et al., 2015; Wilk &
Olbrycht, 2016). For amplitude, tremor signal can be analysed in the time-domain and/or
frequency-domain; power spectral density, root mean square, and mean amplitude are some
of the characteristics that can be extracted from the time- and frequency-domain (Wilk &
Olbrycht, 2016).

1.3. Neural substrates implicated in Parkinson’s disease
Basal ganglia
The basal ganglia are fundamental for the production of smooth voluntary movements
through a complex circuitry involving subcortical nuclei in the forebrain, midbrain and
thalamus (Middleton & Strick, 2000). The four principal nuclei of the basal ganglia include
the: (1) striatum; (2) substantia nigra pars compacta; (3) globus pallidus (internal and
external); and (4) subthalamic nucleus (see Figure 1). The striatum receives most of the basal
ganglia input: afferent input comes from areas of the prefrontal, motor and sensory cortex,
thalamus, and the substantia nigra compacta (Alexander et al., 1990; Huot & Parent, 2007).
The striatum contains primarily inhibitory processes mediated by GABAergic neurons,
resulting in inhibitory connections from the striatum to the globus pallidus via direct and
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indirect pathways (Galvan et al., 2015; Obeso et al., 2000). The direct pathway is associated
with neuronal facilitation to generate movement, whereas the indirect pathway involves
neuronal inhibition to stop unwanted movement (Obeso, 2008; Obeso et al., 2000).
Generating and stopping movement is possible because the striatum expresses dopaminergic
receptors with opposing actions, known as D1 and D2 receptors. D1 receptors produce a nett
excitatory effect on neurons underpinning the direct pathway, whereas D2 receptors produce
a nett inhibitory effect on neurons underpinning the indirect pathway (Galvan et al., 2015;
Obeso, 2008; Obeso et al., 2000). Signals from the direct and indirect pathways relay
information to the thalamus before being transmitted back to the cerebral cortex and
brainstem to contribute to smooth movement production (Blandini et al., 2000; Obeso, 2008).
The substantia nigra is important for modulating movement by releasing dopamine to the
striatum via the nigrostriatal pathway (Blandini et al., 2000; Obeso, 2008). For the direct and
indirect pathways of the striatum to transmit effectively and thus produce smooth
movements, the striatum requires the neurotransmitter dopamine sourced from the substantia
nigra (Obeso, 2008).
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Figure 1. Basic circuit diagram of the basal ganglia nuclei. The substantia nigra pars
compacta send dopaminergic neurotransmitters to the striatum, which has dopaminergic
receptors, D1 (green lines) and D2 (red lines), with opposing actions to generate smooth
production of movement. D1 underpins the facilitatory direct pathway to the thalamus,
whereas D2 underpins the indirect inhibitory pathway to the thalamus. The arrowhead
reflects an excitatory synapse, whereas the line head reflects an inhibitory synapse. In PD,
there is a loss of dopamine neurons in the substantia nigra pars compacta, resulting in an
imbalance between the direct and indirect pathways: greater activation of the indirect
(inhibits) than the direct (facilitatory) pathway. Adapted from “Direct and Indirect Pathways
of the basal ganglia” using BioRender (2020).

The pathological hallmark of PD is a progressive degeneration of dopaminergic neurons in
the substantia nigra (Jankovic, 2008; Lang & Lozano, 1998). Degeneration of dopamine
neurons results in an imbalance between the direct and indirect pathways, such that there is
greater activation of the indirect (inhibitory) than the direct (facilitatory) pathway (Albin et
al., 1995; Graybiel, 1990). This is thought to elicit nett inhibition of the motor thalamic nuclei
and decrease cerebral cortex excitability (Albin et al., 1995; Graybiel, 1990). Together,
reduced activity from the direct pathway underpinning movement production, and increased

Chapter 1. Introduction

28

activity in the indirect pathway underpinning movement inhibition, are thought to result in a
loss of smooth movements in people with PD.

Cerebellum
The cerebellum is involved in the coordination and timing of upper- and lower-limb motor
control (Ivry et al., 2002; Manto et al., 2012), which is important for balance, gait, and
mobility (Cavallari et al., 2013; Rosano et al., 2007; Silfverskiold, 1977). Anatomical studies
of non-human primates indicate that the cerebellum connects with the basal ganglia:
cerebellar output cells from the dentate nucleus project to the striatum via the motor thalamus
(Bostan et al., 2010; Hoshi et al., 2005; Ichinohe et al., 2000). In addition, the cerebellum has
dense connections with the primary motor cortex (M1) through the cerebello-thalamo-cortical
circuit, a pathway connecting the cerebellar cortex to the contralateral M1 via the thalamus
(Bostan et al., 2013; Holdefer, 2000; Kelly & Strick, 2003; Magrinelli et al., 2016). Support
for this circuit comes from electrical stimulation applied to non-human primates and humans:
cerebellar stimulation at rest activates cerebellar Purkinje output cells, which inhibit dentate
nucleus neurons and, subsequently, the contralateral M1 via thalamic connections (Allen &
Tsukahara, 1974; Daskalakis et al., 2004; Pinto & Chen, 2001; Ugawa et al., 1995).
Cerebellar projections can terminate on both excitatory and inhibitory neurons (Daskalakis et
al., 2004; Na et al., 1997) via di-synaptic or polysynaptic connections (Holdefer, 2000;
Yamamoto et al., 1984), and innervate across cortical layers I, III, V and VI (Ando et al.,
1995; Na et al., 1997). Furthermore, cerebellar projections to the dentate nucleus regulate
both motor and non-motor behaviours (Dum & Strick, 2003; Hoover & Strick, 1999;
Middleton & Strick, 1997). The dorsal portion of the dentate nucleus is thought to be
important for motor control, as it has output neurons that target the leg, arm, and hand
representations of M1, with distinct output neurons that innervate premotor areas of the
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frontal lobe (Dum & Strick, 2003; Hoover & Strick, 1999; Middleton & Strick, 1997). The
ventral portion of the dentate nucleus is thought to be important for aspects of cognition and
visuospatial function, as it has output neurons projecting to prefrontal and posterior parietal
cortical areas (Dum & Strick, 2003; Middleton & Strick, 1997). Together, these findings
suggest that the cerebellum likely modulates movement via the basal ganglia-thalamo and
cerebello-thalamo-cortical loops.

There is strong evidence showing pathophysiological changes in the cerebellum of PD
compared to healthy controls. Functional magnetic resonance imaging (fMRI) research has
shown increased cerebellar blood-oxygen-level-dependent (BOLD) activity in PD compared
to healthy controls at rest (Rascol et al., 1997; Wu & Hallett, 2013) and during various upperlimb motor tasks, including bimanual coordinated tasks (Wu et al., 2010), motor timing tasks
(Jahanshahi et al., 2010), external and internal timed simple finger movements (Cerasa et al.,
2006; Rascol et al., 1997; Yu et al., 2007), simultaneous performance of two different motor
tasks (Wu & Hallett, 2008), complex sequential movements (Catalan et al., 1999), and during
motor learning (Wu & Hallett, 2013). Increased cerebellar activity during rest and motor task
performance in PD has been argued to be a compensatory mechanism to overcome
dysfunction in the basal ganglia circuitry (Ballanger, 2008; Ceballos-Baumann, 2003;
Mirdamadi, 2016; Rascol et al., 1997; Sabatini et al., 2000; Wu & Hallet, 2005). Evidence for
this argument comes from fMRI research showing strong cerebellar activity but weak basal
ganglia activity in PD compared to healthy age- and sex-matched controls during a simple
thumb pressing movement (Yu et al., 2007). However, it remains unclear what level or type
of compensation that cerebellar activity provides to the basal ganglia circuitry. Increased
cerebellar activity might be functionally important for PD tremor (Ceballos-Baumann, 2003;
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Fukuda et al., 2004; Helmich et al., 2012; Helmich et al., 2011; Kishore et al., 2014; Martinu
& Monchi, 2013; Yu et al., 2007).

Cerebello-thalamo-cortical circuit
Diffusion tensor MRI research has shown increased diffusion along the cerebello-thalamocortical white matter tract in tremor-dominant PD compared to healthy controls, suggesting
greater neural transmission in tremor-dominant PD than healthy controls (Luo et al., 2017).
Previous research using combined EMG-fMRI and dynamic modelling to examine altered
cerebral activity during changes in PD tremor amplitude suggests that an increase in the
cerebello-thalamo-cortical circuit was associated with greater tremor amplitude (Dirkx et al.,
2016; Helmich et al., 2012). In addition, these EMG-fMRI studies showed an increase in
basal ganglia activity, namely the internal globus pallidus, which was associated with greater
tremor amplitude but at the onset of tremor (Dirkx et al., 2016; Helmich et al., 2012). From
these results, the ‘dimmer-switch’ model of PD tremor was proposed, suggesting that the
basal ganglia initiate tremor-related activity, which then triggers the cerebello-thalamocortical circuit and, subsequently, amplifies tremor (Helmich et al., 2012).

Supplementary motor area
The supplementary motor area (SMA) is involved in planning, timing, and executing upper
and lower-limb bilateral movements (Macar et al., 2002; Malouin et al., 2003; Nachev et al.,
2008). SMA is a brain region with dense and strong connections with multiple circuitries.
First, SMA is one of the main receiving regions of the basal ganglia-thalamo-cortical circuit:
SMA receives input from the globus pallidus indirectly via the motor thalamic nuclei (Akkal
et al., 2007; Di Martino et al., 2008; Leh et al., 2007; Rouiller et al., 1994; Schell & Strick,
1984). Second, SMA has anatomical connections with the cerebellum via the motor thalamic
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nuclei, suggesting that the SMA is involved in the cerebello-thalamo-cortical circuit (Akkal
et al., 2007; Wiesendanger & Wiesendanger, 1985). Third, the main SMA efferent pathway is
from SMA to M1 (Dum & Strick, 2002; Luppino et al., 1993), suggesting any PD-related
changes in SMA likely influence M1 activity. Together, these findings suggest that SMA is
likely implicated in movement via basal ganglia-thalamic, cerebello-thalamic, and SMA-M1
circuits.

Growing evidence shows pathophysiological changes in the SMA of PD compared to healthy
controls. Evidence from fMRI research shows reduced SMA BOLD activity in PD compared
to healthy controls during simple self-initiated movements (Wu et al., 2011), simple finger
sequence tasks (Rowe et al., 2002), and simple finger opposition tasks (Buhmann et al.,
2003). Less SMA activity in PD compared to healthy controls is thought to be due to the
increased inhibitory drive of the basal ganglia, leading to reduced motor thalamic output and
SMA excitability (Jenkins et al., 1992; Thobois et al., 2000; Yu et al., 2007). Support for this
hypothesis comes from studies showing that reduced SMA activity is relatively ‘normalised’
after administering dopaminergic replacement medication (Buhmann et al., 2003; Haslinger
et al., 2001) or deep brain stimulation of the subthalamic nucleus (Grafton et al., 2006).
Specifically, dopaminergic medication and deep brain stimulation ‘normalises’ cortical
activity by increasing dopamine levels in the basal ganglia, which reduces nett inhibition of
the motor thalamic nuclei and increases excitation of the cerebral cortex (Albin et al., 1995;
Graybiel, 1990). Although it is clear that SMA is implicated in PD, less is known about the
role of SMA in PD tremor and how medication might affect both SMA and PD tremor.

Together, the basal ganglia and cerebello-thalamo-cortical circuit are both implicated in PD
tremor. SMA receives information from the basal ganglia, basal ganglia-thalamic, and
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cerebello-thalamo-cortical circuits and relays this information directly to M1. Hence, it is
plausible that SMA-M1 connectivity plays a role in PD tremor. Although fMRI is useful for
showing brain regions that are simultaneously active during a task or at rest, it is unclear
whether changes in the BOLD signals are due to the excitation of facilitatory or inhibitory
circuits or both. Facilitatory and inhibitory circuits have different roles in motor control
(Buccolieri et al., 2004; Cattaneo et al., 2005; Hammond & Vallence, 2007) and might play
different roles in PD tremor. In addition, functional connectivity in neuroimaging is defined
as interactions of multiple, spatially distinct brain regions that are simultaneously engaged
during a task or at rest. These interactions are not dictated by anatomic connectivity.
Therefore, it cannot be determined whether correlated activity between regions, found using
fMRI, reflect direct or indirect connections. Finally, people with PD tremor are often
excluded from neuroimaging studies due to movement artefacts evoked by tremors
interfering with data acquisition. Given that tremor acts as the most difficult symptom to treat
due to it being less responsive to dopaminergic therapies, it is important to understand the
underlying mechanisms of tremor using more sensitive means of measurement.

1.4. Non-invasive brain stimulation: Neural substrates implicated in PD tremor
Transcranial magnetic stimulation (TMS) is a non-invasive brain stimulation technique that
has been used to examine brain activity in healthy, neurological, and psychiatric populations
since 1985 (Barker et al., 1985). During TMS, a brief, high-intensity electric current is
delivered through an insulated coil placed over the scalp, which, in turn, generates a magnetic
field that passes through the scalp and skull with little or no attenuation (Barker et al., 1985;
Hallett, 2007; Rossini et al., 2010). This magnetic field induces an electrical current in the
underlying tissue, which, at moderate stimulation intensities, activates brain cells in the
stimulated region (Barker et al., 1985; Hallett, 2007; Rossini et al., 2010). A single TMS
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pulse delivered to M1 elicits a motor-evoked potential (MEP) measured from the targeted
muscle using EMG. The peak-to-peak amplitude of the MEP provides a measure of
corticospinal excitability; that is, a measure of excitability of the pathway from the point of
stimulation to the targeted muscle (Hallett, 2007).

Previous research using TMS has offered important insight into potential neural substrates
implicated in PD tremor. Single-pulse TMS can be used to examine whether cortical brain
regions are involved in PD tremor (Carrillo et al., 2013; Lu et al., 2015; Ni et al., 2010): if a
cortical site is involved in tremor, then a single-pulse delivered to that site will interrupt
ongoing tremor activity and reset tremor to a new point in its tremor cycle. One study showed
that single-pulse TMS delivered to both SMA and M1 interrupts and resets resting tremor
activity recorded using EMG, indicating that both SMA and M1 were implicated in PD
resting tremor (Lu et al., 2015). In addition, single-pulse TMS delivered to the cerebellum has
been shown to interrupt and reset tremor activity recorded using EMG, but cerebellar
stimulation interrupted postural tremor and not resting tremor (Ni et al., 2010). Together,
these findings suggest that both SMA and M1 are implicated in resting tremor, whereas
cerebellum is implicated in postural tremor.

Dual-site TMS
Dual-site TMS can be used to measure interactions between regions in the cortical motor
network, which is thought to reflect effective connectivity (Arai et al., 2012; Arai et al., 2011;
Fernandez et al., 2018a, 2018b; Green et al., 2018; Rothwell, 2011; Ugawa et al., 1995).
Dual-site TMS involves using two coils to deliver stimuli to two different cortical areas: one
coil delivers a conditioning stimulus to one brain area, while a second coil delivers a test
stimulus to another brain area.
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Dual-site TMS measures of cerebellar-M1 connectivity.
Figure 2 shows a basic schematic of cerebellar-M1 connectivity measured using dual-site
(Fig 2B), and single-pulse TMS defined as test stimulus-alone TMS (Fig 2A). For dual-site
TMS, when a conditioning stimulus delivered to the cerebellum precedes a test stimulus
delivered to the contralateral M1 by an interstimulus interval of 5-7 ms, the amplitude of the
MEP is reduced compared to the amplitude of the MEP elicited by a test stimulus-alone to
M1 (Daskalakis et al., 2004; Pinto & Chen, 2001; Ugawa et al., 1995). This reduction of the
MEP amplitude from dual stimuli compared to a single test stimulus is known as cerebellar
brain inhibition (CBI). CBI is quantified as a ratio of the mean dual-site MEP amplitude to
the mean test stimulus-alone MEP amplitude, which provides a marker of effective
connectivity. Cerebellar TMS stimulation is thought to activate cerebellar Purkinje output
cells, which inhibit dentate nucleus neurons and, subsequently, the contralateral M1 via
thalamic connections (Allen & Tsukahara, 1974; Daskalakis et al., 2004; Pinto & Chen,
2001; Ugawa et al., 1995). Therefore, CBI is thought to be mediated by the cerebellothalamo-cortical pathway (Daskalakis et al., 2004; Fernandez et al., 2018a; Ugawa et al.,
1991; Ugawa et al., 1995).
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Figure 2. Basic schematic of CBI assessed using TS-alone and dual-site TMS trials. Panel A
shows the coil placement for TS-alone trials delivered to M1, and Panel C shows an example
MEP elicited from a TS-alone trial to M1 (~1mV MEP amplitude). Panel B shows the coil
placement for dual-site TMS trials: the red coil represents the cerebellar stimulation site, and
the black coil represents the M1 stimulation site. Panel D shows an example of MEP
amplitude elicited by dual-site TMS. Effective connectivity between cerebellum and M1 (i.e.,
CBI) is quantified as a ratio of the mean dual-site MEP amplitude to the TS-alone MEP
amplitude. Figure A and B represent the back of the head: Cz marks the halfway point
between the nasion (bridge of the nose) to the inion (back of the head).

Three studies have used dual-site TMS to investigate CBI in PD. Findings from these studies
indicate reduced CBI in PD compared to sex- and age-matched controls (Carrillo et al., 2013;
Ni et al., 2010; Schirinzi et al., 2016). For all three studies, at the group level, there was
atypical facilitation between the cerebellum and M1 in PD: the mean CBI ratio was greater
than 1.0 suggesting a facilitatory influence of cerebellum on M1 (Carrillo et al., 2013; Ni et
al., 2010; Schirinzi et al., 2016). The mechanisms of a cerebellar facilitatory influence on M1
are not well understood, but this increased activity fits with neuroimaging research: increased
cerebellar activity and increased white matter integrity along the cerebello-thalamo-cortical
pathway (Dirkx et al., 2016; Helmich et al., 2012). As previously outlined, increased
cerebellar activity might be functionally important for generating tremor. Indeed, one study
showed reduced CBI in PD, such that there was a facilitatory cerebellar influence on M1,
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which was associated with a greater degree of tremor reset for postural tremor, suggesting a
role of CBI in tremor (Ni et al., 2010).

Dual-site TMS measures of SMA-M1 connectivity.
Figure 3 shows a basic schematic of SMA-M1 connectivity measured using dual-site (Fig
3B) and test stimulus-alone TMS (Fig 3A). For dual-site TMS, when a test stimulus delivered
to M1 follows a conditioning stimulus delivered to SMA by an inter-stimulus interval of 6
ms, the MEP amplitude is increased compared to the amplitude of the MEP elicited by a test
stimulus-alone (i.e., single-pulse to M1; Arai et al., 2012; Arai et al., 2011; Green et al.,
2018). SMA-M1 connectivity is quantified as a ratio of the mean dual-site MEP amplitude to
the mean test stimulus-alone MEP amplitude, which provides a marker of effective
connectivity. This facilitation of the MEP amplitude from dual stimuli compared to test
stimuli-alone (Arai et al., 2012; Arai et al., 2011) is likely due to the activation of
glutamatergic excitatory interactions between SMA and M1 (Luppino et al., 1993;
Muakkassa & Strick, 1979; Shima & Tanji, 1998). To date, no studies have used dual-site
TMS to investigate SMA-M1 connectivity in PD and whether SMA-M1 connectivity is
associated with PD tremor.
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Figure 3. Basic schematic of SMA-M1 connectivity assessed using TS-alone and dual-site
TMS trials. Panel A shows the coil placement for TS-alone trials delivered to M1, and Panel
C shows an example MEP elicited from TS-alone trials to M1 (~1mV MEP amplitude). Panel
B shows the coil placement for dual-site TMS trials: the red coil represents the SMA
stimulation site, and the black coil represents the M1 stimulation site. Panel D shows an
example of MEP amplitude elicited by dual-site TMS. Effective connectivity between SMA
and M1 is quantified as a ratio of the mean dual-site MEP amplitude to the TS-alone MEP
amplitude. Figure A and B represent the top of the head: Cz marks the halfway point between
the nasion (bridge of the nose) to the inion (back of the head).

Taken together, research suggests the cerebellum, SMA, and M1 might be involved in the
pathophysiology of PD tremor (Lu et al., 2015). As described above, effective connectivity
between the cerebellum and M1 measured using dual-site TMS is altered in PD (Ni et al.,
2010), and single-pulse TMS to SMA and M1 resets resting tremor (Lu et al., 2015).
Although SMA is known to have direct connections to M1, effective connectivity between
SMA and M1 has not been examined in PD. Characterising effective connectivity in PD
would contribute to our understanding of neural networks involved in PD and potentially
provide a neurophysiological basis for developing interventions to improve PD tremor
severity. However, before examining effective connectivity in PD, it is important to first
establish effective connectivity in normal aging.
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Aging is the strongest risk factor for developing PD, with an exponential increase in
incidence for people over the age of 60 (Driver et al., 2009; Hindle, 2010). Normal older
aging, defined as aging without disease (60-85 years), involves structural and functional
changes throughout the cerebral cortex (Seidler et al., 2010), including an age-related decline
in white matter integrity, which relays information between areas of the brain (Good et al.,
2001; Hoogendam et al., 2012; Raz et al., 2005; Salat et al., 2004; Serbruyns et al., 2015;
Sullivan et al., 2010). In older adults, the quantity and quality of white matter integrity are
reduced due to the loss of myelinated fibres and reduced axonal integrity (Bartzokis et al.,
2004; Marner et al., 2003; Meierruge et al., 1992; Peters, 2002; Seidler et al., 2010). Growing
evidence indicates that an age-related decline in white matter integrity might underpin agerelated changes in voluntary motor control (Bernard et al., 2013; Grefkes et al., 2008;
Michely et al., 2018; Seidler et al., 2010). fMRI studies have shown that simultaneous
activity of cerebellum and cortical motor areas, known as functional connectivity, was lower
in older than younger adults both during rest (Bernard et al., 2013) and during the execution
of a bimanual tracking task (Monteiro et al., 2019). However, older adults showed greater
functional connectivity between SMA and M1 than younger adults during the performance of
a choice reaction time task (Michely et al., 2018). These findings suggest age-related
differences in cerebellum, SMA and M1 activity, which might play a role in motor control.
However, it is unclear what neural mechanisms underpin these age-related differences.

To date, no studies have examined age-related differences in effective connectivity between
cerebellar-M1 using dual-site TMS. One study has examined age-related differences in SMAM1 connectivity using dual-site TMS: SMA-M1 connectivity was reduced in older than
younger adults, which was thought to be underpinned by an age-related decline in white
matter integrity (Green et al., 2018). Furthermore, greater SMA-M1 connectivity was
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associated with better performance on a bimanual assembly task in a pooled sample of
younger and older adults (Green et al., 2018). Although these findings suggest a role of
SMA-M1 connectivity in motor control, it is unclear whether altered SMA-M1 connectivity
plays a role in motor control in independent samples of older adults.

Together, neuroimaging research suggests that aging influences functional connectivity,
which is potentially implicated in the age-related decline of motor control (Bernard et al.,
2013; Grefkes et al., 2008; Michely et al., 2018; Seidler et al., 2010). Less is known about
effective connectivity measured using dual-site TMS, but one study suggested that altered
SMA-M1 connectivity might have a functional role in bimanual motor control (Green et al.,
2018). Systematically examining effective connectivity in older adults and PD will contribute
to our understanding of neurophysiological changes occurring due to normal aging and/or
disease. To sufficiently examine effective connectivity in these populations, the tool used to
measure effective connectivity must be reliable. To date, test re-test reliability of dual-site
TMS measures of effective connectivity has not been established. Reliability establishes
whether any changes observed in the measure are due to physiological changes within the
individual and not due to variability in response to the measure itself (Atkinson & Nevill,
1998; Koo & Li, 2016; Weir, 2005). Establishing a sensitive tool to examine effective
connectivity will be useful for future research to (1) examine age- and PD-related differences
in effective connectivity and (2) track the progressive degeneration of connectivity in aging
and PD, which might provide a marker of the decline in motor control.

1.5. Aims of this Thesis
The main aim of this thesis was to characterise effective connectivity in PD using dual-site
TMS. The first step was to establish test re-test reliability of dual-site TMS measures of CBI
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(Chapter 2) and SMA-M1 connectivity (Chapter 3). Next, the aim was to examine whether
normal aging influences effective connectivity between cerebellum-M1 (Chapter 2) and
SMA-M1 (Chapter 4) and whether this was associated with an age-related decline in motor
control. Finally, the aim was to examine effective connectivity in PD ON and OFF levodopa
medication and whether this was associated with tremor severity measured using EMG and
acceleration (Chapter 5). Chapter 6 provides a general discussion, offering a summary of the
findings and implications of the results, highlighting the clinical and scientific relevance of
our findings and provides a basis for future research to better understand the pathophysiology
of PD resting tremor.
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Chapter 2. Test re-test reliability of dual-site TMS measures of cerebellum-M1
connectivity in younger and older adults.

2.1. Preface
This Chapter has been published as:
Rurak, B.K., Rodrigues, J.P., Power, B.D., Drummond, P.D., & Vallence, A.M. (2021).
Reduced cerebellar brain inhibition measured using dual-site TMS in older than in
younger adults. The Cerebellum. https://doi.org/10.1007/s12311-021-01267-2.

The format and references were modified from the published manuscript in this Chapter to
maintain consistency throughout this thesis. The format of the Supplementary Materials was
not modified from the published manuscript.

It is important to establish test re-test reliability before examining age- and PD-related
declines in neural networks. The following two Chapters report, for the first time, reliability
of dual-site TMS measures of effective connectivity between brain regions thought to be
implicated in motor control and PD resting tremor, including cerebellum-M1 connectivity
(Chapter 2) and SMA-M1 connectivity (Chapter 3). Measures of cerebellum-M1 connectivity
were obtained in two sessions in both younger and older adults: both test re-test reliability
and age-related differences in CBI using dual-site TMS are reported in this Chapter.
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2.2. Abstract
Dual-site transcranial magnetic stimulation (TMS) can be used to measure the cerebellar
inhibitory influence on the primary motor cortex, known as cerebellar brain inhibition (CBI),
which is thought to be important for motor control. The aim of this study was to determine
whether age-related differences in CBI (measured at rest) were associated with an age-related
decline in bilateral motor control measured using the Purdue Pegboard task, Four Square Step
Test, and a 10-meter walk. In addition, we examined test re-test reliability of CBI measured
using dual-site TMS with a figure-of-eight coil in two sessions. There were three novel
findings. First, CBI was less in older than younger adults, which is likely underpinned by an
age-related loss of Purkinje cells. Second, greater CBI was associated with faster 10-m
walking performance in older adults but slower 10-m walking performance in younger adults.
Third, moderate intraclass correlation coefficients (ICC: 0.53) were found for CBI in younger
adults; poor ICCs were found for CBI (ICC: 0.40) in older adults. Together, these results
have important implications for using dual-site TMS to increase our understanding of ageand disease-related changes in cortical motor networks and the role of effective connectivity
in motor control.
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2.3. Introduction
From middle adulthood, aging is associated with a decline in bilateral motor control,
including a decline in interlimb coordination and an increase in the variability of bilateral
movements, which can compromise the functional independence of older adults (Seidler et
al., 2002; Seidler et al., 2010). The cerebellum is involved in the coordination and timing of
upper- and lower-limb motor control (Ivry et al., 2002; Manto et al., 2012), which is
important for balance, gait, and mobility (Cavallari et al., 2013; Rosano et al., 2007;
Silfverskiold, 1977). Growing evidence suggests that structural and functional changes in the
cerebellum might be involved in the age-related decline in bilateral motor control (Bernard et
al., 2013; Boisgontier et al., 2018).

Magnetic resonance imaging studies have shown an age-related decline in white matter
integrity in the cerebellum (Good et al., 2001; Hoogendam et al., 2012; Raz et al., 2005; Salat
et al., 2004; Serbruyns et al., 2015; Sullivan et al., 2010). White matter integrity is important
for effectively relaying information between areas of the brain but decreases as people age
due to the loss of myelinated fibres and reduced axonal integrity (Bartzokis et al., 2004;
Marner et al., 2003; Meierruge et al., 1992; Peters, 2002; Seidler et al., 2010). In older adults,
poor white matter integrity in the cerebellum has been shown to be associated with less
activity in cerebellar output cells interacting with the midbrain and cortex (Giorgio et al.,
2010; Pagani et al., 2008; Sullivan & Pfefferbaum, 2006). In addition, functional magnetic
resonance imaging studies have shown that simultaneous activity of the cerebellum and
cortical motor areas, known as functional connectivity, was lower in older than younger
adults both at rest (Bernard et al., 2013) and during the execution of a bimanual tracking task
(Monteiro et al., 2019). Together, these findings suggest that age-related changes in the
cerebellum influence interactions between the cerebellum and other motor areas of the brain
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and might play a role in the age-related decline of bilateral motor control. However, less is
known about age-related changes in the main cerebellar efferent pathway from the
cerebellum to the primary motor cortex (M1) via the cerebellar dentate nucleus and
ventrolateral thalamus (Grimaldi et al., 2014; Holdefer, 2000).

Transcranial magnetic stimulation (TMS) is a non-invasive brain stimulation technique that
can be used to measure interactions between regions in the cortical motor network (Rothwell,
2011), including effective connectivity between cerebellum and M1 (Daskalakis et al., 2004;
Fernandez et al., 2018a; Ugawa et al., 1991; Ugawa et al., 1995). During TMS, a brief, highintensity electric current is delivered through an insulated coil placed over the scalp, which,
in turn, generates a magnetic field that passes through the scalp and skull with little or no
attenuation. This magnetic field induces an electrical current in the underlying brain tissue,
which can result in action potentials in neurons in the region below the coil (Barker et al.,
1985; Hallett, 2007; Rossini et al., 2010). A single suprathreshold TMS pulse delivered to M1
elicits a motor-evoked potential (MEP), which is measured from the target muscle using
surface electromyography (EMG). The MEP is the net result of a complex descending
corticospinal volley and, therefore, the MEP amplitude provides a measure of the
corticospinal system excitability (Hallett, 2007).

Interactions between the cerebellum and M1 can be measured using a dual-site TMS protocol
(Fernandez et al., 2018a; Rothwell, 2011; Ugawa et al., 1995). When a conditioning stimulus
delivered to the cerebellum precedes a test stimulus delivered to the contralateral M1 by an
interstimulus interval (ISI) of 5-7 ms, the amplitude of the MEP is reduced compared to the
amplitude of the MEP elicited by a test stimulus-alone to M1 (Daskalakis et al., 2004; Pinto
& Chen, 2001; Ugawa et al., 1995). This reduction of the MEP amplitude from dual stimuli
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compared to a single test stimulus-alone is known as cerebellar brain inhibition (CBI) and is
thought to be mediated by the cerebello-thalamo-cortical pathway (Daskalakis et al., 2004;
Fernandez et al., 2018a; Ugawa et al., 1991; Ugawa et al., 1995). Specifically, cerebellar
stimulation at rest activates cerebellar Purkinje output cells, which inhibit dentate nucleus
neurons and, subsequently, the contralateral M1 via thalamic connections (Allen &
Tsukahara, 1974; Daskalakis et al., 2004; Pinto & Chen, 2001; Ugawa et al., 1995).

Previous dual-site TMS research indicates that CBI is important for motor control in younger
adults (Jayaram et al., 2011; Schlerf et al., 2012; Schlerf et al., 2014). However, age-related
differences in CBI, and the role of CBI in the age-related decline of motor control remains
unknown. To sufficiently investigate whether CBI differs between younger and older adults,
and whether age-related changes in CBI are associated with an age-related decline in motor
control, the measure must be reliable. A reproducible measure of CBI could provide valuable
insight into the neural mechanisms underpinning the age-related decline in motor control and
help to identify the early decline of motor control in aging. Furthermore, establishing a
reliable measure of CBI might prove useful for developing evidence-based interventions to
improve motor control in older adults and populations with movement disorders, such as
Parkinson disease.

The aims of the current study were to (1) examine age-related differences in the magnitude of
CBI; (2) examine whether the magnitude of CBI is associated with bilateral motor control,
and (3) measure the reliability of CBI using dual-site TMS in younger and older adults. In the
present study, bimanual motor control was measured using the Purdue Pegboard assembly
subtest, and lower-limb bilateral motor control was measured using the Four Square Step
Test, and a 10-m walk (Dite & Temple, 2002; Green et al., 2018). It was hypothesised that
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older adults would show less CBI than younger adults, and that less CBI would be associated
with poorer performance on bilateral motor control tasks in older adults.

2.4. Methods
Measures of CBI reported here were obtained as part of a larger study: individuals who
participated in the current procedure also participated in a dual-site TMS procedure that
measured connectivity between the supplementary motor area and M1 (Rurak et al., 2021b).

Participants
Twenty-nine younger adults (18 females; median 22 yr, age range: 18-32 yr) and 30 older
adults (19 females; median 70 yr, age range: 60-82 yr) recruited from Murdoch University
and the local community participated in the study. The protocol was performed in accordance
with the Declaration of Helsinki and approved by Murdoch University Human Research
Ethics Committee (2014/247). All participants gave written informed consent before
participation.

All participants completed a 17-item safety screening questionnaire which was used to screen
and exclude individuals with (1) conditions that would contraindicate TMS; (2) neurological
conditions, and (3) medications acting on the central nervous system (Rossi et al., 2021;
Rossi et al., 2009; Rossini et al., 2015). A cut-off score of 25 on the Montreal Cognitive
Assessment was used as an exclusion criterion (Nasreddine et al., 2005); no participant
scored less than 26 (Younger: median 28, score range: 26-30; Older: median 28.70, score
range: 26-30). A cut-off score of 40 on the Edinburgh Handedness Inventory was used as an
exclusion criterion to exclude left-handed and ambidextrous people (Oldfield, 1971); no
participant scored less than 40 (Younger: median 92, range 50-100; Older: median 97, range
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70-100). The menstrual cycle phase has been shown to influence measures of cortical
excitability (Hattemer et al., 2007; Smith et al., 1999). Hence, the regularity of the menstrual
cycle and follicular phase was self-reported using a standard menstrual cycle calendar as a
reference. All younger female participants underwent both TMS sessions within the first
week of their early follicular phase. Eight females reported using contraception. Four older
female participants underwent both TMS sessions during their menopausal phase and
reported being on hormone replacement therapy. All other older female participants were
post-menopausal, and not taking hormone replacement therapy.

TMS
Participants were seated in a comfortable chair with the right forearm and hand supported by
a cushion on their lap. EMG activity was recorded from the relaxed first dorsal interosseous
of the right-hand using Ag-AgCl surface electrodes placed in a belly-tendon montage. The
EMG signal was amplified (x1000; CED 1902 amplifier), bandpass filtered (20-1000 Hz),
and digitized at a sampling rate of 5 kHz (CED 1401 interface). Dual-site TMS was delivered
through two Magstim 200 stimulators (Magstim Co., Whitland, Dyfedd, UK). CBI was
measured using a figure-of-eight coil and a double-cone coil. For measures of CBI using the
figure-of-eight coil, one stimulator was connected to a 70-mm diameter figure-of-eight coil
(cerebellum), and one stimulator was connected to a 50 mm diameter figure-of-eight coil
(M1). For measures of CBI using the double cone coil, one stimulator was connected to a
110-mm diameter double-cone coil (cerebellum), and one stimulator was connected to a 50
mm diameter figure-of-eight coil (M1). The figure-of-eight coils are flat and made up of two
adjacent windings. The magnetic field is the strongest at the centre of the coil where the
windings meet and is relatively focal but is often restricted to superficial cortical targets as
the depth of the electrical stimulation is ~2-3 cm from the surface of the head (Deng et al.,
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2013). The double-cone coil is made up of two larger adjacent windings, fixed at an angle of
about 95 degrees between the two wings. Because the wings are fixed at an angle, the
magnetic field is less focal, but provides a depth range of ~3-4 cm from the surface of the
head (Deng et al., 2013; Lontis et al., 2006; Lu & Ueno, 2017).

M1 stimulation site.
M1 stimulation was delivered with the figure-of-eight coil (50-mm diameter) placed
tangentially to the scalp with the handle positioned backward and rotated away from the
midline by ~45º to induce a posterior-anterior current in the left cortex. The optimal site for
stimulation was determined by systematically applying suprathreshold stimuli to the scalp to
identify a site that evoked consistent MEPs from the first dorsal interosseous hand muscle.
The optimal site for stimulation was marked on the scalp with water-soluble ink to allow for
reliable coil placement throughout the experiment. The optimal site for stimulation was
determined in both sessions.

Test stimulus (TS) intensity (M1). For M1 stimulation, the test stimulus (TS) intensity was set
as a percentage of maximum stimulator output to elicit peak-to-peak MEPs of ~0.80 mV in
the resting hand muscle for each individual. The TMS intensity for TS-alone trials were
determined in both sessions.

TS-alone MEP amplitude (mV; M1). TS-alone MEP amplitude refers to MEPs elicited by
single pulse trials using the TS intensity applied to the left M1. TS-alone trials were
determined in both sessions.
Cerebellar stimulation site.
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Cerebellum stimulation was delivered with a coil placed tangentially to the right cerebellar
hemisphere, 3 cm lateral and 1 cm inferior to the inion with an upward direction of brain
current (i.e., current directed from the right cerebellum towards M1). Previous research using
structural magnetic resonance images and neuronavigation suggests that this coil placement
aligns with the anatomical landmark corresponding with the hand motor region of the
cerebellar cortex (Popa et al., 2010).

Cerebellar conditioning stimulus (CS) intensity. Cerebellar stimulation acted as the
conditioning stimulus (CS) and was delivered with the figure-of-eight coil (70-mm diameter)
or the double-cone coil (110-mm diameter) in separate stimulation blocks.

CS intensity using the figure-of-eight coil (M1). The figure-of-eight coil delivers a
focal induced electrical field, which is unlikely to activate the descending corticospinal tract
while stimulating the cerebellum (Taylor & Gandevia, 2004; Ugawa et al., 1994). Consistent
with previous research, cerebellar stimulation delivered with the figure-of-eight coil was set
at 90% resting motor threshold (RMT) obtained from stimulation of the left M1 (Carrillo et
al., 2013; Fernandez et al., 2018a; Torriero et al., 2011). RMT was defined as the minimum
stimulus intensity, as a percentage of maximum stimulator output (MSO), that elicits MEPs
in the first dorsal interosseous muscle of at least 0.05 mV from at least five of ten consecutive
trials while the hand was at rest (Rossini et al., 2015). RMT was determined in both sessions.

CS intensity using the double-cone coil (brainstem). The double-cone coil delivers a
wide induced electrical field (Deng et al., 2013, 2014), which may activate the corticospinal
tract during stimulation of the cerebellum, leading to antidromic effects. To avoid antidromic
effects, and consistent with previous research, active motor threshold (AMT) was obtained
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using the double-cone coil centred over the inion of the head (Fernandez et al., 2018a; Fisher
et al., 2009; Spampinato et al., 2020; Werhahn et al., 1996). AMT was defined as the
minimum TMS intensity, as a percentage of MSO, that elicits MEPs in the first dorsal
interosseous muscle of at least 0.20 mV from at least five of ten consecutive trials during an
isometric contraction of 10% maximum voluntary contraction. The isometric contraction
involved requesting participants to rest their forearm and hand in a pronated position on a
custom-made brace, with their abducted index finger applying force against a fixed block on
the custom-made brace. EMG was used to record the maximum voluntary contraction, and
EMG activity was displayed on a screen in real time with cursors to show the participants the
target of 10% of their maximum voluntary contraction. During the acquisition of AMT, the
experimenter monitored the EMG activity during the isometric contraction, and all
participants used the visual feedback to maintain 10% of maximum voluntary contraction.
The intensity used for cerebellar stimulation was set to 5% of maximum stimulator output
below the brainstem AMT. AMT was determined in both sessions.

Experimental Protocol
Each participant completed two 2-hour experimental sessions. Sessions were conducted a
minimum of 7 days apart (Younger: median: 7 days; range: 7-10 days; Older: median: 7 days;
range: 7-11 days). All participants completed both sessions in the morning or both sessions in
the afternoon. In younger adults, the time of day for the first session was on average 67
minutes (± 1.07 minutes) before or after the time of day for the start of the second session
(range 0-3 hours). In older adults, the time of day for the first session was on average 50
minutes (± 0.89 minutes) before or after the time of day for the start of the second session
(range 0-3 hours).
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TS-alone and dual-site trials were administered to measure CBI in the resting first dorsal
interosseous. For dual-site trials, a CS delivered to the right cerebellum preceded a TS
delivered to the left M1 by inter-stimulus intervals (ISI) of 3 ms or 5 ms. The ISI of 3 ms was
used as the control condition as previous dual-site TMS studies have shown no inhibition of
dual-site MEPs compared to TS-alone MEPs at this ISI (Fisher et al., 2009; Pinto & Chen,
2001; Werhahn et al., 1996). Four experimental blocks consisting of 24 trials were delivered:
two blocks to measure CBI using the figure-of-eight coil and two blocks were delivered to
measure CBI using the double-cone coil. Each block consisted of 8 TS-alone trials delivered
to M1, and 8 dual-site trials for each of the two ISI conditions (i.e., 3 ms, 5 ms). Trials for the
three conditions were pseudo-randomised with an inter-trial interval of 5 s (±10%). Blocks
lasted ~2.5 minutes each. Each coil type was counterbalanced between sessions and between
participants (i.e., in Session 1, half of the participants received the figure-of-eight block first,
and the other half received the double-cone coil block first). CBI was quantified by
expressing the mean dual-site MEP amplitude for each ISI as a ratio of the mean TS-alone
MEP amplitude. Ratios less than 1.0 indicate an inhibitory effect of cerebellar stimulation on
M1.

Bimanual and Bilateral Motor Control measures
The Purdue Pegboard assembly subtest was used to assess bimanual motor control. As per the
standardized testing procedure (Lafayette instrument company, USA), participants were
instructed to alternate between hands to place and assemble 4-itemed objects (pin, washer,
collar, and a second washer) into holes on the pegboard. The total number of items assembled
within 60 seconds was scored. The Four Square Step Test was used to assess bilateral motor
control involving dynamic balance (Dite & Temple, 2002). Participants were instructed to
step into four quadrants, first clockwise and then anticlockwise, facing forward during the
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entire sequence. Time taken to complete the Four Square Step Test was recorded in seconds.
A 10-m walk was used to assess bilateral motor control involving gait speed. Participants
were instructed to walk across a 10-m level surface. Time taken to complete the 10-m walk
was recorded in seconds. Participants were instructed to perform all tasks as quickly as
possible. The Purdue Pegboard assembly subtest was completed ~15 minutes before TMS
setup began, a period shown to not influence corticospinal excitability (Garry et al., 2004).
The Four Square Step Test and 10-m walk were completed after TMS to ensure no taskinduced influence on corticospinal excitability: the order of testing for the Four Square Step
Test and 10-m walk was randomised across sessions for each individual. One older adult was
unable to participate in the Four Square Step Test and 10-m walk due to bruising of the
knees, with no other reported injuries and no problem walking.

Self-report Questionnaires
Factors that have been previously reported to influence measures of corticospinal excitability
were recorded, such as stress, physical activity, and sleep (Hermsen et al., 2016; Ridding &
Ziemann, 2010). Self-reported questionnaires were completed during the two experimental
sessions to measure perceived stress, physical activity, and sleeping patterns in the previous
seven days (see supplementary section S5. Self-report questionnaires and supplementary
section S6. Associations between self-report questionnaire scores and CBI).

Data processing and analysis
Cerebellar stimulation delivered with the double-cone coil is often perceived as
uncomfortable or even painful (Fernandez et al., 2018b; Hardwick et al., 2014), mostly
because of the tactile sensation of the stimulus on the scalp, and involuntary contraction of
the face and/or neck muscles (Taylor, 2006). Previous studies have reported that some
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individuals could not complete blocks of double-cone coil TMS trials measuring CBI
(Kassavetis et al., 2011; Panyakaew et al., 2016) or the number of trials delivered were
reduced (e.g., 10 trials; Schlerf et al., 2014) because of the discomfort experienced from
cerebellar stimulation. Of the 29 younger adults who participated in the current study, 8
completed the double-cone coil blocks, and 27 completed the figure-of-eight coil blocks in
both sessions. Of the 30 older adults who participated in the current study, 21 completed the
double-cone blocks, and 30 completed the figure-of-eight coil blocks in both sessions. As
CBI was measured in only 8 younger adults using the double-cone coil, data analysis and
results of CBI measured using the double-cone coil in younger and older adults are reported
in the Supplementary Materials (see Supplementary Section S1. TMS intensities and TS-alone
MEPs and S4.2.2 Reliability of CBI measured using the double-cone coil). The comparison of
CBI measured using the figure-of-eight versus the double-cone coil in older adults is also
reported in the Supplementary Materials (see Supplementary Section S2. CBI measured using
the figure-of-eight and double-cone coil in older adults and S3. Association between bilateral
motor control and CBI measured using the double-cone coil in older adults). The analyses
and results presented below are for CBI measured using the figure-of-eight coil in younger
and older adults.

Trials in which peak-to-peak EMG activity exceeded 0.02 mV during the 100 ms before TMS
application were excluded from the analysis. In younger adults, the mean number of trials
excluded across individuals and sessions was 5 (Session 1: 6.94% of trials; Session 2: 7.11%
of trials; range in both sessions: 3-7 trials). In older adults, the mean number of trials
excluded across individuals and sessions was 5 (Session 1: 7.01% of trials; Session 2: 6.74%
of trials; range in both sessions: 3-8 trials). The peak-to-peak MEP amplitude measured in
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mV was obtained from 50 ms of EMG activity beginning 10 ms after the TMS pulse was
delivered to M1 for TS-alone and dual-site trials.

In younger adults, Shapiro-Wilk’s test for normality was violated for one condition: CBI was
measured at an ISI of 5 ms using the figure-of-eight coil in Session 2. In older adults,
Shapiro-Wilk’s test for normality was not violated for CBI measured using the figure-of-eight
and, therefore, normality was assumed. Given that t-tests and analysis of variance (ANOVA)
are robust to moderate violations of normality, normality was assumed for all t-test and
ANOVA analyses (Nimon, 2012). Homoscedasticity was determined by fitting regression
lines to Bland-Altman plots and performing correlations (R2) between the absolute
differences and the mean values (Atkinson & Nevill, 1998; Damron et al., 2008). R2 values
between 0 and 0.1 suggest homoscedasticity and normal distribution (Atkinson & Nevill,
1998; Bland & Altman, 1986). In both younger and older adults, R2 values were less than 0.1.
Limits of agreement can then be calculated by dividing the standard deviation (SD) of
differences between Session 1 and Session 2 (i.e., Session 2-Session 1) by the pooled means
from Session 1 and Session 2 multiplied by 1.96, and then multiplied by 100:
𝐿𝑖𝑚𝑖𝑡𝑠 𝑜𝑓 𝑎𝑔𝑟𝑒𝑒𝑚𝑒𝑛𝑡: [(𝑆𝐷 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒𝑠/𝑝𝑜𝑜𝑙𝑒𝑑 𝑚𝑒𝑎𝑛𝑠) ∗ 1.96] ∗ 100. This calculation
was performed for each ISI (3 ms, 5 ms) in younger and older adults. It is expected that
approximately 95% of the difference between any two tests should lie within the limits of
agreement. Our results showed that the differences between the test and retest were within the
limits of agreement. Therefore, homoscedasticity was assumed for all reliability analyses in
younger and older adults. In younger and older adults, Levene’s test for homogeneity of
variance and Mauchly’s test of sphericity were not violated for CBI; therefore, homogeneity
and sphericity were assumed for the mixed-factorial ANOVA. Unless stated otherwise, all
tests were two-tailed and statistical significance was accepted at an alpha level of P < .05.
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Additionally, all values are expressed as mean and SD. All analyses were conducted using
SPSS Statistics (version 24).

TMS intensities (TS and CS) and TS-alone MEPs
To test for differences in the intensities used to measure CBI between younger and older
adults, mixed-factor ANOVAs were performed separately for RMT and TS intensities with
the within-subject factor of Session (Session 1, Session 2), and the between-subject factor of
Age (Younger, Older). To test for differences in TS-alone MEP amplitude delivered in the
figure-of-eight blocks between younger and older adults, a mixed-factor ANOVA was
performed with the within-subject factors of Session (Session 1, Session 2) and betweensubject factor of Age (Younger, Older). All main effects and interactions were examined
using post-hoc independent samples t-tests and/or paired samples t-tests.

Age-related differences in CBI
To test for differences in CBI between younger (n = 27) and older adults (n = 30), a mixedfactors ANOVA was performed with the within-subject factors of ISI (3 ms, 5 ms) and
Session (Session 1, Session 2), and the between-subject factor of Age (Younger, Older). All
main effects and interactions were examined using post-hoc independent samples and/or
paired samples t-tests. CBI ratios less than 1.0 indicate an inhibitory effect of cerebellum on
M1, and smaller ratios indicate greater inhibition.

Bilateral motor control
A multivariate ANOVA was performed to test for differences in bilateral motor performance
on the Purdue Pegboard assembly task, Four Square Step Test, and 10-m walk between
younger and older adults. Conditional on a significant main effect and/or an interaction,

Chapter 2. Test re-test reliability of cerebellum-M1 connectivity

57

univariate F-tests were performed to compare scores on the bilateral motor tasks between
younger and older adults. Bonferroni correction was applied for multiple comparisons:
statistical significance was accepted at P < 0.017.

Association between bilateral motor control and CBI in younger and older adults.
Exploratory Pearson’s product moment correlation coefficients were used to examine the
relationship between CBI and performance on the Purdue Pegboard assembly task, Four
Square Step Task, and 10-m walk, which were averaged across sessions. Separate analyses
were performed for each motor control task in younger and older adults to assist future
researchers interested in bilateral motor control in theses specific age groups. Exploratory
Fisher’s r-to-z transformations were performed to examine the difference between the
significant correlation coefficients of CBI and performance on the Purdue Pegboard assembly
task, Four Square Step Task, and 10-m walk in younger versus older adults. Given the
exploratory nature of these analyses, statistical significance was accepted at P < 0.05.

Reliability
Reliability can be divided into two sub-types: relative reliability and absolute reliability.
Relative reliability reflects the stability of the rank order of scores with repeated testing
(Atkinson & Nevill, 1998). Evaluation of how stable the rank order of scores is with repeated
testing is useful for diagnostic and prognostic purposes (e.g., differentiating between a
healthy individual versus one with a neurological disease, or between groups of these
individuals). Absolute reliability indexes the extent to which a score varies on repeated
measurements, known as measurement error, within individuals (Atkinson & Nevill, 1998).
Evaluation of measurement error can be useful to determine the sensitivity to change of a
measure and, therefore can be useful longitudinally (Beckerman et al., 2001; Schambra et al.,
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2015). As such, establishing measurement error will be useful for developing hypotheses and
establishing sample sizes, which can provide a basis for using TMS for therapeutic
interventions. Relative reliability and absolute reliability (defined below) were performed for
CBI ratios obtained at each ISI (3 ms, 5 ms) in younger and older adults.

In addition to examining reliability for dual-site measures of CBI, relative reliability and
absolute reliability were performed for (1) the TMS intensities of the dual-site protocol for
measures of CBI (RMT, AMT, TS intensity); (2) TS-alone MEP amplitude (in mV); (3)
bilateral motor performance (Purdue Pegboard, Four Square Step Test, and 10-m walk), and
(4) double-cone coil measures of CBI ratios in younger and older adults. The results of these
analyses are reported in the Supplementary Materials (see Supplementary Section S4.
Reliability).

Relative reliability. Relative reliability was calculated by using intraclass correlation
coefficients (ICC), which were quantified by expressing the variance due to differences
between-subjects in each age group as a ratio of the total variability in the data (i.e. noise).
The ICC was used to examine how well individuals maintain their scores relative to each
other over repeated measurements in younger and older adults (Terwee et al., 2007; Weir,
2005). ICC was calculated using a two-way random effects “absolute agreement” model, and
single measures were reported (Koo & Li, 2016).

Absolute reliability. Absolute reliability is calculated by using standard error of measurement
(SEMeas), which is a calculation performed on within-subject variability. The SEMeas was
used to examine how much dual-site TMS measures of CBI at an ISI of 3 ms and 5 ms vary
within individuals when measured in two sessions. SEMeas was calculated as the square root
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of the mean squared error: 𝑆𝐸𝑀𝑒𝑎𝑠 = √𝑚𝑒𝑎𝑛 𝑠𝑞𝑢𝑎𝑟𝑒𝑑 𝑒𝑟𝑟𝑜𝑟. The mean squared error
reflected the SD of within-subject variance and was obtained from an ANOVA test on CBI
ratios from each ISI (3 ms, 5 ms) (Weir, 2005). The SEMeas was then normalised to the
measurement mean to provide a relative size of measurement error (Lexell & Downham,
2005). This was calculated by dividing the SEMeas by the pooled mean from Session 1 and
Session 2, and multiplying by 100 to give a percentage value: %𝑆𝐸𝑀𝑒𝑎𝑠 =

𝑆𝐸𝑀𝑒𝑎𝑠
𝑚𝑒𝑎𝑛

∗ 100

(Lexell & Downham, 2005).

The minimal detectable change (MDC) for individuals and groups can be calculated from the
SEMeas. Individual and Group MDC were calculated using the following equations:
𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑀𝐷𝐶 = 𝑆𝐸𝑀𝑒𝑎𝑠 ∗ 1.96 ∗ √2 (Beckerman et al., 2001; Schambra et al., 2015;
Weir, 2005), and 𝑀𝐷𝐶𝑔𝑟𝑜𝑢𝑝 = 𝑀𝐷𝐶𝑖𝑛𝑑 ÷ √𝑛 (Terwee et al., 2007; Weir, 2005). If a
change in the variable of interest exceeds the MDC, it is considered a true change with 95%
confidence; if a change in the variable of interest does not exceed the MDC, it is considered a
measurement error (Schambra et al., 2015). Calculation of the MDC will be valuable for
future TMS studies to estimate whether individual or group changes in CBI reflect true
changes rather than measurement error. Analyses of Individual and Group MDC were
performed separately for younger and older adults.

Coefficient of variation (CV) values are provided to show the distribution of scores, and to
allow for comparisons of ICCs for future research with similar distribution of scores. CV
were calculated by dividing the pooled SD from Session 1 and Session 2 by the pooled mean
from Session 1 and Session 2 for each ISI, and multiplying by 100: 𝐶𝑉 = 𝑃𝑜𝑜𝑙𝑒𝑑 𝑆𝐷/
𝑃𝑜𝑜𝑙𝑒𝑑 𝑀𝑒𝑎𝑛 ∗ 100 (Atkinson & Nevill, 1998; Biabani et al., 2018; Turco et al., 2019).
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2.5. Results
TMS intensities and TS-alone MEPs
Figure 1 shows column scatter plots of RMT obtained from left M1 (% of MSO; Fig 1A), TS
intensity (% of MSO; Fig 1B), and TS-alone MEP amplitude (mV; Fig 1C) for younger and
older adults. For RMT intensity, a mixed-factors ANOVA showed no main effect of Session,
no main effect of Age, and no Session*Age interaction (all F1, 55 < 3.27, all P > 0.076, all ηp2
< 0.06). For TS intensity, a mixed-factorial ANOVA showed no main effect of Session (F1,
55 =

1.53, P = 0.221, ηp2 = 0.03), no Session*Age interaction (F1, 55 = 1.11, P = 0.297, ηp2 =

0.02), but a statistically significant main effect of Age (F1, 55 = 17.78, P < 0.001, ηp2 = 0.24):
the TS intensity averaged across sessions was significantly higher in older than younger
adults (t = -5.69, P < 0.001, d = 1.08; see Fig 1B), suggesting that a stronger stimulus was
required to elicit MEPs of ~0.80 mV in the resting hand muscle of older than younger adults.
For TS-alone MEP amplitude, a mixed-factorial ANOVA showed no main effect of Session,
no main effect of Age and no Session*Age interactions (all F1, 55 < 0.42, all P > 0.520, all ηp2
< 0.01).

Figure 1. Column scatter graphs show the (A) resting motor threshold (% of MSO); (B) test
stimulus intensity (% of MSO), and (C) test stimulus-alone MEP amplitude (MEP amplitude
elicited by TS-alone; mV) in younger (filled circles) and older adults (open circles) for blocks
of trials measuring CBI. The solid line reflects the mean intensity and mean test stimulusalone MEP amplitude for younger adults. The dashed line reflects the mean intensity and
mean test stimulus-alone MEP amplitude for older adults.
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CBI is less in older compared to younger adults
It can be seen from Figure 2 that CBI ratios (averaged across sessions) measured at an ISI of
3 ms were close to 1.0 (as expected for this control condition), and similar in younger (CBI
ratio range: 0.52-1.69) and older adults (CBI ratio range: 0.63-1.81). CBI ratios (averaged
across sessions) measured at an ISI of 5 ms were smaller in younger adults (CBI ratio range:
0.46-0.97) than older adults (CBI ratio range: 0.42-1.56), indicating younger adults showed
more inhibition than older adults. A mixed-factors ANOVA performed on the CBI data
showed a statistically significant main effect of ISI (F1, 55 = 51.01, P < 0.001, ηp2 = 0.48), a
significant ISI*Age interaction (F1, 55 = 25.69, P < 0.001, ηp2 = 0.32), but no main effect of
Session (F1, 55 = 2.23, P = 0.141, ηp2 = 0.04), no main effect of Age (F1, 55 = 0.04, P = 0.838,
ηp2 = 0.00), and no other significant interactions (all F < 3.26, all P > 0.076, all ηp2 < 0.06).
To investigate the ISI*Age interaction, post-hoc independent and paired samples t-tests were
performed. CBI ratios at an ISI of 5 ms were significantly smaller in younger than older
adults in both sessions (both t > 4.31, both P > 0.006, both d < 0.68); no significant
differences were found in CBI at the ISI of 3 ms between younger and older adults in either
session (both t > 0.50, all P > 0.194, all d < 0.36). In younger adults, CBI ratios were smaller
at an ISI of 5 ms than 3 ms (t53 = 7.22, P < 0.001, d = 1.22); no significant differences were
found in CBI ratios between ISIs in older adults (t59 = 1.69, P = 0.096, d = 0.20).
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Figure 2. Column scatter graph shows CBI ratios at an ISI of 3 ms (control condition) and 5
ms in younger (filled symbols) and older adults (open symbols). CBI ratios are the mean
dual-site MEP amplitude for each ISI expressed as a ratio of the mean TS-alone MEP
amplitude. Ratios less than 1.0 indicate an inhibitory influence of cerebellar stimulation on
M1. CBI ratios were averaged across Session 1 and Session 2. * P < 0.05.

Bilateral Motor control
Table 1 shows means in performance on the Purdue Pegboard assembly task, the Four Square
Step Test, and the 10-m walk in younger and older adults. A multivariate ANOVA performed
for bilateral motor performance on the Purdue Pegboard assembly task, Four Square Step
Test, and the 10-m walk between younger and older adults showed a significant main effect
of Age (F = 45.50, P < 0.001, ηp2 = 0.57), but no main effect of Session (F = 0.51, P = 0.677,
ηp2 = 0.01), and no Age*Session interaction (F =0.01, P = 0.999, ηp2 = 0.00). Post-hoc
univariate F-tests showed that younger adults performed significantly better than older adults
on all of the tasks (all F > 18.43, all P < 0.001, all ηp2 > 0.16).
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Table 1.
Means (±SD) in performance on the Purdue Pegboard assembly task, Four Square Step Test,
and the 10-m walk in younger and older adults. Bilateral motor tasks were averaged across
sessions.
Group

Mean ± SD

Purdue Pegboard assembly
Task (items assembled)

Younger
Older

37 ± 6.32
25 ± 5.91

Four Square Step Test (s)

Younger
Older

6.29 ± 1.12
8.60 ± 1.70

10-m walk (m/s)

Younger
Older

2.39 ± 0.26
2.12 ± 0.39

SD, standard deviation.

Associations between bilateral motor control and CBI in younger and older adults
Measures of CBI and bilateral motor performance were averaged across the two sessions in
younger and older adults. In younger adults, stronger CBI was associated with slower
performance on the 10-m walk (Fig 3C). No associations were found between CBI and
Purdue Pegboard assembly task performance (Fig 3A) or Four Square Step Test performance
(Fig 3B). In older adults, stronger CBI was associated with faster performance on the 10-m
walk (Fig 3F); when one outlier, defined as a CBI ratio 2.5 standard deviations above the
group mean (see Fig 3D-F; shown as a grey symbol), was removed from this analysis, the
negative association was no longer significant (r = -0.23, P = 0.14). No associations were
found between CBI and Purdue Pegboard assembly task performance (Fig 3D) or Four
Square Step Test performance (Fig 3E). Exploratory Fisher’s r-to-z transformations were
performed to examine the difference between the significant correlation coefficients of CBI
and performance on the 10-m walk between younger and older adults. There was a significant
difference between the correlation coefficients of CBI and performance on the 10-m walk (z
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= -3.24, P = 0.001), suggesting a significant difference in the direction of association between
CBI and performance in the 10-m walk between younger and older adults.

Figure 3. Scatterplots show the relationship between the magnitude of CBI and performance
on the Purdue Pegboard assembly task (A, D), Four Square Step Test (B, E), and the 10-m
walk test (C, F) in younger (top panel; closed symbols) and older adults (bottom panel; open
symbols). In older adults (bottom panel), one individual had a CBI ratio greater than 2.5
standard deviations from the group mean, which was defined as an outlier (grey symbol).
When this individual was removed from the analysis, the association between CBI and 10-m
walking was no longer statistically significant. *P < 0.05.
Reliability of CBI
Table 2 shows relative reliability (ICC) and absolute reliability (SEMeas, MDC) of figure-ofeight coil TMS measures of CBI at each ISI (3 ms, 5 ms) in younger and older adults. ICC
values more than 0.90 indicate excellent reliability; 0.75-0.90 good reliability; 0.50-0.75
moderate reliability; 0.50 or less poor reliability (Koo & Li, 2016). The closer the SEMeas
value is to zero, the less variable and more reliable the measure is (Weir, 2005).
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Table 2.
Relative reliability and absolute reliability of dual-site TMS measures of CBI in younger and
older adults.
Group

Relative Reliability
ICC (95% CI)

Absolute Reliability
SEMeas
MDCind MDCgroup
(%)

CV
%

Figure-of-eight coil
ISI 3 ms

Younger
Older

-0.02 (-0.36, 0.34)
0.38 (0.02, 0.65)

0.37 (34.88)
0.22 (23.53)

1.04
0.62

0.19
0.11

34.82
30.16

ISI 5 ms

Younger
Older

0.53 (0.18, 0.75)
0.40 (0.05, 0.66)

0.10 (13.26)
0.20 (22.31)

0.28
0.55

0.05
0.10

19.70
29.05

ICC, intraclass correlation coefficient; 95% CI, confidence intervals; SEMeas, standard
error of the measurement; % SEMeas, standard error of the measurement expressed as a
percentage of the mean; % CV, coefficient of variation pooled across Session 1 and Session
2, MDCind, minimal detectable change for individuals; MDCgroup, minimal detectable
change for groups; ISI, interstimulus interval; Figure-of-eight blocks: Younger adults (n =
27); Older adults (n = 30).

Relative reliability
As can be seen from Figure 4, ICCs performed on CBI measured at an ISI of 5 ms with the
figure-of-eight coil showed moderate reliability in younger adults (ICC: 0.53; Session 1: M =
0.76, SD = 0.13; Session 2: M = 0.75, SD = 0.16), and poor reliability in older adults (ICC:
0.40; Session 1: M = 0.92, SD = 0.26; Session 2: M = 0.88, SD = 0.26).
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Figure 4. Scatterplots show the intraclass correlation coefficients (ICC) between Session 1
and Session 2 CBI ratios at an ISI of 5 ms in (A) younger adults and (B) older adults.

Absolute reliability
In younger and older adults, the %SEMeas for CBI at an ISI of 5 ms was greater than the cutoff of 10% that has been used to indicate low measurement error (see Table 2; Houde et al.,
2018; Matamala et al., 2018; Schambra et al., 2015).

2.6. Discussion
In the current study, we characterised CBI in younger and older adults, and investigated the
role of CBI in bilateral motor control in both age groups. There were three main findings.
First, CBI was less in older compared to younger adults. Second, CBI was associated with
better performance on the 10-m walk in older adults, but poorer performance on the 10-m
walk in younger adults. Third, CBI measured using dual-site TMS with a figure-of-eight coil
showed moderate reliability in younger adults, but poor reliability in older adults.
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CBI was less in older compared to younger adults
In the current study, one novel finding was that CBI measured at an ISI of 5 ms using the
figure-of-eight coil was less in older than younger adults. Most younger adults showed CBI
ratios less than 1.0, which is consistent with previous dual-site TMS research showing that
cerebellar stimulation has an inhibitory influence on M1 at an ISI of 5 ms (Daskalakis et al.,
2004; Grimaldi et al., 2014; Ugawa et al., 1995). The current results extend this finding by
showing, for the first time, that the cerebellar inhibitory influence on M1 is weaker in older
than younger adults. The inhibition of M1 by cerebellum is thought to reflect the activation of
cerebellar Purkinje cells that inhibit M1 via the cerebellar dentate nucleus and ventrolateral
thalamus (Allen & Tsukahara, 1974; Daskalakis et al., 2004; Dum & Strick, 2003; Pinto &
Chen, 2001; Ugawa et al., 1995). Thus, our results suggest that the inhibitory interactions
acting between cerebellum and M1 were less efficacious in older than younger adults. Global
cerebellar volume declines with advancing age due to a decline in white matter integrity and
a loss of Purkinje cells (Andersen et al., 2003; Zhang et al., 2010), which is associated with
less activity in cerebellar output cells connecting with the ventrolateral thalamus and cortical
regions (Cavallari et al., 2013; Kafri et al., 2013; Sullivan & Pfefferbaum, 2006). Taken
together, our results of less CBI in older than younger adults might be mediated by a decline
in white matter integrity in the cerebellum (Giorgio et al., 2010; Pagani et al., 2008; Sullivan
& Pfefferbaum, 2006).

It is important to note that in the current study, we used a figure-of-eight coil for cerebellar
stimulation, which might not elicit CBI as effectively as large double-cone coils. Recently,
Spampinato et al. (2020) examined CBI using different double-cone coils and showed that
110- and 120-mm double-cone coils, but not 70- and 80-mm double-cone coils, were
sufficient to induce significant CBI in younger adults (Spampinato et al., 2020); although no
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figure-of-eight coils were tested in the study by Spampinato et al. (2020), the implication was
that larger double-cone coils and higher stimulation intensities were most optimal for eliciting
CBI. It is possible that smaller coils, including the figure-of-eight coil used in the current
study, might not have had sufficient stimulation depth to activate cerebellar Purkinje cells.
Despite the limited depth of stimulation of the figure-of-eight coil, in the current study, 23
out of 27 younger adults showed CBI ratios less than 0.90 in Session 1 (range: 0.47-0.89) and
Session 2 (range: 0.29-0.88); the other four younger adults showed CBI ratios close to or
above 1.0 in Session 1 (range: 0.91-1.02) and Session 2 (range: 0.92-0. 98). As described
above, this suggests that cerebellar stimulation with a figure-of-eight coil had an inhibitory
influence on M1 at an ISI of 5 ms for the majority of younger adults. In the current study, 13
of 30 older adults showed CBI ratios less than 0.90 in Session 1 (range: 0.50-0.84) and 17 of
30 showed CBI ratios less than 0.90 in Session 2 (range: 0.15-0.88). The finding that fewer
older than younger adults showed CBI is likely due to an age-related decline in cerebellar
white matter integrity and a loss of Purkinje cells (Andersen et al., 2003; Zhang et al., 2010);
it is possible that the combination of the limited depth of stimulation of the figure-of-eight
coil and the age-related loss of Purkinje cells underpin the reduced CBI in older than younger
adults observed in the current study.

One older adult showed a CBI ratio that was 2.5 SDs above the group mean, suggesting that
cerebellar activation facilitated rather than inhibited M1 excitability. It is important to report
outliers as these responses might be of physiological and functional importance. To date,
there are no reports of a facilitatory influence of cerebellum on M1 measured using a figureof-eight coil and an ISI of 5 ms (Fernandez et al., 2018a). One dual-site TMS study using a
double-cone coil (CS intensity: 5% less than the brainstem threshold) showed a facilitatory
influence of cerebellum on M1 at an ISI of 4 ms, with net facilitation observed in most
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participants (CBI ratio range: 1.0-1.3; N = 8; Ugawa et al., 1995). Electrical stimulation
studies had also shown some evidence of a facilitatory influence of cerebellum on M1:
electrical stimulation to cerebellum before a test TMS stimulus to M1 had a facilitatory
influence on M1 at ISIs of 3 ms and 4 ms (Iwata et al., 2004; Iwata & Ugawa, 2005). It is
unclear what mechanisms might mediate a facilitatory interaction between cerebellum and
M1. Projections from cerebellar nuclei to M1 are excitatory through the ventral thalamus, but
these networks are suppressed by activation of inhibitory cerebellar Purkinje cells (Allen &
Tsukahara, 1974; Dum & Strick, 2003). Future research should test a range of ISIs and
intensities to investigate potential facilitatory interactions between cerebellum and M1.

Associations between motor control and CBI in younger and older adults
In the current study, CBI was positively associated with 10-m walk performance in younger
adults, but negatively associated with performance on this task in older adults. Here,
connectivity was measured between the cerebellum and the hand representation of M1.
Although gait primarily involves lower-limb motor control, it also involves rhythmic upperlimb coordination (Wagenaar & Van Emmerik, 2000): previous research has shown that
greater rhythmic swinging of the arms is involved in speed and stabilisation during walking
in younger and older adults (Bruijn et al., 2010; Mirelman et al., 2015; Ortega et al., 2008).
Furthermore, research using TMS has shown that voluntary and imagined foot dorsiflexion
increases corticospinal excitability measured from hand muscle representations in M1
compared to rest (Bakker et al., 2008; Komeilipoor et al., 2017). The involvement of upperlimb movement in gait, and the influence of lower-limb movement on the excitability of hand
muscle representations of M1, might underpin the association between CBI measured from
the hand muscle and gait performance found in the current study.
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It is not clear why the association between CBI and 10-m walking performance was positive
in younger adults and negative in older adults. As expected, the younger adult group showed
faster gait performance with less inter-subject variability in performance than the older adult
group. However, there was sufficient inter-subject variability in walking performance in both
younger and older adults to show significant associations between CBI and 10-m walking
performance. Therefore, inter-subject variability in walking performance alone cannot
explain the significant associations between CBI and 10-m walking in younger and older
adults reported here. Previous research indicates that an increase in rhythmic swinging
motions of the arms was associated with faster gait in younger and older adults (Mirelman et
al., 2015). As CBI was measured by targeting the hand representation of M1, it is possible
that this network is involved in arm swinging during gait. In older adults, those with faster
gait might have increased engagement of the upper-limbs during gait, which could explain
the stronger CBI in these individuals. It is important to note, however, that the association
between CBI and 10-m walking performance was not statistically significant when the one
older adult outlier, defined as a CBI ratio 2.5 SDs above the group mean, was removed from
the analysis. In younger adults, slower gait might be due to over-engagement of upper-limbs,
which might explain the stronger CBI in these individuals: indeed, over-engagement of
upper-limbs can cause asymmetry in rhythmic upper- and lower-limb coordination, leading to
increased gait variability (Hill & Nantel, 2019; Siragy et al., 2020). This explanation,
however, should be interpreted with caution: although there was no main effect of session for
the 10-m walk in younger adults, there was poor reliability for this measure in younger adults
(see Supplementary Section S4.2.3 Reliability of bilateral motor control tasks), and the
correlation was performed on CBI and 10-m walk performance averaged across sessions. The
explanations of the association between CBI and 10-m walk performance in younger and
older adults are speculative: future research should investigate task-dependent modulations of
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CBI from upper- and lower-limb representations of M1 to provide a more comprehensive
understanding of the role of CBI in walking in younger and older adults.

It is also possible that CBI measured by targeting the hand representation of M1 reflects
interactions between the cerebellum and M1 more generally. Cerebellar stimulation elicits an
inhibitory influence on M1 via the dentate nucleus and ventrolateral thalamus (Grimaldi et
al., 2014; Holdefer, 2000). Cerebellar projections to the dorsal portion of the dentate nucleus
are thought to be important for upper- and lower-limb motor control, as it has output neurons
that influence the leg, arm, and hand representations in M1 (Dum & Strick, 2003; Hoover &
Strick, 1999; Middleton & Strick, 1997). Potentially, all of these output neurons are
influenced by cerebellar stimulation, leading to CBI of both the hand and leg representations
in M1. It is possible to measure CBI from lower-limb muscle representations in M1 (Jayaram
et al., 2011) and, therefore, future research should investigate associations between CBI
measured from the hand and lower-limb representations of M1 in both younger and older
adults, and determine whether these measures of CBI are both associated with walking
performance.

No significant associations were found between CBI and performance on the Four Square
Step task in younger or older adults, suggesting that the cerebellar inhibitory influence on M1
was not implicated in bilateral motor control involving dynamic balance in younger or older
adults. A more likely candidate to play a role in dynamic balance is the cerebellar vermis,
which is located medial of the cerebellum and is thought to be involved in balance and
postural control by integrating information from vestibular and spinal inputs (Beck et al.,
2007; Colnaghi et al., 2017; Morton & Bastian, 2004; Ouchi et al., 1999). In the current
study, we most likely activated the cerebellar crus, which is the lateral area of the cerebellum
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consisting of the main cerebellar efferent pathway from the cerebellum to M1. The cerebellar
crus may have less involvement in the age-related decline of dynamic balance compared to
the cerebellar vermis. Previous research has shown that age-related declines in balance was
associated with smaller cerebellar vermis volume (Cavallari et al., 2013; Rosano et al., 2007).
Future research should investigate connectivity between the cerebellar vermis and M1 using
functional magnetic resonance imaging and potentially dual-site TMS (cerebellar stimulation
delivered 1 cm superior to the inion on the midline joining the inion to the nasion; Cattaneo et
al., 2014) to investigate whether this network is associated with the age-related decline in
dynamic balance.

No significant associations were found between CBI and performance on the Purdue
Pegboard task in younger or older adults, suggesting that the cerebellar inhibitory influence
on M1 was not implicated in bimanual dexterity in these groups. A previous functional
magnetic resonance imaging study showed that reduced functional connectivity between
large-scale cerebello-cortical networks was associated with poorer performance on a manual
dexterity task in older adults (Bernard et al., 2013). However, this previous study used a
unimanual dexterity task requiring participants to use their dominant hand to place pegs into
small holes. In the present study, we used a bimanual dexterity task requiring participants to
use both hands to assemble objects as quickly as possible. Together, these findings suggest
that the cerebellum might play a role in manual dexterity in older adults, but the cerebellar
inhibitory influence on M1 is not involved in bimanual motor control. It is possible that CBI
is fundamental for the early stages of learning a new motor task using both hands (Schlerf et
al., 2012); future research should examine task-dependent modulation of CBI during learning
a bimanual motor control task.
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Reliability of CBI in younger and older adults
Relative reliability was quantified using ICCs, which reflect the stability of the rank order of
dual-site TMS measures of CBI with repeated testing. Based on the magnitude of ICCs and
the positive lower limits of confidence intervals, our results showed moderate reliability of
CBI in younger adults but poor reliability in older adults.

Absolute reliability was quantified using SEMeas, which indexes score variability within
individuals on repeated measurements, that is, measurement error. The %SEMeas for CBI
measured at an ISI of 5 ms was above the 10% cut-off score in both age groups, suggesting
noise in dual-site TMS measures of CBI. There are no established indices outlining the
degree of measurement error above 10%, and thus, it is difficult to interpret the %SEMeas for
CBI that exceeded the 10% cut-off value. In the current study, we measured some factors
known to influence corticospinal excitability, such as perceived stress, physical activity, sleep
quality, and female menstrual cycle (Hermsen et al., 2016; Ridding & Ziemann, 2010), but
found no significant associations between these factors and CBI in younger or older adults
(see Supplementary Section S6. Associations between self-report questionnaire scores and
CBI). Future research should investigate other factors that may influence measurement error
and reproducibility of TMS measures over time, such as the level of brain atrophy, chronic
diseases, and medication intake (Houde et al., 2018).

MDC, calculated using SEMeas, indexes how much a target variable must change to be
considered a true change with 95% confidence rather than a spurious change reflecting
measurement error. In the current study, high Individual MDC was found for measures of
CBI in both age groups (see Table 2). This suggests that a large change in the CBI ratio is
required to be considered a true change with 95% confidence. High Individual MDC has
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previously been reported for other TMS measures, namely measures of short-interval
intracortical inhibition (MDC: 0.31-0.51), short-latency afferent inhibition (MDC: 46%63%), long-latency afferent inhibition (MDC: 62%-75%), and intracortical facilitation
(MDC: 59%-62%) (Schambra et al., 2015; Turco et al., 2019). Low Group MDC was found
for figure-of-eight measures of CBI in younger and older adults (range: 0.05-0.10; see Table
2), suggesting that a small change in the CBI ratio is required to be considered a true change
with 95% confidence.

The current study is the first report of test re-test reliability of dual-site TMS measures of CBI
using a figure-of-eight coil. Test re-test reliability (quantified as ICCs) of single- and pairedpulse TMS measures has mostly been studied in younger adults (see systematic review by
Beaulieu et al., 2017). Moderate-to-good test re-test reliability has been shown for singlepulse TMS measures of corticospinal excitability, and varying degrees of test re-test
reliability have been reported for paired-pulse TMS measures of intracortical circuits in M1
in younger adults (see systematic review: Beaulieu, Flamand et al. 2017; Biabani et al., 2018;
Du et al., 2014; Fleming et al., 2012; Hermsen et al., 2016). Few studies have measured test
re-test reliability of TMS measures in older adults: results have shown poor-to-moderate
reliability of corticospinal excitability measured using a range of test stimuli (110, 120, 130,
150% RMT), good reliability for short- and long-interval intracortical inhibition (SICI: ISI of
2 ms; LICI: ISI of 100 ms), but poor reliability for intracortical facilitation (ICF: ISI of 10
ms) (Houde et al., 2018; Schambra et al., 2015).

The difference in the degree of reliability across paired-pulse TMS measures of intracortical
circuits in M1 is likely due, in part, to differences in the stimulation parameters used, such as
the number of paired-pulse trials. In previous reliability literature, 5-35 paired-pulse trials
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were used. In the current study, 16 dual-site trials were used at each of the ISIs to assess the
reliability of CBI. The number of trials used in the current study fits with previous dual-site
TMS studies, which have used 10-20 dual-site trials to measure CBI using the figure-of-eight
coil in younger adults; fewer trials are used for double-cone coil measures of CBI because of
the discomfort experienced from cerebellar stimulation (Kassavetis et al., 2011; Panyakaew
et al., 2016). In the current study, the sample distribution for CBI ratios at an ISI of 5 ms in
younger and older adults (younger adults CV: 19.70%; older adults CV: 29.05%) fits with
previous reliability studies of paired-pulse TMS measures of SICI, LICI (CV Median:
30.0%), and ICF (CV Median: 25.0%) (Badawy et al., 2011; Biabani et al., 2018; Boroojerdi
et al., 2000; Fleming et al., 2012; Orth et al., 2003). However, ICCs from previous pairedpulse TMS studies should be interpreted with caution because most studies did not report
between-subject variance, which can inflate ICCs, and/or confidence intervals, which help to
determine the strength of reliability (Atkinson & Nevill, 1998; Morrow & Jackson, 1993;
Portney & Watkins, 2009; Schambra et al., 2015). In the current study, the high SEMeas and
individual MDC indicate that dual-site TMS measures of CBI are not stable enough to be
used to detect individual neurophysiological change (i.e., used to identify biomarkers).
However, based on the low MDC values, dual-site TMS measures of CBI can be used to
reliably detect neurophysiological change within these age groups.

Limitations and future research
Age-related differences in CBI were not measured using the double-cone coil as we had a
small sample of younger adults who completed the protocol (n = 8). The low tolerance to the
double-cone coil found in younger adults is in line with previous research reporting that
stimulation with this coil is often perceived as uncomfortable or even painful (Fernandez et
al., 2018a; Hardwick et al., 2014; Schlerf et al., 2014). Nonetheless, it is important that future
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research investigates age-related differences in CBI measured using the double-cone coil to
fully characterise age-related differences in CBI. As mentioned, the double-cone coil has a
greater stimulation depth of range to elicit a larger pool of cerebellar Purkinje cells than the
figure-of-eight coil (Hardwick et al., 2014). Thus, the figure-of-eight and double-cone coil
might activate semi-independent populations of neurons in the cerebellum which may probe
different processes acting along the cerebello-thalamo-cortical tract and/or within the
cerebellum that are affected differently by age. Future research should examine the
effectiveness of cerebellar stimulation using the figure-of-eight coil (70-mm) and a large
double-cone coil (110 mm), combined with TMS modelling, to examine age-related
differences CBI.

In the present study, CBI was investigated in independent samples of younger (age range: 1835 years) and older adults (age range: 60-85 years). However, aging is a process that occurs
across the lifespan. Structural magnetic resonance imaging research has shown an age-related
decline of cerebellar volume around the age of 40 years (Raz et al., 2010). It is important for
future research to investigate CBI using dual-site TMS across the lifespan to identify when an
age-related decline in CBI occurs and how the timeline of changes in CBI is associated with
changes in bilateral motor control. Furthermore, future research should collect clinical
information from participants, coupled with magnetic resonance imaging, to confirm that
individuals do not present with undiagnosed pathologies related to neurodegenerative or
cerebrovascular disorders.

Implications
MDC values are useful for tracking changes in CBI over time, which might be useful for
tracking the progressive degeneration of connectivity in movement disorders, such as
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Parkinson’s disease. Given that cerebellar output cells project to the striatum by the
ventrolateral thalamus, it is possible that altered connectivity between nodes of this network
might underpin motor symptoms in people with Parkinson’s disease. In line with this
suggestion, a dual-site TMS study showed less CBI in people with Parkinson’s disease
compared to healthy older adults was associated with an increase in tremor severity measured
using an accelerometer (Ni et al., 2010).

The current study provides some evidence for stable measures of CBI in younger adults and
shows age-related differences in CBI, which have important implications for interventions
aiming to strengthen connectivity between cerebellum and M1. For example, cortical paired
associative stimulation (cPAS) can be used to modulate the strength of connectivity between
the stimulated brain regions (for review, see Ziemann et al., 2008): cPAS has been shown to
strengthen connectivity (via long-term potentiation-like plasticity) or weaken connectivity
(via long-term depression-like plasticity) between motor brain areas (Buch et al., 2011; Lu,
Tsai, et al., 2012; Veniero et al., 2013). Given that our findings showed that CBI was reduced
in older compared to younger adults, cPAS could be used to strengthen CBI in older adults
and potentially improve gait.

The next step for research is to replicate and further examine the opposing relationship
between CBI and gait speed in younger and older adults. cPAS can be used to both strengthen
and weaken CBI and, therefore, future research should examine the effect of this bidirectional
change in CBI on gait in younger and older adults. Previous fMRI and positron emission
tomography research have used motor imagery paradigms to examine neural processes
associated with gait (Allali et al., 2013). Future research should use dual-site TMS measures
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of CBI with motor imagery of walking to better understand the role of CBI in gait in younger
and older adults.

Conclusion
In the current study, we characterised CBI, a measure reflecting the activation of cerebellar
Purkinje cells that inhibit M1 via the cerebellar dentate nucleus and thalamus, in younger and
older adults. There were three novel findings. First, CBI measured using a figure-of-eight coil
was less in older than younger adults, which is likely underpinned by an age-related decline
in cerebellar white matter integrity and a loss of Purkinje cells. Second, CBI was associated
with better performance on the 10-m walk in older adults but poorer performance on the 10m walk in younger adults. Third, we provided some evidence for stable measurements of CBI
measured using the figure-of-eight coil in younger adults. Measurement errors and minimal
detectable change values are provided for future research interested in exploring effective
connectivity between cerebellum and M1 measured using dual-site TMS. Together, these
findings contribute to our understanding of age-related declines in motor control and might
provide a physiological basis for the development of interventions to improve gait.
Furthermore, these findings have important implications for the use of dual-site TMS in
measuring effective connectivity to better understand how neural networks are affected by
age- or disease-related decline. Given that cerebellar stimulation may differentially recruit
Purkinje cells, it is important that future research establishes the validity and responsiveness
of CBI measured using the figure-of-eight and double-cone coil in younger and older adults.
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2.7. Supplementary Materials
Measures of CBI using the figure-of-eight coil in younger and older adults are presented in
the main manuscript. Here, we present measures of CBI using the double-cone coil in
younger and older adults. As only a small sample of younger adults (n = 8) participated in the
double-cone coil blocks, statistical analyses were not performed for double-cone measures of
CBI in younger adults, but these data are presented in the figures.

S1. TMS intensities and TS-alone MEPs
S1.1 Data analysis
Of the 29 younger adults who participated in the current study, 8 completed the double-cone
coil blocks. Of the 30 older adults who participated in the current study, 21 completed the
double-cone blocks. In younger adults, the mean number of trials excluded across individuals
and sessions was 5 in the double-cone coil blocks (Session 1: 6.22% of trials; Session 2:
7.33% of trials; range in both sessions: 3-7 trials). In older adults, the mean number of trials
excluded across individuals and sessions was 6 in the double-cone coil blocks (Session 1:
7.29% of trials; Session 2: 6.39% of trials; range in both sessions: 3-9 trials). To test for
differences in AMT intensity, TS intensity, and TS-alone MEP amplitude between sessions
within younger and older adults, paired samples t-tests were performed.

S1.2 Results
Supplementary Figure 1 shows column scatter plots of AMT obtained from the descending
corticospinal tract (140% AMT; Fig 1A), TS intensity (% of MSO; Fig 1B), and TS-alone
MEP amplitude (mV; Fig 1C) in younger and older adults. Paired samples t-tests showed no
significant difference between sessions for AMT, TS intensity, or TS-alone MEP amplitude
in older adults (all t < -0.45, P > 0.656, d < 0.12).
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Supplementary Figure 1. Column scatter graphs show the (A) active motor threshold (140%
AMT); (B) test stimulus (TS; % of MSO), and (C) test stimulus-alone MEP amplitude (MEP
amplitude elicited by TS-alone; mV) in younger adults (closed symbols) and older adults
(open symbols).

S2. CBI measured using the figure-of-eight and double-cone coil in older adults
S2.1 Data Analysis
A similar number of older adults participated in the figure-of-eight coil blocks (n = 30) and
the double-cone coil blocks (n = 21). Therefore, to test for differences in TS-alone MEP
amplitude elicited in blocks using different cerebellar coil presentations in older adults, a
repeated measures ANOVA was performed with the within-subject factors of Session
(Session 1, Session 2) and Coil-type (Figure-of-eight, Double-cone coil). To test for
differences in CBI using the two coil presentations in older adults, a repeated measures
ANOVA was performed with the within-subject factors of ISI (3 ms, 5 ms), Session (Session
1, Session 2) and Coil-type (Figure-of-eight, Double-cone coil). Pearson’s product moment
correlation coefficients were performed to examine the relationship between CBI measured
with the figure-of-eight and double-cone coil for each session in older adults. Bonferroni
correction was applied for multiple comparisons: statistical significance was accepted at P <
0.025.
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S2.2 Results
Supplementary Figure 2 shows the test stimulus-alone MEP amplitudes elicited in blocks
using the figure-of-eight and double-cone coil. A repeated measures ANOVA performed to
examine differences in TS-alone MEP amplitude between the figure-of-eight and doublecone coil blocks in older adults showed no main effect of Session (F1, 20 = 0.37, P = 0.548,
ηp2 = 0.02), no main effect of Coil (F1, 20 = 0.37, P = 0.548, ηp2 = 0.02), but a significant
Session*Coil interaction (F1, 20 = 5.00, P = 0.037, ηp2 = 0.20). Although there was a
significant Session*Coil interaction, paired samples t-tests showed no significant difference
in TS-alone MEP amplitude between coil presentation in either session (Session 1: t20 = 1.14,
P = 0.268, d = 0.31; Session 2: t20 = -0.20, P = 0.847, d = 0.04). A repeated measures
ANOVA performed on CBI measured using the figure-of-eight versus double-cone coil in
older adults show no significant main effect of ISI (F1, 20 = 4.00, P = 0.059, ηp2 = 0.17), no
main effect of Session (F1, 20 = 0.27, P = 0.606, ηp2 = 0.01), no main effect of Coil (F1, 20 =
0.78, P = 0.387, ηp2 = 0.04), and no significant interactions (all F < 0.84, all P > 0.371, all ηp2
< 0.04).
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Supplementary Figure 2. Column scatter graphs show the test stimulus-alone MEP amplitude
(MEP amplitude elicited by TS-alone; mV) for blocks of trials measuring CBI using the
double-cone coil (open symbols) and figure-of-eight coil (closed circles) in older adults. The
dashed line reflects the mean test stimulus-alone MEP amplitude from blocks of trials
measuring CBI using the figure-of-eight coil. The solid line reflects the mean test stimulusalone MEP amplitude from blocks of trials measuring CBI using the double-cone coil.

Supplementary Figure 3 shows correlations performed to explore the relationship between the
magnitude of CBI measured using the figure-of-eight and double-cone coil for Session 1 (left
panel) and Session 2 (right panel) in older adults. The magnitude of CBI measured using the
figure-of-eight coil was not significantly associated with the magnitude of CBI measured
using the double-cone coil in either session. When one outlier in Session 1, defined as a CBI
ratio 2.0 standard deviations above the group mean (see Supplementary Fig 3; outlier
represented by the grey symbol), was removed from this analysis, there was no significant
association between CBI measured with the two coils (r = 0.20, p = 0.406). Thus, the current
findings provide some evidence to support the suggestion that CBI measured with the two
coil types is probing the excitability of different processes acting along the cerebellothalamo-cortical tract and/or within the cerebellum.
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Supplementary Figure 3. Scatterplots of the relationship between CBI (ISI 5 ms) measured
using the figure-of-eight and double-cone coil in Session 1 (left panel) and Session 2 (right
panel) in older adults. One individual showed a CBI ratio greater than 2.0 standard deviations
from the group mean, which was defined as an outlier (grey symbol). When this individual
was removed from the analysis, there was no significant association between CBI measured
with the two coils.
S2.3 Discussion
No significant differences were found in TS-alone MEP amplitude using the figure-of-eight
or double-cone coil, suggesting (at the group level) that the peak-to-peak MEP amplitude was
similar when measured in different blocks. No significant differences were found between
CBI measured using the figure-of-eight and double-cone coil, suggesting (at the group level)
that the magnitude of cerebellum influence on M1 was similar when measured with the two
coil types. Previous dual-site TMS research indicate that CBI has greater variability when
measured using the figure-of-eight than the double-cone coil in younger adults (Hardwick et
al., 2014). This is thought to be due to difference in the depth of stimulation range produced
by the two coil types, whereby the double-cone coil has a greater stimulation depth of range
to elicit a larger pool of cerebellar Purkinje cells than the figure-of-eight coil (Hardwick et
al., 2014). The current results add to these findings by showing that the magnitude of CBI is
similar when measured using the figure-of-eight and double-cone coil in older adults, and
both coil types provide a somewhat reliable measure of CBI (ICCs discussed below). This fits
with a recent TMS modelling study showing that cerebellar stimulation using both the figure-
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of-eight and double-cone coil can reach cerebellar grey matter (Can et al., 2018). However,
the current results showed no significant associations between the magnitude of CBI
measured with the figure-of-eight and double-cone coil in either session. These findings
suggest that CBI measured with the two coil presentations might be, in part, measuring the
excitability of different processes acting along the cerebello-thalamo-cortical tract and/or
within the cerebellum.

S3. Association between bilateral motor control and CBI measured using the double-cone
coil in older adults
S3.1 Data Analysis
Exploratory Pearson’s product moment correlation coefficients were used to examine the
relationship between CBI measured with the double-cone coil and performance on the Purdue
Pegboard assembly task (Supplementary Fig 4A, 4D), Four Square Step Task
(Supplementary Fig 4B, 4E), and 10-m walk (Supplementary Fig 4C, 4F) in older adults
(Supplementary Fig 4: bottom panel). CBI and motor tasks were averaged across sessions.
Given the exploratory nature of these analyses, statistical significance was accepted at P <
0.05.

S3.2 Results
In older adults, CBI was not associated with performance on the Purdue Pegboard assembly
task, Four Square Step Test or the 10-m walk.
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Supplementary Figure 4. Scatterplots show the relationship between the magnitude of CBI
and performance on the Purdue Pegboard assembly task (A, D), Four Square Step Test (B,
E), and the 10-m walk test (C, F) in younger (top panel; closed symbols) and older adults
(bottom panel; open symbols).

S3.3 Discussion
No significant associations were found between CBI measured using the double-cone coil
and performance on the 10-m walk, suggesting that the cerebellar inhibitory influence on M1
measured using the double-cone coil is not involved in bilateral motor control involving gait.
This might, in part, be due to the small sample size. As reported in the main manuscript, the
association between CBI measured using the figure-of-eight coil and 10-m walking
performance was negative in older adults. It is unclear why these associations differed for
CBI measured using the double-cone and figure-of-eight coil, but this might provide some
support for the two coil types activating different motor and non-motor regions: the cerebellar
Purkinje cells project to different areas of the dentate nucleus which elicits excitability of
motor and/or non-motor pathways. Thus, it is possible that the stimulation depth delivered by
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the two coil types activate different cerebellar projections associated with different aspects of
motor control.

No significant associations were found between CBI and performance on the Four Square
Step Test or the Purdue Pegboard assembly task. These findings suggest that it unlikely that
the cerebellar inhibitory influence on M1 is involved in bilateral movements involving
dynamic balance or bimanual movements involving both hands in older adults.

S4. Reliability
S4.1 Data analysis
Relative reliability was calculated using intraclass correlation coefficients (ICC), which were
quantified by expressing the variance due to differences between-subjects in each age group
as a ratio of the total variability in the data (i.e., noise). Absolute reliability is calculated by
using standard error of measurement (SEMeas), which is a calculation performed on withinsubject variability. SEMeas less than 10% was used to indicate low measurement error
(Houde et al., 2018; Matamala et al., 2018; Schambra et al., 2015).

S4.2 Results
S4.2.1 Reliability of intensities (RMT, AMT, TS) and TS-alone MEP amplitude (mV)
Supplementary Table 1 shows relative reliability (ICC) and absolute reliability (SEMeas,
MDC) of: (1) figure-of-eight coil TMS measures involving RMT, TS, and TS-alone MEP
amplitude in younger and older adults; and (2) double-cone coil TMS measures involving
AMT, TS, and TS-alone MEP amplitude in older adults.
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Figure-of-eight coil.
In younger adults, ICCs performed on TMS intensities showed moderate reliability for RMT,
good reliability for TS, and poor reliability for TS-alone MEP amplitude. In older adults,
ICCs performed on TMS intensities showed excellent reliability for RMT and TS and poor
reliability for TS-alone MEP amplitude. In younger adults, %SEMeas was greater than 10%
for RMT and TS-alone MEP amplitudes but less than 10% for TS. In older adults, %SEMeas
was greater than 10% for TS-alone MEP amplitudes but less than 10% for RMT and TS.

Double-cone coil.
In older adults, ICCs performed on TMS intensities showed good reliability for AMT and TS,
but poor reliability for TS-alone MEP amplitude. The %SEMeas was greater than 10% for
TS-alone MEP amplitudes, but less than 10% for AMT and TS.
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Supplementary Table 1.
Relative reliability and absolute reliability of TMS intensity (RMT, AMT, TS) and TS-alone
MEPs (mV) from (1) figure-of-eight blocks in younger and older adults and (2) double-cone
blocks in older adults.
Group

Relative
Reliability
ICC (95% CI)

Absolute Reliability
SEMeas
%

MDCind MDCgroup

CV
%

Figure-of-eight coil
RMT
(%MSO)

Younger
Older

0.69 (044, 0.84)
0.94 (0.89, 0.97)

11.40
4.83

12.29
5.71

2.24
1.04

20.81
20.14

TS
(%MSO)

Younger
Older

0.83 (0.70, 0.92)
0.90 (0.79, 0.95)

7.01
6.88

9.57
11.95

1.75
2.13

18.06
20.92

TS-alone
MEP (mV)

Younger
Older

0.11 (-0.30, 0.45)
0.31 (-0.06, 0.60)

45.97
37.43

0.96
0.83

0.18
0.15

48.46
43.98

Double-cone coil
AMT
(%MSO)

Older

0.81 (0.68, 0.91)

4.53

7.46

1.36

10.23

TS
(%MSO)

Older

0.86 (0.68, 0.94)

8.33

13.88

2.53

21.98

TS-alone
Older
0.24 (-0.22, 0.61)
33.06
0.68
0.12
38.86
MEP (mV)
ICC, intraclass correlation coefficient; 95% CI, confidence intervals; SEMeas, standard
error of the measurement; % SEMeas, standard error of the measurement expressed as a
percentage of the mean; Pooled CV, coefficient of variation pooled across Session 1 and
Session 2, MDC individual, minimal detectable change for individuals; MDC group, minimal
detectable change for groups; MSO, maximum stimulator output; RMT, resting motor
threshold; TS, test stimulus; AMT, active motor threshold; Figure-of-eight blocks: Younger
adults (n = 27); Older adults (n = 30); Double-cone coil blocks: Older adults (n = 21).

S4.2.2 Reliability of CBI measured using the double-cone coil
Supplementary Table 2 shows relative reliability (ICC) and absolute reliability (SEMeas,
MDC) of double-cone coil TMS measures of CBI at each ISI (3 ms, 5 ms) in older adults.
ICCs performed on CBI measured with the double-cone coil showed poor reliability in older
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adults (see supplementary Fig 5; ICC: 0.42). In older adults, the %SEMeas for CBI at an ISI
of 5 ms was greater than the cut-off of 10%.

Supplementary Table 2.
Relative reliability and absolute reliability of dual-site TMS measures of CBI in older adults.
Group

Relative Reliability
ICC (95% CI)

Absolute Reliability
SEMeas% MDCind MDCgroup

CV
%

Double-cone coil
ISI 3 ms

Older

-0.24 (-0.63, 0.22)

36.84

0.96

0.18

32.58

ISI 5 ms

Older

0.42 (0.01, 0.72)

19.92

0.48

0.09

25.94

ICC, intraclass correlation coefficient; 95% CI, confidence intervals; SEMeas, standard
error of the measurement; % SEMeas, standard error of the measurement expressed as a
percentage of the mean; % CV, coefficient of variation pooled across Session 1 and Session
2, MDCind, minimal detectable change for individuals; MDCgroup, minimal detectable
change for groups; ISI, interstimulus interval; Older adults (n = 21).

Supplementary Figure 5. Scatterplots show intraclass correlation coefficients (ICC) between
Session 1 and Session 2 CBI ratios at an ISI of 5 ms using the double-cone coil in younger
(A; n = 8) and older adults (B; n = 21).
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S4.2.3 Reliability of bilateral motor control tasks
As can be seen from Supplementary Table 3, ICCs performed on measures of bilateral motor
control showed good reliability for performance on the Purdue Pegboard assembly task and
Four Square Step Test but poor reliability for the 10-m walk in younger adults. ICCs
performed on measures of bilateral motor control showed moderate reliability for
performance on the Purdue Pegboard assembly task and the 10-m walk and good reliability
on the Four Square Step Test in older adults. In younger adults, %SEMeas was less than 10%
for the Purdue Pegboard assembly task and Four Square Step Test but greater than 10% for
the 10-m walk. In older adults, %SEMeas was less than 10% for the Four Square Step Test
but greater than the cut-off of 10% used to indicate low measurement error for the Purdue
Pegboard assembly task and the 10-m walk.
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Supplementary Table 3.
Relative reliability and absolute reliability of performance on the Purdue Pegboard assembly
task, Four Square Step Test, and Timed Up and Go task in younger and older adults.
Group Relative Reliability
Absolute Reliability
CV
ICC (95% CI)
SEMeas
MDCind MDCgroup
(%)
(%)
Purdue
Younger
Pegboard
Older
assembly
task (items
assembled)

0.86 (0.71, 0.93)
0.72 (0.49, 0.85)

2.36 (6.38)
3.33 (13.32)

6.55
9.23

1.20
1.69

17.65
23.99

Four
Square
Step Test
(s)

0.83 (0.67, 0.92)
0.85 (0.70, 0.93)

0.49 (7.79)
0.71 (8.21)

1.36
1.96

0.25
0.36

17.06
18.81

Younger
Older

10-meter
Younger
0.40 (0.03, 0.67)
0.37 (10.99) 1.04
0.19
14.35
walk (m/s) Older
0.68 (0.43, 0. 84)
0.44 (11.24) 1.23
0.22
34.54
ICC, intraclass correlation coefficient; 95% CI, confidence intervals; SEMeas, standard
error of the measurement; %SEMeas, standard error of the measurement expressed as a
percentage of the mean; % Pooled CV, coefficient of variation pooled across Session 1 and
Session 2, MDC individual, minimal detectable change for individuals; MDC group, minimal
detectable change for groups; Younger adults (n = 27); Older adults (n = 30 for the Purdue
Pegboard task, n = 29 for the Four Square Step Test and 10-meter walk).
S4.2.4 Discussion
Figure-of-eight coil.
Based on the magnitude of ICCs and the positive lower limits of confidence intervals, our
results indicate that the TMS intensities used to measure CBI had moderate-to-excellent
reliability in younger and older adults (see Supplementary Table 1 for details). In both
younger and older adults, poor reliability was found for TS-alone MEP amplitudes. In both
age groups: (1) the %SEMeas was above the 10% cut-off score for TS-alone MEP
amplitudes, suggesting noise in dual-site TMS measures of CBI; (2) there was high individual
MDC for TMS intensities and TS-alone MEP amplitudes, suggesting that a large change in
the CBI ratio is required to be considered a true change with 95% confidence; (3) there was
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low group MDC for TMS intensities and TS-alone MEP amplitudes, suggesting that a small
change in the CBI ratio is required to be considered a true change with 95% confidence.

Double-cone coil.
In older adults, there was good reliability for TMS intensities used to measure CBI, but poor
reliability for TS-alone MEP amplitude. The %SEMeas was only greater than the 10% cut-off
score for TS-alone MEP amplitudes. There was high individual MDC for the TMS intensities
used and TS-alone MEP amplitudes but low group MDC values for all conditions.

S5. Self-report questionnaires
S5.1 Data analysis
The self-reported Perceived Stress Scale was used to measure how an individual perceives
aspects of their life as uncontrollable, unpredictable, and overloaded (Cohen et al., 1983). A
higher Perceived Stress Scale score reflects higher perceived stress. The self-reported
International Physical Activity Questionnaire was used to measure physical activity (Craig et
al., 2003). The volume of activity is computed by weighting activity by its energy
requirements, to yield a score in metabolic equivalents-minutes, which estimates the amount
of energy expended carrying out the physical activity. A higher score reflects higher levels of
physical activity. The self-reported Pittsburgh Sleep Quality Index was used to measure the
quality and patterns of sleep (Buysse et al., 1989). A higher Pittsburgh Sleep Quality Index
score reflects higher levels of poor sleep quality. To examine differences in scores on the
Perceived Stress Scale, International Physical Activity Questionnaire, and the Pittsburgh
Sleep Quality Index between sessions in younger and older adults, paired-sample t-tests were
performed.
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S5.2 Results
Supplementary Table 4 shows differences in the self-reported questionnaire scores between
Session 1 and Session 2 in younger and older adults. In both younger and older adults, there
was no significant difference in the Perceived Stress Scale score, International Physical
Activity Questionnaire, or Pittsburgh Sleep Quality Index scores between Session 1 and
Session 2.

Supplementary Table 4.
Differences in scores on the Perceived Stress Scale, International Physical Activity
Questionnaire, and the Pittsburgh Sleep Quality Index between Session 1 and Session 2 in
younger and older adults.
Group
Session 1
Session 2
Paired
Median ± SD
Median ± SD
sample ttests
Perceived Stress Younger
13.00 ± 5.96
16.00 ± 6.21
P = 0.054
Scale
Older
8.50 ± 6.22
9.50 ± 5.84
P = 0.692

International
Physical Activity
Questionnaire

Younger

3532.00 ± 4523.94

4526.40 ± 3195.00

P = 0. 420

Older

2777.50 ± 5741.79

1981.50 ±
3265.77.94

P = 0.388

Pittsburgh Sleep
Quality Index

Younger

5.00 ± 2.25

5.00 ± 2.66

P = 0.096

Older

4.00 ± 2.78

4.00 ± 2.54

P = 0.637

SD, standard deviation.

S6. Associations between self-report questionnaire scores and CBI
S6.1 Data analysis
Pearson’s product moment correlation coefficients were used to examine the relationship
between CBI measured using both coil types (i.e., figure-of-eight coil, double-cone coil) and
scores on the Perceived Stress Scale, International Physical Activity Questionnaire, and
Pittsburgh Sleep Quality Index. Separate analyses for Pearson’s product moment correlation
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coefficients were performed for each (1) self-report questionnaire; (2) session; (3) age group
(only for CBI measured using the figure-of-eight coil), and (4) coil type.

S6.2 Results
For Session 1 and Session 2, there were no significant associations between CBI measured
using the figure-of-eight coil and any of the self-report scores (Perceived Stress Scale,
International Physical Activity Questionnaire, Pittsburgh Sleep Quality Index) in younger (r
< 0.26, P > 0.197) or older adults (all r < -0.34, all P > 0.069). For Session 1 and Session 2,
there were no significant associations between CBI measured using the double-cone coil and
scores on the International Physical Activity Questionnaire or Pittsburgh Sleep Quality Index
in older adults (all r < 0.35, all P > 0.124). There was, however, a significant positive
association between CBI measured using the double-cone coil and scores on the Perceived
Stress Scale in Session 1 (r = 0.50, P = 0.021), but not Session 2 (r = 0.05, P = 0.824) in
older adults.

S6.3 Discussion
Although previous research suggest that stress, physical activity, and sleep may contribute to
variability in MEP amplitude (Hermsen et al., 2016; Ridding & Ziemann, 2010), our findings
suggest that these factors had no influence on CBI measured using the figure-of-eight coil. In
older adults, less CBI measured using the double-cone coil was associated with higher
perceived psychological stress scores in Session 1 but not Session 2. An increase in stress
levels, measured as a release of the plasma cortisol hormone in response to stress, has
previously been shown to be associated with an increase in corticospinal excitability (Milani
et al., 2010). Future research should control for factors that may influence associations
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Chapter 3. Test re-test reliability of dual-site TMS measures of SMA-M1 connectivity in
younger and older adults.

3.1. Preface
This Chapter has been published as:
Rurak, B.K., Rodrigues, J.P., Power, B.D., Drummond, P.D., & Vallence, A.M. (2021). Test
re-test reliability of dual-site TMS measures of SMA-M1 connectivity differs across
inter-stimulus intervals in younger and older adults. Neuroscience, 472.
10.1016/j.neuroscience.2021.07.023.

The format and references were modified from the published manuscript in this chapter to
maintain consistency throughout this thesis. The format of the Supplementary Materials was
not modified from the published manuscript.

As described in Preface 2.1 and Chapter 1, it is important to establish test re-test reliability
before examining age- and PD-related declines in neural networks. This Chapter reports the
reliability of dual-site TMS measures of SMA-M1 connectivity in younger and older adults.
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3.2. Abstract
Dual-site transcranial magnetic stimulation (TMS) is a promising tool to measure
supplementary motor area and primary motor cortex (SMA-M1) connectivity in younger and
older adults and could be used to understand the pathophysiology of movement disorders.
However, test re-test reliability of dual-site TMS measures of SMA-M1 connectivity has not
been established. The aim of this study was to examine the reliability of SMA-M1
connectivity using dual-site TMS in two sessions in 30 younger and 30 older adults. For dualsite TMS, a conditioning pulse delivered to SMA (140% of active motor threshold) preceded
a test pulse delivered to M1 (intensity that elicited MEPs of ~1 mV) by inter-stimulus
intervals (ISI) of 6 ms, 7 ms, and 8 ms. Moderate ICCs were found for SMA-M1 connectivity
at an ISI of 7 ms in younger (ICC: 0.69) and older adults (ICC: 0.68). Poor ICCs were found
for SMA-M1 connectivity at ISIs of 6 ms and 8 ms in both age groups (ICC range: 0.010.40). These results provide some evidence for stable measures of SMA-M1 connectivity at
an ISI of 7 ms in both age groups. These findings are foundational for future research
developing evidence-based interventions to strengthen SMA-M1 connectivity to improve
bilateral motor control in older adults and populations with movement disorders.
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3.3. Introduction
Complex and dynamic neural activity between cortical regions is important for voluntary
motor control (Hallett et al., 2017; Koch, 2020; Rothwell, 2011). Alterations in this
connectivity between cortical regions could underpin age- and disease-related decline in
voluntary motor control. Neuroimaging evidence shows age-related changes in functional
connectivity, defined as simultaneous activity between cortical motor regions, which is
thought to underlie an age-related decline in voluntary motor control (Bernard et al., 2013;
Grefkes et al., 2008; Michely et al., 2018; Seidler et al., 2010). Functional connectivity
between the supplementary motor area (SMA) and primary motor cortex (M1) is important
for bilateral motor control (Grefkes et al., 2008; Michels et al., 2018; Michely et al., 2018;
Rurak et al., 2021b). SMA is involved in planning, timing, and executing upper- and lowerlimb bilateral movements (Macar et al., 2002; Malouin et al., 2003; Nachev et al., 2008).
SMA has dense, direct connections to M1, which is important for the execution of voluntary
movement (Dum & Strick, 2002; Luppino et al., 1993). Transcranial magnetic stimulation
(TMS) is a non-invasive brain stimulation technique used to understand human physiology
(Rothwell, 1997, 2011). More recently, TMS protocols have been developed to measure
connectivity between regions within the cortical motor network, known as effective
connectivity (Hallett et al., 2017), including SMA and M1 (Arai et al., 2012; Arai et al.,
2011; Green et al., 2018).

During TMS, a brief, high-intensity electric current is delivered through an insulated coil
placed over the scalp, which, in turn, generates a magnetic field that passes through the scalp
and skull with little or no attenuation. This magnetic field induces an electrical current in the
underlying brain tissue, which can result in action potentials in neurons in the region below
the coil (Barker et al., 1985; Hallett, 2007; Rossini et al., 2010). A single suprathreshold TMS

Chapter 3. Test re-test reliability of SMA-M1 connectivity

100

pulse delivered to M1 elicits a motor-evoked potential (MEP) that is measured from the target
muscle using EMG. A suprathreshold TMS pulse evokes a complex descending corticospinal
volley and, therefore, the MEP amplitude reflects the excitability of the corticospinal tract
(Hallett, 2007).

Effective connectivity between SMA and M1 can be measured using a dual-site TMS
protocol (Arai et al., 2012; Arai et al., 2011; Green et al., 2018). When a conditioning
stimulus delivered to SMA precedes a test stimulus delivered to M1 by an inter-stimulus
interval (ISI) of 6 ms, the amplitude of the MEP is increased compared to the amplitude of
the MEP elicited by a test stimulus-alone to M1. This facilitation of the MEP amplitude from
dual stimuli compared to test stimuli-alone (Arai et al., 2012; Arai et al., 2011) is likely due
to the activation of glutamatergic excitatory interactions between SMA and M1 (Luppino et
al., 1993; Muakkassa & Strick, 1979; Shima & Tanji, 1998). Previous dual-site TMS studies
have shown that greater effective connectivity between SMA-M1 was associated with better
bilateral motor performance measured using the Purdue Pegboard task (Green et al., 2018;
Rurak et al., 2021b). This suggests an important role of SMA-M1 connectivity in bilateral
motor control.

For future clinical and experimental research, it is important to establish a stable dual-site
TMS measure of SMA-M1 connectivity before investigating the validity and responsiveness
of SMA-M1 connectivity. Reliability establishes whether any changes observed in the
measure are due to physiological changes within the individual, and not due to variability in
the response to the measure itself (Atkinson & Nevill, 1998; Koo & Li, 2016; Weir, 2005). A
reliable measure of SMA-M1 connectivity will underpin future research investigating the role
of SMA-M1 connectivity in bilateral motor control in younger and older adults. Furthermore,
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establishing reliability might be foundational for developing evidence-based interventions to
improve bilateral motor control in older adults and populations with movement disorders,
such as Parkinson Disease.

To date, test re-test reliability of SMA-M1 connectivity measured using dual-site TMS has
not been established. Therefore, it is not clear whether previous reports of age-related
differences in SMA-M1 connectivity measured using dual-site TMS reflect physiological or
methodological differences between younger and older adults (Green et al., 2018; Rurak et
al., 2021b). Less SMA-M1 connectivity measured using dual-site TMS in older than younger
adults can be explained physiologically, as less SMA-M1 connectivity is likely underpinned
by an age-related decline in white matter integrity. White matter integrity is important for
effectively relaying information between motor brain regions (Serbruyns et al., 2015;
Sullivan et al., 2010) and, in older adults, the quantity and quality of white matter integrity
are reduced due to the loss of myelinated fibres and reduced axonal integrity (Bartzokis et al.,
2004; Marner et al., 2003; Meierruge et al., 1992; Peters, 2002; Seidler et al., 2010).
However, less SMA-M1 connectivity in older than younger adults might also be due to the
variability in response to dual-site TMS measures of SMA-M1 connectivity. While test retest reliability of dual-site TMS protocols has not been studied, varying degrees of test re-test
reliability (quantified using intraclass correlation coefficients) have previously been reported
for paired-pulse TMS measures of intracortical circuits in M1 in younger (poor-to-good
reliability; Biabani et al., 2018; de Goede & van Putten, 2017; Du et al., 2014; Fleming et al.,
2012; Hermsen et al., 2016; Qasem et al., 2020) and older adults (poor and excellent
reliability; Houde et al., 2018; Schambra et al., 2015).
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Dual-site TMS was used to measure SMA-M1 connectivity in two identical sessions in
younger and older adults. A previous dual-site TMS study showed age-related differences in
SMA-M1 connectivity using an inter-stimulus interval (ISI) of 6 ms but not at 8 ms (Green et
al., 2018). In the current study, ISIs of 6 ms, 7 ms, and 8 ms were used to provide a more
comprehensive investigation of SMA-M1 connectivity in younger and older adults. The aim
of the current study was to examine the reliability of dual-site TMS measures of SMA-M1
connectivity in younger and older adults. Reported elsewhere is a secondary aim which was
to examine age-related differences in SMA-M1 connectivity and whether SMA-M1
connectivity is associated with bilateral motor control in younger adults (Rurak et al., 2021b).

3.4. Methods
Measures of SMA-M1 connectivity reported here were obtained as part of a larger study that
involved measuring age-related differences in connectivity between (1) SMA-M1 and (2)
cerebellum-M1 using dual-site TMS. The SMA-M1 procedure was completed before or after
the cerebellum-M1 procedure (counterbalanced across participants). Individuals who
participated in the current procedure also participated in the dual-site TMS procedure to
measure connectivity between cerebellum-M1 (Rurak et al., 2021a).

Participants
Thirty younger adults (20 females; median 22 yr, age range: 18-32 yr) and 30 community
ambulant older adults (19 females; median 70 yr, age range: 60-82 yr) recruited from
Murdoch University and the local community participated in the study. One younger adult
and one older adult participated in a previous study from our research group (Green, Ridding
et al. 2018). The protocol was performed following the Declaration of Helsinki and approved
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by the Murdoch University Human Research Ethics Committee (2014/247). All participants
gave written informed consent before participation.

All participants completed a 17-item safety screening questionnaire which was used to screen
and exclude individuals with (1) conditions that would contraindicate TMS; (2) neurological
conditions, and (3) medications acting on the central nervous system (Rossi et al., 2021;
Rossi et al., 2009; Rossini et al., 2015). A cut-off score of 25 on the Montreal Cognitive
Assessment was used as an exclusion criterion (Nasreddine et al., 2005); no participant
scored less than 26 (Younger: median 29, score range: 26-30; Older: median 29.5, score
range: 26-30). A cut-off score of 40 on the Edinburgh Handedness Inventory was used as an
exclusion criterion to exclude left-handed and ambidextrous people (Oldfield, 1971); no
participant scored less than 40 (Younger: median 91, range 50-100; Older: median 97, range
70-100). The period of the menstrual cycle has been shown to influence measures of cortical
excitability (Hattemer et al., 2007; Smith et al., 1999). The regularity of the menstrual cycle
and follicular phase was self-reported using a standard menstrual cycle calendar as a
reference. Nine females reported using contraception. All younger female participants
underwent both TMS sessions during the first week of their follicular phase. Four older
female participants underwent both TMS sessions during their menopausal phase and
reported being on hormone replacement therapy. All other older female participants were
post-menopausal and not on hormone replacement therapy.

TMS
Participants were seated in a comfortable chair with their right forearm and hand supported
by a cushion on their lap. EMG activity was recorded from the relaxed first dorsal
interosseous (FDI) of the right-hand using Ag-AgCI surface electrodes placed in a belly-
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tendon montage. The EMG signal was amplified (x1000; CED 1902 amplifier), bandpass
filtered (20-1000 Hz), and digitized at a sampling rate of 5 kHz (CED 1401 interface). Dualsite TMS was delivered through two Magstim 200 stimulators (Magstim Co., Whitland,
Dyfed, UK), each connected to a figure-of-eight coil (50-mm diameter).

M1 stimulation site.
M1 stimulation was delivered with the coil placed tangentially to the scalp with the handle
positioned backwards and rotated away from the midline by ~45º to induce a posterioranterior current in the left M1. To help identify the optimal site for stimulation, a mark was
placed at C3 of the International 10-20 System, which corresponds to the hand area of M1
(C3, defined as 5 cm lateral to Cz). To identify the optimal site for stimulation, the coil was
moved in ~1 cm steps (posterior-anterior and medial-lateral) around the mark corresponding
to the hand representation of M1 (i.e., at C3). A minimum of 3 suprathreshold trials were
delivered at each site to identify a site that evoked consistent and large MEPs from the resting
FDI. The optimal site was defined as the site that evoked the largest and most consistent
MEPs in the resting FDI; this site was marked on the scalp with water-soluble ink to allow
for reliable coil placement throughout the experimental session. The optimal site for M1
stimulation was determined in both sessions.

SI1mV intensity (M1). Consistent with previous research, the left M1 TMS intensity was set as
a percentage of maximum stimulator output (MSO) that elicited peak-to-peak MEP
amplitudes of ~1 mV in the resting hand muscle, defined as ‘SI1mV’ (Arai et al., 2012; Arai et
al., 2011; Green et al., 2018). As MEPs are highly variable at rest, it is not always possible to
identify an intensity that elicits a mean MEP of 1 mV for each individual. The SI1mV was set
to an intensity that elicited a mean MEP amplitude ranging between 0.75-1.25 from ~20

Chapter 3. Test re-test reliability of SMA-M1 connectivity

105

trials: at the group level, this resulted in a mean MEP amplitude of ~1 mV in younger and
older adults. The SI1mV intensity was (1) determined while the FDI was at rest, and (2)
determined in both sessions.

SI1mV-alone MEP amplitude (mV; M1). MEP amplitude was elicited from single-pulse trials
using SI1mV intensity delivered to the left M1 while FDI was at rest (see Fig 1A). SI1mV-alone
MEP amplitude was determined in both sessions.

SMA stimulation site.
SMA stimulation was delivered with the coil placed on the midline using a lateral current
orientation (i.e., current directed from the midline towards SMA; Arai et al., 2012; Arai et al.,
2011; Green et al., 2018). The site of SMA stimulation was 4 cm anterior to Cz, which is the
midpoint between the nasion-inion and interaural plane (Cz as defined by the International
10-20 System; Arai et al., 2012; Arai et al., 2011; Green et al., 2018). This site corresponds to
the anatomical representation of SMA identified using individual structural magnetic
resonance images (Arai et al., 2012; Arai et al., 2011).

Active motor threshold intensity (M1). For SMA stimulation, the TMS intensity was set to
140% of active motor threshold (AMT) obtained from M1, consistent with previous research
(Arai et al., 2012; Arai et al., 2011). AMT was defined as the minimum TMS intensity (as a
percentage of MSO) that elicited MEPs in the first dorsal interosseous muscle of at least 0.2
mV from at least five out of ten consecutive trials during an isometric contraction of 10%
maximum voluntary contraction (Arai et al., 2012; Arai et al., 2011; Rossini et al., 2015). The
isometric contraction involved requesting participants to rest their forearm and hand in a
pronated position on a custom-made brace, with their abducted index finger applying force
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against a fixed block on a custom-made brace. First, participants performed three maximum
voluntary contractions, during which the peak-to-peak amplitude of EMG activity in FDI was
examined. Second, EMG activity from FDI was presented to the participant and monitored by
the experimenter in real-time, with horizontal cursors displaying the target EMG amplitude to
maintain 10% maximum voluntary contraction. AMT was determined in both sessions. Note
that although the intensity for SMA stimulation was set at 140% AMT, all dual-site trials
were delivered with FDI at rest, consistent with previous research (Arai et al., 2012; Arai et
al., 2011).

Experimental Protocol
Each participant completed two 2-hour experimental sessions a minimum of 7 days apart. In
younger adults, the second session was conducted on average 7.40 days (± 0.72 days) after
the first session (range 7-10 days). In older adults, the second session was conducted on
average 7.30 days (± 0.90 days) after the first session (range 7-11 days). All participants
completed both sessions in the morning or both sessions in the afternoon. In younger adults,
the time of day for the first session was on average 65 minutes (± 1.06 minutes) before or
after the time of day for the start of the second session (range 0-3 hours). In older adults, the
time of day for the first session was on average 48 minutes (± 0.88 minutes) before or after
the time of day for the start of the second session (range 0-3 hours).

SMA-M1 connectivity
SMA-M1 connectivity was assessed by delivering SI1mV-alone (see Fig 1A) and dual-site
trials (see Fig 1B). For dual-site trials, a conditioning pulse delivered to SMA (140% AMT)
preceded a test pulse delivered to M1 (SI1mV) by ISIs of 6 ms, 7 ms, or 8 ms. Two
experimental blocks, each consisting of 44 trials, were delivered. Each block consisted of 11
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SI1mV-alone trials (delivered to M1) and 11 trials for each of the three ISI conditions (i.e., 6
ms, 7 ms, 8 ms). Previous research has shown that dual-site TMS measures of SMA-M1
connectivity differ across ISIs: facilitation of M1 by SMA was shown at an ISI of 6 ms but
not at 8 ms or 15 ms (Arai et al., 2012; Arai et al., 2011; Green et al., 2018). In the current
study, we were interested in investigating the facilitatory interaction been SMA and M1
across ISIs of 6 ms, 7 ms, and 8 ms in a large sample of younger and older adults. Signal
software (version 6.02) was used to pseudo-randomise trial conditions with an inter-trial
interval of 5 s (±10%). Blocks lasted ~3.5 minutes each. SMA-M1 connectivity was
quantified by expressing the mean dual-site MEP amplitude for each ISI as a ratio of the
mean SI1mV-alone MEP amplitude, which provides a marker of effective connectivity. Ratios
greater than 1.0 indicate a facilitatory effect of SMA stimulation on M1.
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Figure 1. SMA-M1 connectivity was assessed by delivering SI1mV-alone and dual-site trials
in younger and older adults. Panel A shows the coil placement and current flow direction
(indicated by the arrow) for single-pulse trials delivered to the optimal M1 site, and Panel C
shows an example MEP elicited by single-pulse TMS to M1 (~1mV peak-to-peak MEP
amplitude). Panel B shows the coil placement for dual-site trials: the grey coil represents the
SMA stimulation site, and the black coil represents the M1 stimulation site, with arrows
indicating the current flow direction. Panel D shows an example MEP elicited by dual-site
TMS, with a conditioning stimulus to SMA (140% AMT) 6, 7, or 8 ms prior to a test stimulus
to M1. All measures were obtained from the resting first dorsal interosseous (FDI).
Self-report Questionnaires
Factors that have been previously reported to influence measures of corticospinal excitability
were recorded (Avesani et al., 2008; Davranche et al., 2015). Perceived Stress Scale was used
to measure how an individual perceives aspects of their life as uncontrollable, unpredictable,
and overloaded: a higher score reflects higher perceived stress (Cohen et al., 1983). The
International Physical Activity Questionnaire was used to measure physical activity (Craig et
al., 2003). The volume of activity is computed by weighting activity by its energy

Chapter 3. Test re-test reliability of SMA-M1 connectivity

109

requirements, to yield a score in metabolic equivalents-minutes, which estimates the amount
of energy expended carrying out the physical activity: a higher score reflects higher levels of
physical activity. The Pittsburgh Sleep Quality Index was used to measure the quality and
patterns of sleep: a higher score reflects poorer sleep quality (Buysse et al., 1989). The selfreported questionnaires were completed in both experimental sessions and participants were
asked to document perceived stress, physical activity, and sleeping patterns in the previous
seven days.

Data processing and analysis
Trials in which peak-to-peak EMG activity exceeded 0.01 mV during the 100 ms before TMS
application were excluded from the analysis. In younger adults, the mean number of trials
excluded across individuals was 18 (range 12-33: total 10.66% of trials) for Session 1 and 18
(range 12-35: total 10.83%) for Session 2. In older adults, the mean number of trials excluded
across individuals was 15 (range 12-23: total 8.48% of trials) for Session 1 and 16 (range 1224: total 8.81%) for Session 2. The peak-to-peak MEP amplitude measured in mV was
obtained from 50 ms of EMG activity beginning 10 ms after the TMS pulse delivered to M1
for SI1mV-alone (delivered to M1) and dual-site trials.

All analyses were conducted using SPSS Statistics (version 24). Homoscedasticity was
determined by fitting regression lines to Bland-Altman plots and performing correlations (R2)
between the absolute differences and the mean values (Atkinson & Nevill, 1998; Damron et
al., 2008). R2 values between 0 and 0.1 suggest homoscedasticity and normal distribution
(Atkinson & Nevill, 1998; Bland & Altman, 1986). In both younger and older adults, R2
values were less than 0.1. Limits of agreement can then be calculated by dividing the
standard deviation (SD) of differences between Session 1 and Session 2 (i.e. Session 2-
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Session 1) by the pooled means from Session 1 and Session 2 multiplied by 1.96, and then
multiplied by 100: 𝐿𝑖𝑚𝑖𝑡𝑠 𝑜𝑓 𝑎𝑔𝑟𝑒𝑒𝑚𝑒𝑛𝑡: [(𝑆𝐷 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒𝑠/𝑝𝑜𝑜𝑙𝑒𝑑 𝑚𝑒𝑎𝑛𝑠) ∗ 1.96] ∗
100. This calculation was performed for each ISI (6 ms, 7 ms, 8 ms) in younger and older
adults. It is expected that approximately 95% of the difference between any two tests should
lie within the limits of agreement. Our results showed that the differences between the test
and retest were within the limits of agreement. Therefore, homoscedasticity was assumed for
all reliability analyses in younger and older adults. Unless stated otherwise, all values are
expressed as mean and standard deviation.

Self-report questionnaires
To test for differences in the self-reported questionnaire scores between Session 1 and
Session 2, paired sample t-tests were performed on the Perceived Stress Scale, International
Physical Activity Questionnaire, and Pittsburgh Sleep Quality Index scores separately for
younger and older adults. Pearson’s product moment correlation coefficients were performed
to examine the relationship between SMA-M1 connectivity at each ISI (6 ms, 7 ms, 8 ms)
and scores on each questionnaire averaged across sessions in both age groups. Bonferroni
correction was applied for multiple comparisons: statistical significance was accepted at P <
0.008.

Neurophysiological measures
TMS intensities. To test for differences in the intensities used to measure SMA-M1
connectivity, paired sample t-tests were performed for AMT and SI1mv separately for younger
and older adults.
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SI1mV-alone MEP amplitude (mV). To test for difference in the mean MEP amplitude elicited
by SI1mV-alone trials (delivered to M1), paired sample t-tests were performed separately for
younger and older adults.

SMA-M1 connectivity in younger and older adults. Individuals who participated in the current
study also participated in the dual-site TMS procedure to measure age-related differences in
SMA-M1 connectivity: these results are reported elsewhere (Rurak et al., 2021b). In both
younger and older adults, repeated-measures ANOVAs were performed to examine
differences in SMA-M1 connectivity at each ISI (within-subjects factor: 6 ms, 7 ms, 8 ms)
between sessions (within-subjects factor: Session 1, Session 2). All main effects and
interactions were examined using post-hoc paired sample t-tests. Connectivity ratios higher
than a value of 1.0 indicated a facilitatory effect of SMA, and larger ratios indicated greater
facilitation.

Reliability
Reliability can be divided into two sub-types: relative reliability and absolute reliability.
Relative reliability reflects the stability of the rank order of scores with repeated testing
(Atkinson & Nevill, 1998). Evaluation of how stable the rank order of scores are with
repeated testing is useful for diagnostic and prognostic purposes (e.g., differentiating between
a healthy individual versus one with a neurological disease or between groups of these
individuals). Absolute reliability indexes the extent to which a score varies on repeated
measurements, known as measurement error, within individuals (Atkinson & Nevill, 1998).
Evaluation of measurement error can be useful to determine the sensitivity to change of a
measure and, therefore, can be useful longitudinally (Beckerman et al., 2001; Schambra et al.,
2015). As such, establishing measurement errors will be useful for developing hypotheses
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and establishing sample sizes, which can provide a basis for using TMS for therapeutic
interventions. Relative reliability and absolute reliability (defined below) were performed
separately for (1) TMS intensities: AMT and SI1mV, and (2) dual-site TMS measures of SMAM1 connectivity ratios at each ISI (6 ms, 7 ms, 8 ms) in younger and older adults. Relative
and absolute reliability was not performed for SI1mV-alone MEP amplitude (mV). SI1mV
intensity was set to elicit a mean MEP amplitude ranging between 0.75-1.25, rather than
obtaining an absolute mean MEP amplitude of 1.0 mV (which is not possible). This range of
MEP amplitudes would influence variability both across individuals and sessions and,
therefore, influence our reliability results.

Relative reliability. Relative reliability was calculated by using intraclass correlation
coefficients (ICC), which were quantified by expressing the variance due to differences
between-subjects in each age group as a ratio of the total variability in the data (i.e., noise).
The ICC was used to examine how well individuals maintain their scores relative to each
other over repeated measurements (Terwee et al., 2007; Weir, 2005). ICC was calculated
using a two-way random effects “absolute agreement” model, and single measures were
reported for younger and older adults (Koo & Li, 2016).

Absolute reliability. Absolute reliability was calculated by using standard error of
measurement (SEMeas), which is a calculation performed on within-subject variability. The
SEMeas was used to examine how much dual-site TMS measures of SMA-M1 connectivity
vary within individuals when measured in two sessions. SEMeas was calculated as the square
root of the mean squared error: SEMeas = √𝑚𝑒𝑎𝑛 𝑠𝑞𝑢𝑎𝑟𝑒𝑑 𝑒𝑟𝑟𝑜𝑟. The mean squared error
reflects the SD of within-subject variance and was obtained from an ANOVA of SMA-M1
connectivity ratios from each ISI (6 ms, 7 ms, 8 ms) (Weir, 2005). The SEMeas was then
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normalised to the measurement mean to provide a relative size of measurement error (Lexell
& Downham, 2005). This was calculated by dividing the SEMeas by the pooled mean from
Session 1 and Session 2, and multiplying by 100 to give a percentage value: %𝑆𝐸𝑀𝑒𝑎𝑠 =
𝑆𝐸𝑀𝑒𝑎𝑠
𝑚𝑒𝑎𝑛

∗ 100 (Lexell & Downham, 2005).

The minimal detectable change (MDC) for individuals and groups was calculated from the
SEMeas. Individual and Group MDC were calculated using the following equations:
𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑀𝐷𝐶 = SEMeas ∗ 1.96 ∗ √2 (Beckerman et al., 2001; Schambra et al., 2015;
Weir, 2005), and 𝑀𝐷𝐶𝑔𝑟𝑜𝑢𝑝 = 𝑀𝐷𝐶𝑖𝑛𝑑 ÷ √𝑛 (Terwee et al., 2007; Weir, 2005). If a
change in the variable of interest exceeds the MDC, it is considered a true change with 95%
confidence; if a change in the variable of interest does not exceed the MDC, it is considered a
measurement error (Schambra et al., 2015). Calculation of the MDC will be valuable for
future TMS studies to estimate whether individual or group changes in SMA-M1 connectivity
reflect true changes rather than measurement errors. Analyses for Individual and Group MDC
were performed separately for younger and older adults.

Coefficient of variation values was provided to show the distribution of scores and to allow
for comparisons of ICCs for future research with a similar distribution of scores. Coefficients
of variation were calculated by dividing the pooled SD from Session 1 and Session 2 by the
pooled mean from Session 1 and Session 2 for each ISI and multiplying by 100:
𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡𝑠 𝑜𝑓 𝑣𝑎𝑟𝑖𝑎𝑡𝑖𝑜𝑛 = 𝑃𝑜𝑜𝑙𝑒𝑑 𝑆𝐷/𝑃𝑜𝑜𝑙𝑒𝑑 𝑀𝑒𝑎𝑛 ∗ 100 (Atkinson & Nevill, 1998;
Biabani et al., 2018; Turco et al., 2019).
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3.5. Results
Here, we report test re-test reliability findings of SMA-M1 connectivity measured using dualsite TMS in younger and older adults. Results of age-related differences in SMA-M1
connectivity measured using dual-site TMS are reported elsewhere (Rurak et al., 2021b).

Neurophysiological measures
TMS intensities
Figure 2 shows column scatter plots of AMT (140% AMT) and SI1mV (% of MSO) for
younger (Fig 2A, Fig 2B) and older adults (Fig 2D, Fig 2E) in both sessions. SI1mV is the
stimulation intensity (% of MSO) required to elicit peak-to-peak MEPs of ~1mV in the
resting hand muscle (SI1mV was measured in each session). Paired sample t-tests showed no
significant difference in AMT or SI1mV between sessions in younger (AMT: t29 = -1.51, P =
0.141, d = 0.08; SI1mV: t29 = -1.46, P = 0.155, d = 0.10) or older adults (AMT: t29 = 1.54, P =
0.134, d = 0.08; SI1mV: t29 = 0.30, P = 0.769, d = 0.03).
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Figure 2. Column scatter graphs show the (A, D) active motor threshold (%140 AMT); (B, E)
SI1mV (% of MSO); and (C, F) SI1mV-alone MEP amplitude (delivered to M1) in younger (top
panel; closed circles) and older adults (bottom panel; open circles).

SI1mV-alone MEPs
Figure 2 shows column scatter plots of SI1mV-alone MEP amplitudes for younger (Fig 2C)
and older adults (Fig 2F) in both sessions. SI1mV-alone trials were delivered to M1 using the
SI1mV intensity. Paired sample t-tests showed no significant difference in the mean SI1mValone MEP amplitude between sessions in younger (t29 = -0.01, P = 0.991, d = 0.01) or older
adults (t29 = 0.83, P = 0.416, d = 0.19).

SMA-M1 connectivity in younger and older adults
Figure 3 shows means and SDs for SMA-M1 ratios measured at each ISI (6 ms, 7 ms, 8 ms)
in younger (top panel) and older adults (bottom panel). In younger adults, a repeatedmeasures ANOVA performed on SMA-M1 connectivity for each ISI showed no significant
main effect of ISI, no main effect of Session, and no ISI*Session interaction (all F < 1.09, P >
0.314, ηp2 < 0.37). In older adults, a repeated-measures ANOVA performed on SMA-M1
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connectivity for each ISI showed a statistically significant main effect of ISI (F2, 58 = 4.22, P
= 0.019, ηp2 = 0.13), but no main effect of Session (F2, 58 = 2.05, P = 0.163, ηp2 = 0.07), and
no ISI*Session interaction (F2, 58 = 1.69, P = 0.193, ηp2 = 0.06). When using Bonferroni
correction for multiple comparisons, post-hoc paired-sample t-tests performed on SMA-M1
connectivity at each ISI in older adults showed that SMA-M1 connectivity was significantly
higher at an ISI of 8 ms than 7 ms (t29 = -3.71, P = 0.001, d = 0.60). No other significant
differences were found between SMA-M1 (all t < 1.61, P > 0.117, d < 0.20).

Reliability
Table 1 shows relative reliability (ICCs) and absolute reliability (SEMeas, MDC) of TMS
intensities (AMT, SI1mV) and dual-site TMS measures of SMA-M1 connectivity ratios at each
ISI (6 ms, 7 ms, 8 ms) in younger and older adults. ICC values greater than 0.90 indicate
excellent reliability, values between 0.75-0.90 indicate good reliability, values between 0.500.75 indicate moderate reliability, and values less than 0.50 indicate poor reliability (Koo &
Li, 2016). The closer the SEMeas value is to zero, the less variable and more reliable the
measure is (Weir, 2005). For ease of interpretation, SEMeas was expressed as a percentage of
the mean; a cut-off of less than 10% was used to suggest low measurement error (Houde et
al., 2018; Matamala et al., 2018; Schambra et al., 2015).
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Table 1.
Relative reliability and absolute reliability of dual-site TMS measures of SMA-M1
connectivity in younger and older adults.
Group

Relative
Reliability
ICC (95% CI)

Absolute Reliability
SEMeas
(%)

CV

MDCind MDCgroup

%

TMS intensities (%MSO)
AMT

Younger
Older

0.96 (0.92, 0.98)
0.96 (0.91, 0.98)

1.79 (3.10)
2.26 (3.78)

4.97
6.27

0.91
1.14

15.23
18.56

SI1mV

Younger
Older

0.93 (0.87, 0.97)
0.86 (0.71, 0.93)

2.12 (4.05)
3.92 (6.29)

5.88
10.86

1.07
1.98

16.01
16.46

0.20
(17.30)
0.16
(17.13)

0.55

0.10

21.84

0.44

0.08

21.16

0.16
(14.59)
0.10
(11.90)

0.45

0.08

27.18

0.29

0.05

21.20

0.15
(13.01)
0.17
(17.62)

0.42

0.08

24.47

0.46

0.08

18.50

SMA-M1 connectivity ratio
ISI 6 ms

ISI 7 ms

ISI 8 ms

Younger

0.40 (0.04, 0.66)

Older

0.35 (-0.01, 0.63)

Younger

0.69 (0.44, 0.84)

Older

0.68 (0.42, 0.83)

Younger

0.20 (-0.18, 0.52)

Older

0.01 (-0.23, 0.42)

ICC, intraclass correlation coefficient; 95% CI, confidence intervals; SEMeas, standard
error of the measurement; % SEMeas, standard error of the measurement expressed as a
percentage of the mean; CV, coefficient of variation pooled across Session 1 and Session 2;
MDCind, minimal detectable change for individuals; MDCgroup, minimal detectable change
for groups; ISI, interstimulus interval; Younger adults (n = 30); Older adults (n = 30).
Relative reliability
TMS intensity. In younger adults, ICCs performed on TMS measures of SMA-M1
connectivity showed excellent reliability for AMT (% of MSO) and good reliability for SI1mv
(% of MSO). In older adults, ICCs performed on TMS measures of SMA-M1 connectivity
showed excellent reliability for AMT (% of MSO) and good reliability for SI1mv (% of MSO).
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SMA-M1 connectivity. Figure 3 shows ICCs for SMA-M1 connectivity ratios across sessions
measured at ISIs of 6 ms (younger: Fig 3A; older: Fig 3D), 7 ms (younger: Fig 3B; older: Fig
3E), and 8 ms (younger: Fig 3C; older: Fig 3F). These associations were positive for ISIs of 6
ms and 7 ms, but not at 8 ms, in younger and older adults. In younger and older adults, ICCs
performed on SMA-M1 connectivity showed moderate reliability at an ISI of 7 ms and poor
reliability at ISIs of 6 ms and 8 ms.

Figure 3. The top panel shows scatterplots of the intraclass correlation coefficients (ICC)
between Session 1 and Session 2 SMA-M1 connectivity ratios measured at ISIs of (A) 6 ms,
(B) 7 ms, and (C) 8 ms in younger adults. The bottom panel shows scatterplots of the ICCs
between Session 1 and Session 2 SMA-M1 connectivity ratios measured at ISIs of (D) 6 ms,
(E) 7 ms, and (F) 8 ms in older adults. SMA-M1 ratios greater than 1.0 indicate a facilitatory
effect of SMA on M1 excitability, and larger ratios indicate greater facilitation.

Absolute reliability
A %SEMeas less than 10% was used to suggest low measurement error (Houde et al., 2018;
Matamala et al., 2018; Schambra et al., 2015).
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TMS intensity. In younger and older adults, %SEMeas was less than 10% for the TMS
intensities (i.e., AMT and SI1mV) used to measure SMA-M1 and connectivity.

SMA-M1 connectivity. In younger and older adults, %SEMeas for SMA-M1 connectivity
measured at ISIs of 6 ms, 7 ms, and 8 ms was greater than the cut-off of 10% (see Table 1).

Self-report questionnaires
Table 2 shows differences in scores on the Perceived Stress Scale, International Physical
Activity Questionnaire, and the Pittsburgh Sleep Quality Index between Session 1 and
Session 2 in younger and older adults. In younger adults, paired sample t-tests showed that
Perceived Stress Scale scores were significantly higher in Session 2 than Session 1, but no
significant differences were found in scores on the International Physical Activity
Questionnaire or the Pittsburgh Sleep Quality Index between Session 1 and Session 2. In
older adults, paired sample t-tests showed no significant difference in scores on any of the
self-reported questionnaires between Session 1 and Session 2.
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Table 2.
Differences in scores on the Perceived Stress Scale, International Physical Activity
Questionnaire, and the Pittsburgh Sleep Quality Index between Session 1 and Session 2 in
younger and older adults.
Group
Session 1
Session 2
Paired
Median ± SD
Median ± SD
sample ttests
Perceived Stress
Scale

Younger

13.00 ± 5.85

15.50 ± 6.10

P = 0.042*

Older

8.50 ± 6.22

9.50 ± 5.84

P = 0.526

3539 ± 4678.93

3469.50 ± 4550.15

P = 0.252

2777.50 ± 5741.79

1981.50 ± 3265.77

P = 0.256

International
Physical Activity
Questionnaire

Younger

Pittsburgh Sleep
Quality Index

Younger

5.00 ± 2.28

5.00 ± 2.67

P = 0.096

Older

4.00 ± 2.78

4.00 ± 2.56

P = 0.637

Older

SD, standard deviation; Younger adults (n = 30); Older adults (n = 30); *, P < 0.05.

Associations between self-report questionnaire scores and SMA-M1 connectivity
Pearson’s product moment correlation coefficients were performed for each self-report
questionnaire and each ISI in Session 1 and Session 2 in younger and older adults. Bonferroni
correction was applied for multiple comparisons: statistical significance was accepted at P <
0.008. There were no significant associations between SMA-M1 connectivity ratios at any of
the ISIs (6 ms, 7 ms, 8 ms) and any of the self-report scores (Perceived Stress Scale,
International Physical Activity Questionnaire, Pittsburgh Sleep Quality Index) in younger or
older adults in either session (all r < 0.27, all P > 0.10).

3.6. Discussion
The current study aimed to examine test re-test reliability of dual-site TMS measures of
SMA-M1 connectivity in younger and older adults. The main finding was that SMA-M1
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connectivity measured using dual-site TMS showed moderate reliability in both younger and
in older adults.

Relative reliability in younger and older adults
ICCs performed on TMS intensity showed excellent reliability for AMT (% of MSO) and
good reliability for SI1mv (% of MSO) in both younger and older adults. In both younger and
older adults, there was moderate reliability for SMA-M1 connectivity at an ISI of 7 ms and
poor reliability for SMA-M1 connectivity at ISIs of 6 and 8 ms. Based on the magnitude of
ICCs and the positive lower limits of confidence intervals, our results suggest that the dualsite TMS measure of SMA-M1 connectivity using a 7 ms ISI was the most reliable at
differentiating individuals from one another in younger and older adults.

Absolute reliability
The %SEMeas for TMS intensities used (AMT and SI1mV) were less than the 10% cut-off
score in both age groups. In younger and older adults, %SEMeas for SMA-M1 connectivity
at ISIs of 6 ms, 7 ms, and 8 ms all exceeded the 10% cut-off score, suggesting noise in dualsite TMS measures of SMA-M1 connectivity at these ISIs. As there are no established indices
outlining the degree of measurement error above 10%, it is difficult to interpret the %SEMeas
for SMA-M1 connectivity in the current study relative to each other. We measured some
factors known to contribute to variability in corticospinal excitability, such as perceived
stress, physical activity, sleep quality, and female menstrual cycle (Hermsen et al., 2016;
Ridding & Ziemann, 2010), but found no significant correlations between the influence of
these factors on SMA-M1 connectivity in younger or older adults.

Chapter 3. Test re-test reliability of SMA-M1 connectivity

122

MDC (calculated using SEMeas) indexes how much a target variable must change to be
considered a true change with 95% confidence rather than a spurious change reflecting
measurement error. In the current study, both age groups showed high Individual MDC, and
for SMA-M1 connectivity at all ISIs (range: 33%-49%). This suggests that a large change in
MEP amplitude or connectivity is required to be considered a true change with 95%
confidence (e.g., in older adults at the ISI of 7 ms, a change from a ratio of 0.90 to a ratio of
1.20 would be required). High Individual MDC has previously been reported for other TMS
measures, namely measures of short-interval intracortical inhibition (MDC: 31%-51%),
short-latency afferent inhibition (MDC: 46%-63%), long-latency afferent inhibition (MDC:
62%-75%), and intracortical facilitation (MDC: 59%-62%) (Schambra et al., 2015; Turco et
al., 2019). Both age groups showed low Group MDC (range: 6%-9%) for SI1mV-alone MEP
and SMA-M1 connectivity at each ISI (see Table 1), suggesting that a small change in MEP
amplitude or SMA-M1 connectivity ratio is required to be considered a true change with 95%
confidence (e.g., in older adults at the ISI of 7 ms, a change from a ratio of 0.90 to a ratio of
0.95 would be required in the group mean).

In the current study, the sample distribution for SMA-M1 connectivity ratios at ISIs of 6 ms,
7 ms, and 8 ms in younger and older adults (coefficient of variation range: 21.0 – 27.2%) fits
with previous reliability studies of paired-pulse TMS measures of short-interval intracortical
inhibition (SICI), long-interval intracortical inhibition (LICI; coefficient of variation Median:
30.0%), and intracortical facilitation (ICF: coefficient of variation Median: 25.0%) (Badawy
et al., 2011; Biabani et al., 2018; Boroojerdi et al., 2000; Fleming et al., 2012; Orth et al.,
2003). However, ICCs from previous paired-pulse TMS studies should be interpreted with
caution because most studies did not report between-subject variance, which can inflate ICCs,
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and/or confidence intervals, which help to determine the strength of reliability in the
measures (Atkinson & Nevill, 1998; Morrow & Jackson, 1993; Schambra et al., 2015).

The current study is the first report of test re-test reliability of dual-site TMS measures. Test
re-test reliability (quantified as ICCs) of single- and paired-pulse TMS measures of
corticospinal excitability and intracortical processes have been mostly studied in younger
adults (see systematic review by Beaulieu et al., 2017); tables of these findings can be found
in the Supplementary Materials (see S1.1 Test re-test reliability of single-pulse TMS
measures of corticospinal excitability in younger and older adults; S1.2 Test re-test
reliability of paired-pulse TMS measures of intracortical processes in younger and older
adults). Moderate-to-good test re-test reliability has been shown for single-pulse TMS
measures of corticospinal excitability in younger adults (Biabani et al., 2018; Du et al., 2014;
Fleming et al., 2012; Hermsen et al., 2016). Varying degrees of test re-test reliability have
been reported for paired-pulse TMS measures of SICI: some studies show good reliability
(Biabani et al., 2018; Du et al., 2014), while others show poor reliability (Fleming et al.,
2012; Hermsen et al., 2016). Paired-pulse measures of LICI have shown moderate-to-good
test re-test reliability (de Goede & van Putten, 2017) and one report of poor reliability (de
Goede & van Putten, 2017). Good test re-test reliability has been reported for paired-pulse
measures of short-interval intracortical facilitation (SICF; Qasem et al., 2020). Finally,
paired-pulse measures of ICF have mostly shown poor test re-test reliability (Biabani et al.,
2018; Hermsen et al., 2016), but there was one report of moderate-to-good reliability (Du et
al., 2014). Few studies have measured test re-test reliability of TMS measures in older adults:
results have shown poor-to-moderate reliability of corticospinal excitability, good reliability
for SICI and LICI, but poor reliability for ICF (Houde et al., 2018; Schambra et al., 2015).
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In the current study, relative and absolute reliability results showed intra- and inter-individual
variability in dual-site TMS measures of SMA-M1 connectivity at each ISI, which could be
explained by both physiological and non-physiological factors. Some of the intra-individual
variability observed in SMA-M1 connectivity could be due to moment-to-moment
fluctuations in neural activity in both SMA and M1 (Ammann, Guida, et al., 2020; Bergmann
et al., 2012; Kiers et al., 1993; Thut et al., 2017). Alpha and beta oscillations, recorded using
electroencephalography, have opposing phase-dependent influences on MEP amplitude:
larger MEP amplitudes were evident when TMS was delivered at the trough compared to the
peak of alpha oscillations (Berghuis et al., 2019; Desideri et al., 2019), and when TMS was
delivered at the peak compared to the trough of beta oscillations (Khademi et al., 2019). In
the current study, TMS was delivered without any reference to ongoing neural oscillations
(i.e., we did not record electroencephalography): the stimuli in the current study were likely
delivered at varying states of cortical excitability across trials, which might underlie some of
the intra-individual variability in SMA-M1 connectivity (e.g., large MEP amplitudes when
stimuli were delivered during states of high excitability and small MEP amplitudes when
stimuli were delivered during states of low excitability). However, this is speculative, and
future research should investigate oscillatory activity at the time of dual-site TMS targeting
SMA and M1, and whether the oscillatory phase influences the magnitude of SMA-M1
connectivity.

Some of the inter-individual variability observed in SMA-M1 connectivity might be due to
differential activation of facilitatory and inhibitory interactions between SMA and M1. In the
current study, the facilitatory influence of SMA on M1 excitability fits with previous research
(Arai et al., 2012; Arai et al., 2011; Green et al., 2018) and is likely due to the activation of
glutamatergic excitatory interactions between SMA-M1 (Luppino et al., 1993; Muakkassa &
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Strick, 1979; Shima & Tanji, 1998). There is some evidence for an inhibitory influence of
SMA on M1 excitability: previous electrical stimulation research has shown that stimulating
SMA inhibited M1 excitability at an ISI of 5 ms in non-human primates (Cote et al., 2020),
and previous TMS research has shown that stimulating SMA inhibited M1 excitability at an
ISI of 40 ms in humans (Fiori et al., 2017). Furthermore, dual-site TMS studies using a 6 ms
ISI have shown that a subthreshold conditioning stimulus to SMA (90% active motor
threshold; AMT) inhibited M1 excitability, whereas suprathreshold conditioning stimuli to
SMA (120% and 140% AMT) facilitated M1 excitability (Arai et al., 2012; Arai et al., 2011;
Civardi et al., 2001; Green et al., 2018; Reis et al., 2008). It is not known what mechanisms
mediate this inhibitory influence of SMA on M1 excitability, but separate neuronal
populations likely mediate facilitatory and inhibitory interactions between SMA-M1. No
dual-site TMS studies have comprehensively examined the effect of varying SMA
conditioning stimulus intensity on M1 excitability: activation thresholds for the neuronal
circuits that underpin facilitatory and inhibitory interactions between SMA and M1 may
differ between individuals. Although we set the conditioning stimulus intensity to 140%
AMT in both younger and older adults, it is possible that this intensity stimulated SMA
differently across individuals in both age groups and could be affected by age.

Inter-individual variability observed in SMA-M1 connectivity might also be due to the effect
of the conditioning stimulus to SMA on intracortical circuits in M1. One study examined
interactions between SMA and intracortical circuits in M1 using a triple TMS pulse protocol
(Shirota et al., 2012): a conditioning stimulus to SMA (100% AMT) preceded paired-pulse
TMS to M1 with stimulus parameters set to measure SICI and SICF. Findings from this study
showed no significant effect of SMA stimulation on the excitability of SICI circuits but
showed greater facilitation at the second and third SICF peaks (ISIs of 2.5, 3 ms, 5 ms) when
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compared to a single-pulse delivered to M1 alone. This finding suggests that intracortical
facilitatory circuits likely contribute to the effect of SMA stimulation on M1. In the current
study, a conditioning stimulus to SMA (140% AMT) might have differentially influenced
SICF circuits across individuals. However, this is speculative, as previous research used a
lower conditioning stimulus intensity for SMA stimulation (100% AMT) than that used in the
current study (140% AMT), which may differentially influence intracortical circuits in M1.
Future research should investigate the effect of SMA on intracortical circuits using a range of
conditioning stimulus intensities. It is also worth noting that fluctuations in the excitability of
intracortical circuits in M1 could influence interactions between SMA and M1, which could
explain some of the intra-individual variability seen in the current study.

Conclusions and implications
The current study provides some evidence for stable measurements of SMA-M1 connectivity
measured using dual-site TMS in two sessions in younger and older adults. Measurement
error and minimal detectable change values provided in the current study are useful for future
research for developing hypotheses and establishing sample sizes and provide a basis for
using dual-site TMS to further investigate effective connectivity. Furthermore, minimal
detectable change values are useful for tracking changes in SMA-M1 connectivity over time
which might be useful for tracking the progressive degeneration of connectivity in age- and
disease-related populations. To better understand intra- and inter-individual variability in
dual-site TMS measures of SMA-M1 connectivity, future research should combine TMS and
electroencephalography to comprehensively investigate SMA-M1 connectivity using a large
range of ISIs and conditioning stimuli. Together, these findings have important implications
for the use of dual-site TMS in measuring effective connectivity to better understand how
neural networks are affected by age- or disease-related decline. Furthermore, these findings
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provide a neurophysiological platform to develop interventions to improve bimanual and
bilateral motor control. For example, cortical paired associative stimulation (cPAS) could be
used to modulate the strength of connectivity between the stimulated brain regions (for
review, see Ziemann et al., 2008); cPAS has been shown to strengthen connectivity (via longterm potentiation-like plasticity) or weaken connectivity (via long-term depression-like
plasticity) between motor brain areas (Buch et al., 2011; Lu, Tsai, et al., 2012; Veniero et al.,
2013). cPAS could be used to strengthen SMA-M1 connectivity in older adults and
potentially improve bilateral motor performance.
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3.7. Supplementary Materials
S1.1 Test re-test reliability of single-pulse TMS measures of corticospinal excitability in
younger and older adults.
Supplementary Table 1.
Summary of studies examining test re-test reliability of single-pulse TMS measures of
corticospinal excitability in younger and older adults.
Test re-test reliability (quantified as ICC)
N

Muscle

Trials

TS

ICC

CV

Biabani et al.
(2018)

15

FDI

25

~1 mV MEP

0.70

6%

Du et al.
(2014)

23

FDI

12

120% RMT

~0.80

Nr

Fleming et al.
(2012)

10

FDI

10

120% RMT

0.75

Nr

Hermsen et al.
(2016)

93

ADM

15

~1.5 mV MEP

0.88

Nr

26

FDI

10

110% RMT
120% RMT
130% RMT
150% RMT

0.46
0.54
0.51
0.47

81.43
64.35
68.14
70.66

Younger adults

Older adults
Houde et al.
(2018)

N, sample size; CS, conditioning stimulus; TS, test stimulus; ISI, inter-stimulus interval; ICC, intraclass
correlation coefficient; CV, Coefficient of variation; Nr, not reported; FDI, first dorsal interosseous;
ADM, abductor digiti minimi; RMT, resting motor threshold; MEP, motor evoked potential. For all
studies, a figure-of-eight coil was used. Some studies reported ICCs in a figure but not in text, and
therefore, approximate ICCs are reported here. ICC values greater than 0.90 indicate excellent reliability,
values between 0.75-0.90 indicate good reliability, values between 0.50-0.75 indicate moderate reliability,
and values less than 0.50 indicate poor reliability (Koo & Li, 2016).
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S1.2 Test re-test reliability of paired-pulse TMS measures of intracortical inhibition in
younger and older adults.
Supplementary Table 2.
Summary of studies examining test re-test reliability of paired-pulse TMS measures of
intracortical inhibition in younger and older adults.
Test re-test reliability (quantified as ICC)
N Muscle Trials
CS
TS
ISI
ICC
Short-interval intracortical inhibition (SICI)

CV

Younger adults
Biabani et
al. (2018)

15

FDI

25

80% RMT

~1 mV MEP

3 ms

~0.76

~15

Du et al.
(2014)

23

FDI

12

80% RMT

120% RMT

1 ms
3 ms

0.81
0.70

Nr
Nr

Fleming et
al. (2012)

10

FDI

10

85% RMT

120% RMT

2.5 ms

0.23

Nr

Hermsen et
al. (2016)

93

ADM

15

75% RMT

~1.5 mV
MEP

3 ms

0.38

Nr

21

FDI

10

60% RMT
80% RMT

~1 mV MEP

2 ms

0.71
0.78

Nr
Nr

Older adults
Schambra et
al. (2015)

Long-interval intracortical inhibition (LICI)
Younger adults
de Goede
and van
Putten
(2017)

30

ADM

50

120% RMT

120% RMT

50 ms
100 ms
150 ms
200 ms
250 ms
300 ms

0.78
0.39
0.30
0.56
0.61
0.66

Nr
Nr
Nr
Nr
Nr
Nr

21

FDI

10

~1 mV MEP

~1 mV MEP

100 ms

0.88

Nr

Older adults
Schambra et
al. (2015)

N, sample size; CS, conditioning stimulus; TS, test stimulus; ISI, inter-stimulus interval; ICC, intraclass
correlation coefficient; CV, Coefficient of variation; Nr, not reported; FDI, first dorsal interosseous;
ADM, abductor digiti minimi; RMT, resting motor threshold; MEP, motor evoked potential. For all
studies, a figure-of-eight coil was used. Some studies reported ICCs in a figure but not in text, and
therefore, approximate ICCs are reported here. ICC values greater than 0.90 indicate excellent reliability,
values between 0.75-0.90 indicate good reliability, values between 0.50-0.75 indicate moderate reliability,
and values less than 0.50 indicate poor reliability (Koo & Li, 2016).
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S1.3 Test re-test reliability of paired-pulse TMS measures of intracortical facilitation in
younger and older adults.
Supplementary Table 3.
Summary of studies examining test re-test reliability of paired-pulse TMS measures of
intracortical facilitation in younger and older adults.
Test re-test reliability (quantified as ICC)
N

Muscle Trials

CS

TS

ISI

ICC

CV

90% RMT

~1 mV MEP

1.5 ms
2.7 ms
4.5 ms

0.79
0.75
0.73

39.1
36.4
35.8

Short-interval intracortical facilitation (SICF)
Younger adults
(Qasem et
al., 2020)

20

FDI

30

Intracortical facilitation (ICF)
Younger adults
Biabani et
al. (2018)

15

FDI

25

80% RMT

~1 mV MEP

10 ms

~0.40 ~28%

Du and
Elliot
(2018)

23

FDI

12

80% RMT

120% RMT

Hermsen et
al. (2016)

93

ADM

15

75% RMT

~1.5 mV
MEP

15 ms
15 ms
18 ms
21 ms
10 ms

~0.70
~0.82
~0.80
~0.81
0.16

Nr
Nr
Nr
Nr
Nr

21

FDI

10

60% RMT
80% RMT

~1 mV MEP

10 ms

0.04
0.45

Nr
Nr

Older adults
Schambra et
al. (2015)

N, sample size; CS, conditioning stimulus; TS, test stimulus; ISI, inter-stimulus interval; ICC, intraclass
correlation coefficient; CV, Coefficient of variation; Nr, not reported; FDI, first dorsal interosseous;
ADM, abductor digiti minimi; RMT, resting motor threshold; MEP, motor evoked potential. For all
studies, a figure-of-eight coil was used. Some studies reported ICCs in a figure but not in text, and
therefore, approximate ICCs are reported here. ICC values greater than 0.90 indicate excellent reliability,
values between 0.75-0.90 indicate good reliability, values between 0.50-0.75 indicate moderate reliability,
and values less than 0.50 indicate poor reliability (Koo & Li, 2016).
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Chapter 4. Age-related differences in SMA-M1 connectivity using dual-site TMS

4.1. Preface
This Chapter has been published as:
Rurak, B.K., Rodrigues, J.P., Power, B.D., Drummond, P.D., & Vallence, A.M. (2021).
Reduced SMA-M1 connectivity in older than younger adults measured using dual-site
TMS. European Journal of Neuroscience. doi: 10.1111/ejn.15438.

The format and references were modified from the published manuscript in this Chapter to
maintain consistency throughout this thesis. The format of the Supplementary Materials was
not modified from the published manuscript.

Chapter 3 showed that dual-site TMS measures of SMA-M1 connectivity were moderately
reliable in younger and older adults. In this Chapter, the stable dual-site TMS protocol was
used to examine age-relate differences in SMA-M1 connectivity to offer a baseline of SMAM1 connectivity in normal aging, defined as older aging without disease (60-85 years), and to
examine whether SMA-M1 connectivity has a functional role in motor control in older adults.
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4.2. Abstract
With advancing age comes a decline in voluntary movement control. Growing evidence
suggests that an age-related decline in effective connectivity between the supplementary
motor area and primary motor cortex (SMA-M1) might play a role in an age-related decline
of bilateral motor control. Dual-site transcranial magnetic stimulation (TMS) can be used to
measure SMA-M1 effective connectivity. In the current study, we aimed to (1) replicate
previous dual-site TMS research showing reduced SMA-M1 connectivity in older than
younger adults and (2) examine whether SMA-M1 connectivity is associated with bilateral
motor control in independent samples of younger (n = 30) and older adults (n = 30). SMAM1 connectivity was measured using dual-site TMS with interstimulus intervals of 6 ms, 7
ms, and 8 ms and bilateral motor control were measured using the Purdue Pegboard, Four
Square Step Test, and the Timed Up and Go task. Findings from this study showed that
SMA-M1 connectivity was reduced in older than younger adults, suggesting that the direct
excitatory connections between SMA and M1 had reduced efficacy in older than younger
adults. Furthermore, greater SMA-M1 connectivity was associated with better bimanual
motor control in older adults. Thus, SMA-M1 connectivity in older adults might underpin, in
part, the age-related decline in bilateral motor control. These findings contribute to our
understanding of age-related declines in motor control and provide a physiological basis for
the development of interventions to improve bimanual and bilateral motor control.
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4.3. Introduction
Bilateral motor control is fundamental to many tasks of daily living, such as buttoning a shirt
and walking (Fujiyama et al., 2012; James et al., 2017; Penninx et al., 2000). With advancing
age comes a decline in motor control, including a decline in interlimb coordination and an
increase in the variability of movement (Seidler et al., 2002). The supplementary motor area
(SMA) is a brain area involved in planning, timing, and executing bilateral movements of the
upper- and lower-limbs (Macar et al., 2002; Malouin et al., 2003; Nachev et al., 2008).
Further, SMA is involved in modifying a planned motor sequence, such as stopping a motor
sequence after it has started or switching to a new motor sequence (Kasess et al., 2008;
Sumner et al., 2007). However, the successful execution of bilateral motor control relies on a
complex interaction between SMA and other cortical motor areas, including the primary
motor cortex (M1).

SMA has dense, direct connections to M1 (Dum & Strick, 2002; Luppino et al., 1993). In
non-human primates, electrical stimulation delivered to SMA evokes excitatory responses in
M1 (Tokuno & Nambu, 2000). Pharmacological studies indicate that the excitatory response
of M1 following SMA electrical stimulation is mediated by glutamatergic interactions (Shima
& Tanji, 1998). In humans, functional magnetic resonance imaging (fMRI) studies have
shown simultaneous activation in SMA and M1, known as functional connectivity, during the
performance of bimanual movements (Grefkes et al., 2008). Furthermore, a fMRI study
showed that older adults had greater functional connectivity between SMA and M1 than
younger adults during the performance of a choice reaction time task (Michely et al., 2018).
Although fMRI is useful for showing brain regions that are simultaneously active during a
task, it is unclear whether changes in the blood-oxygen-level-dependent signal are due to
excitation of facilitatory or inhibitory circuits or both. Facilitatory and inhibitory circuits have
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been shown to have different roles in motor control (Buccolieri et al., 2004; Cattaneo et al.,
2005; Hammond & Vallence, 2007), and the role of these circuits in bilateral motor control
might change with advancing age.

Transcranial magnetic stimulation (TMS) is a non-invasive brain stimulation technique that
can be used to measure interactions between regions within the cortical motor network,
known as effective connectivity (Hallett et al., 2017), including interactions between SMA
and M1 (Arai et al., 2012; Arai et al., 2011; Green et al., 2018). During TMS, a brief, highintensity electric current is delivered via an insulated coil that is placed over the scalp, which,
in turn, generates a rapidly changing magnetic field that can penetrate the scalp and skull with
little impedance. This magnetic field induces electrical current flow in the underlying brain
tissue of the targeted region, which can activate neurons in the region below the coil (Barker
et al., 1985; Hallett, 2007; Rossini et al., 2010). A single TMS pulse (of a suprathreshold
intensity) delivered to M1 elicits a motor-evoked potential (MEP) that is measured from the
target muscle using electromyography (EMG). A suprathreshold TMS pulse evokes a
complex descending corticospinal volley and thus, the MEP amplitude reflects the
excitability of the corticospinal tract (Hallett, 2007).

Interactions between SMA and M1 can be measured using a dual-site TMS protocol (Arai et
al., 2012; Arai et al., 2011; Green et al., 2018; Rurak et al., 2021b). When a test stimulus
delivered to M1 follows a conditioning stimulus delivered to SMA by an inter-stimulus
interval (ISI) of 6 ms, the MEP amplitude is increased compared to the amplitude of the MEP
elicited by a test stimulus-alone (single-pulse to M1). SMA-M1 connectivity is quantified as
a ratio of the mean dual-site MEP amplitude to the mean test stimulus-alone MEP amplitude,
which provides a marker of effective connectivity. This facilitation of the MEP amplitude
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from dual stimuli compared to test stimuli-alone (Arai et al., 2012; Arai et al., 2011) is likely
due to the activation of glutamatergic excitatory interactions between SMA and M1 (Luppino
et al., 1993; Muakkassa & Strick, 1979; Shima & Tanji, 1998). Previous research has shown
reduced SMA-M1 connectivity measured using dual-site TMS in older than younger adults
(Green et al., 2018). Furthermore, SMA-M1 connectivity has been shown to be significantly
correlated with bilateral motor control: greater SMA-M1 connectivity was associated with
better performance on the Purdue Pegboard assembly task (i.e., greater number of pegs
placed in 60 seconds; Green et al., 2018), and with faster completion of the Four Square Step
Test and the Time Up and Go task (Green et al., 2018). Given the association between greater
SMA-M1 connectivity and better bilateral motor performance, these findings suggest that
connectivity between SMA-M1 might provide a marker of a more global measure of motor
cortical connectivity. However, the study by Green et al. (2018) examined the relationship
between SMA-M1 connectivity and bilateral motor performance pooled across the sample of
younger and older adults. To understand the role of SMA-M1 connectivity in the age-related
decline of bilateral motor performance, it is important to investigate relationships between
SMA-M1 connectivity and bilateral motor performance in separate samples of younger and
older adults.

The current study had two aims. First, we aimed to replicate previous findings showing agerelated differences in the magnitude of SMA-M1 connectivity measured using dual-site TMS.
Second, we aimed to examine whether the magnitude of SMA-M1 connectivity was
associated with greater bilateral motor performance in separate samples of younger and older
adults. We hypothesised that the magnitude of SMA-M1 connectivity would be associated
with bilateral motor performance in older but not younger adults due to a greater range of
scores in older adults.
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4.4. Methods
In the current study, we aimed to replicate previous research showing age-related differences
in SMA-M1 connectivity and included preSMA-M1 connectivity as a control site. All
participants completed two identical experimental sessions comprising (1) SMA-M1
connectivity and preSMA-M1 connectivity and (2) cerebellum M1-connectivity. Two
experimental sessions were necessary to investigate the reliability of dual-site TMS
measures: SMA-M1 connectivity reliability results (Rurak et al., 2021c), and cerebellum-M1
reliability results have been published elsewhere (Rurak et al., 2021a). Figure 1 shows the
TMS procedure for measuring SMA-M1 and preSMA-M1 connectivity (Fig 1A-D) and the
experimental procedure (which was identical for both sessions; Fig 1E). As shown in Figure
1E, measures of SMA-M1 connectivity and preSMA-M1 connectivity (control site) were
completed before or after measures of cerebellum-M1 (the order of stimulation was
counterbalanced across participants). Here, we report results from Session 1; results from
Session 2 are reported in the Supplementary Materials (see S3. Session 2: SMA-M1
connectivity and preSMA-M1 connectivity).
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Figure 1. SMA-M1 connectivity was assessed by delivering SI1mV-alone and dual-site trials
in younger and older adults. Panel A shows the coil placement and current flow direction
(indicated by the arrow) for SI1mV-alone trials delivered to M1, and Panel C shows an
example MEP elicited by SI1mV-alone trials to M1 (~1mV MEP amplitude). Panel B shows
the coil placement for dual-site trials: the grey coil represents the SMA stimulation site, and
the black coil represents the M1 stimulation site, with arrows indicating the current flow
direction. Panel D shows an example MEP amplitude elicited by dual-site TMS, with a
conditioning stimulus to SMA (140% AMT) 6, 7, or 8 ms before a test stimulus to M1. All
measures were obtained from the resting first dorsal interosseous (FDI). Effective
connectivity between SMA and M1 was quantified as the mean dual-site MEP amplitude at
each ISI as a ratio of the mean SI1mV-alone MEP amplitude. Panel E shows the experimental
procedure: there were two identical experimental sessions separated by a minimum of 7 days,
and each session involved dual-site TMS measures of SMA-M1 and cerebellum-M1
connectivity. Results of dual-site TMS measures of cerebellum-M1 connectivity and the 10m walk (shaded in grey) are reported elsewhere (Rurak et al., 2021a).

Participants
Table 1 shows the participant characteristics. Thirty younger adults and 30 community
ambulant older adults recruited from Murdoch University and the local community
participated in the study. One younger adult and one older adult participated in a previous
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study from our research group (Green, Ridding et al. 2018). The Murdoch University
Research Ethics Committee approved the study (2014/247), and the protocols used followed
the Declaration of Helsinki. All participants gave written informed consent prior to testing
and were screened for conditions that would contraindicate TMS (Rossi et al., 2011; Rossini
et al., 2015).

Table 1.
Characteristics for the 30 younger and 30 older adults who participated in the current study.
Age
Sex
Medication type
Mean ±SD;
age range
(years)
Younger

23 ± 3.74;
18-32

20 F
10 M

Contraceptive pill (n =7)

Older

70 ± 5.95;
60-82

19 F
11 M

Thryoxine: thyroid hormone deficiency (n = 5)
Cavstat: blood cholesterol (n = 1)
Omeprazole: gastroesophageal reflux (n = 1)
Penbutolol: high blood pressure (n = 2)
Vagifem: hormone replacement therapy (n = 4)
Irbesartan: high blood pressure (n = 2)
Rosuvastatin: cholesterol (n = 3)
Ranitidine: stomach acid production (n = 1)
Ramipril: high blood pressure (n = 1)
Simvastatin: lipid-lowering (n = 1)
Olmesartan: high blood pressure (n = 1)

SD, standard deviation; F, female; M, male; In younger adults, 7 of the 30 participants were
taking medication; in older adults, 16 of the 30 participants were taking medication, with
some of these participants taking more than one type of medication.

The Montreal Cognitive Assessment was used as a screening tool for cognitive impairment;
no participant scored less than the cut-off score of 25 (Younger adults: median 29, score
range: 26-30; Older adults: median 29.5, score range: 26-30) (Nasreddine et al., 2005). The
Edinburgh Handedness Inventory was used as a screening tool for handedness; no participant

Chapter 4. Age-related differences in SMA-M1 connectivity

140

scored less than the cut-off score of 40 used to exclude left-handed and ambidextrous people
(Younger adults: median 91, range 50-100; Older adults: median 97, range 70-100) (Oldfield,
1971).

TMS
During the TMS procedure, participants were seated in an adjustable chair with their
forearms and hands supported by a cushion on their lap. EMG activity was recorded using
Ag-AgCI surface electrodes placed in a belly-tendon montage on the relaxed right-hand first
dorsal interosseous. The EMG signal was amplified using a CED 1902 at a gain of 1000x,
bandpass filtered at 20-1000 Hz, and digitised using a CED 1401 with a sampling rate of 5
kHz. Dual-site TMS was delivered using two figure-of-eight coils (50-mm diameter), each
connected to a Magstim 200 stimulator (Magstim Co., Whitland, Dyfed, UK).

M1 stimulation site.
M1 stimulation was delivered with the coil placed tangentially to the scalp with the handle
positioned backwards and rotated away from the midline by ~45º to induce a posterioranterior current in the left M1. As a starting location for M1 stimulation, a mark was placed
at C3 of the International 10-20 System, which corresponds to the hand area of M1 (C3,
defined as 5 cm lateral to Cz). The optimal site located was defined as the site that evoked the
largest and most consistent MEPs in the resting first dorsal interosseous; this site was marked
on the scalp with water-soluble ink to allow for reliable coil placement throughout the
experimental session. The optimal site for M1 stimulation was determined in both sessions.

M1: SI1mV intensity. Consistent with previous research, the left M1 TMS intensity was set as a
percentage of maximum stimulator output that elicited peak-to-peak MEP amplitudes of ~1
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mV in the resting hand muscle, defined as ‘SI1mV’ (Arai et al., 2012; Arai et al., 2011; Green
et al., 2018). As MEPs are variable at rest, it is not always possible to identify an intensity
that elicits a mean MEP of 1 mV for each participant. The SI1mV was set to an intensity that
elicited a mean MEP amplitude ranging between 0.75-1.25 from ~20 trials: at the group level,
this resulted in a mean MEP amplitude of ~1 mV in younger and older adults. The SI1mV
intensity was determined while the first dorsal interosseous was at rest and in both sessions.

M1: SI1mV-alone MEP amplitude (mV). MEP amplitude elicited from single-pulse trials using
the SI1mV intensity delivered to the left M1 while the first dorsal interosseous was at rest was
defined as SI1mV-alone MEP amplitude (see Fig 1A). SI1mV-alone MEP amplitude was
determined while the first dorsal interosseous was at rest and in both sessions.

M1: Active motor threshold. Active motor threshold (AMT) was defined as the minimum
TMS intensity (as a percentage of maximum stimulator output: % of MSO) that elicited
MEPs in the first dorsal interosseous muscle of at least 0.2 mV from at least five out of ten
consecutive trials during an isometric contraction of 10% maximum voluntary contraction
(Arai et al., 2012; Arai et al., 2011; Rossini et al., 2015). The isometric contraction involved
requesting participants to place their forearm and hand in a pronated position on a custommade brace, with their abducted index finger applying force against a fixed block on a
custom-made brace. AMT was used to set the intensity of SMA stimulation (described
below). AMT was determined in both sessions.

SMA stimulation site.
SMA stimulation was delivered with the coil placed on the midline using a lateral current
orientation (i.e., current directed from the midline towards SMA; Arai et al., 2012; Arai et al.,
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2011; Green et al., 2018). The site of SMA stimulation was 4 cm anterior to Cz, which is the
midpoint between the nasion-inion and interaural plane (Cz as defined by the International
10-20 System; Arai et al., 2012; Arai et al., 2011; Green et al., 2018). This site has been
shown to correspond to the anatomical representation of SMA identified using individual
structural magnetic resonance images (Arai et al., 2012; Arai et al., 2011).

SMA stimulation. The TMS intensity was set to 140% of AMT obtained from M1, consistent
with previous TMS research (Arai et al., 2012; Arai et al., 2011; Green et al., 2018). No
studies have comprehensively investigated the effect of varying conditioning stimulus
intensity delivered to SMA on M1 excitability. Therefore, we aimed to replicate and extend
previous findings showing age-related differences in SMA-M1 connectivity and used 140%
AMT as the conditioning stimulus intensity (Green et al., 2018).

Control stimulation site: preSMA. Dual-site TMS studies have shown no change in MEP
amplitude elicited by dual-site stimulation targeting preSMA and M1 when compared to
MEP amplitude elicited from SI1mV-alone (Arai et al., 2012; Arai et al., 2011; Green et al.,
2018), which is likely due to preSMA not having direct connections to M1 (Johansen-Berg et
al., 2004; Liu et al., 2002). As such, preSMA was included as a control site. PreSMA
stimulation was delivered with the coil placed on the midline using a lateral current
orientation (Arai et al., 2012; Arai et al., 2011; Green et al., 2018). The site of preSMA
stimulation was 7 cm anterior to Cz, which has been shown to correspond to the anatomical
representation of preSMA identified using individual structural magnetic resonance images
(Arai et al., 2012; Arai et al., 2011; Green et al., 2018).
Experimental Protocol
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All participants completed both sessions in the morning or both sessions in the afternoon. In
younger adults, the time of day for the first session was on average 65 minutes (± 1.06
minutes) before or after the time of day for the start of the second session (range 0-3 hours).
In older adults, the time of day for the first session was on average 48 minutes (± 0.88
minutes) before or after the time of day for the start of the second session (range 0-3 hours).
Time of day was an important consideration for examining the reliability of dual-site TMS
measures of SMA-M1 connectivity, which are results reported elsewhere (Rurak et al.,
2021c).

SMA- and preSMA-M1 connectivity
As shown in Figure 1, SMA-M1 connectivity and the control site preSMA-M1 connectivity
were assessed by delivering SI1mV-alone (see Fig 1A) and dual-site trials (see Fig 1B). For
SI1mV-alone trials, a single-pulse was delivered to M1 using the SI1mV intensity. The dual-site
trials involved a conditioning pulse delivered to SMA or preSMA (140% AMT) followed by
a test pulse delivered to M1 (SI1mV) with inter-stimulus intervals (ISI) of 6 ms, 7 ms, or 8 ms.
Previous research has shown that dual-site TMS measures of SMA-M1 connectivity differ
across ISIs: facilitation of M1 by SMA has been shown with a protocol using a 6 ms ISI but
not at an 8 ms or 15 ms ISI (Arai et al., 2012; Arai et al., 2011; Green et al., 2018). In the
present study, we were interested in investigating the facilitatory interaction been SMA and
M1 across continuous ISIs of 6 ms, 7 ms, and 8 ms in younger and older adults.

Four blocks of TMS pulses were delivered in each experimental session: two blocks were
delivered to measure SMA-M1 connectivity, and two blocks were delivered to measure the
control site preSMA-M1 connectivity. The two blocks of SMA-M1 connectivity and two
blocks of preSMA-M1 connectivity (control-site) were counterbalanced between sessions and
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between participants. Each TMS block took ~3.5 minutes to complete and consisted of 44
trials: 11 SI1mV-alone trials delivered to M1 and 11 dual-site trials for each ISI condition (i.e.,
6 ms, 7 ms, 8 ms). Thus, measures of SMA-M1 connectivity and preSMA-M1 connectivity
both consisted of 22 dual-site trials for each of the three ISIs and 22 SI1mV-alone trials. Signal
software (version 6.02) was used to pseudo-randomise trial conditions with an inter-trial
interval of 5 s (±10%). SMA-M1 connectivity and the control site preSMA-M1 connectivity
were reported as the mean dual-site MEP amplitude at each ISI (i.e. 6 ms, 7 ms, 8 ms)
expressed as a ratio of the mean single-pulse MEP amplitude. Connectivity ratios larger than
a value of 1.0 suggest a facilitatory effect of SMA or preSMA stimulation on M1.

Bimanual and Bilateral Motor Control measures
In the current study, we used the term bilateral motor control to refer to inter-limb
coordination to perform a motor task. The Purdue Pegboard assembly task, Four Square Step
Test, and Timed Up and Go task were selected to measure bilateral motor control as it has
previously been shown that SMA-M1 connectivity was related to performance on these tasks
when analysed in a sample of younger and older adults pooled together (Green et al., 2018).
Findings from this previous study suggest that connectivity between SMA and the hand
representation of M1 might provide a marker of a more global measure of motor cortical
connectivity (Green et al., 2018). Here, we wanted to establish whether these motor tasks
were associated with SMA-M1 connectivity in independent samples of younger and older
adults.

The Purdue Pegboard assembly subtest was used to examine bimanual motor control
(Lafayette instrument company, USA). Participants were instructed to alternate between
hands to place and assemble 4-item objects (order of placement: pin, washer, collar, and
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washer) into holes set out vertically on the pegboard. The total number of items assembled
within 60 seconds was scored. The Four Square Step Test was used to examine bilateral
motor control involving dynamic balance (Dite & Temple, 2002). Participants were
instructed to step into four quadrants, first clockwise and then anticlockwise, facing forward
during the entire sequence. Time taken to complete the Four Square Step Test was recorded
in seconds. The Timed Up and Go was used to examine bilateral motor control involving
functional mobility (Shumway-Cook et al., 2000). Participants were instructed to take a
seated position on a standard chair with armrests (46-cm seat height) and then instructed to
stand, walk 3 meters, turn around, and walk to return to the seated position. Time taken to
complete the Timed Up and Go was recorded in seconds. Participants were instructed to
perform all tasks as quickly as possible. The Purdue Pegboard assembly subtest was
completed ~15 minutes before TMS, a period shown to not influence corticospinal
excitability (Garry et al., 2004). The Four Square Step Test and Timed Up and Go tasks were
completed after TMS to ensure no task-induced influence on corticospinal excitability: the
order of testing for Four Square Step Test and Timed Up and Go was randomized for each
individual. One older adult was unable to participate in the Four Square Step Test and Timed
Up and Go task due to an injury (bruising of the knees, with no other reported injuries and no
problem walking).

Data processing and analysis
Here, we report all results from Session 1; results from Session 2 are reported in the
Supplementary Materials (see S3. Session 2: SMA-M1 connectivity and preSMA-M1
connectivity). Trials in which peak-to-peak EMG activity exceeded 0.01 mV during the 100
ms before TMS delivery were excluded from the analysis. In younger adults, the mean
number of trials excluded across individuals was 18 (range 12-33: total 10.66% of trials) for
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Session 1 and 18 (range 12-35: total 10.83%) for Session 2. In older adults, the mean number
of trials excluded across individuals was 15 (range 12-23: total 8.48% of trials) for Session 1
and 16 (range 12-24: total 8.81%) for Session 2. The peak-to-peak MEP amplitude (mV) was
acquired from 50 ms of EMG activity beginning 10 ms after the TMS pulse delivered to M1
for single- and dual-site trials.

All analyses were conducted using SPSS Statistics (version 24). In younger adults, ShapiroWilk’s test for normality was not violated. In older adults, Shapiro-Wilk’s test for normality
was violated for one condition: SI1mV-alone MEP amplitude. Given that t-tests and analysis of
variance (ANOVA) are robust to moderate violations of normality, normality was assumed
for all t-test and ANOVA analyses (Nimon, 2012). In younger and older adults, Levene’s test
for homogeneity of variance and Mauchly’s test of sphericity were not violated; therefore,
homogeneity and sphericity were assumed for the mixed-factorial ANOVA. Unless stated
otherwise, all tests were two-tailed, values are expressed as mean and standard deviation, and
statistical significance was accepted at an alpha level of P < 0.05.

Neurophysiological measures
TMS intensities. Independent sample t-tests were performed to compare TMS intensities (i.e.,
AMT and SI1mv) used to measure connectivity between younger and older adults in Session 1.
(Results from Session 2 are reported in the Supplementary Materials (see S3.2.1 Session 2:
Neurophysiological measures).)

SI1mV-alone MEPs. A mixed-factors ANOVA was performed to test for differences in the
mean SI1mV-alone MEP amplitude from blocks targeting SMA and blocks targeting the
control site preSMA (within-subject factor of Site) in younger and older adults (between-
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subject factor of Age) in Session 1. Although the order of delivering TMS blocks of SMAM1 and preSMA-M1 (control) site were counterbalanced between sessions and participants,
the order of delivering stimulation might have influenced our results. As such, we included
the between-subjects factor of Order of Stimulation in the mixed-factors analysis. All main
effects and interactions were examined using post-hoc independent sample t-tests and/or
paired sample t-tests. (Results from Session 2 are reported in the Supplementary Materials
(see S3.2.1 Session 2: SI1mV-alone MEPs).)

SMA-M1 and preSMA-M1 connectivity
A mixed-factors ANOVA was performed to examine differences in connectivity between
SMA-M1 versus the control site preSMA-M1 (within-subject factor of Site) at each ISI
(within-subjects factor of ISI: 6 ms, 7 ms, 8 ms) between younger and older adults (betweensubject factor of Age) in Session 1. The between-subjects factor of Order of Stimulation was
included in the mixed-factors analysis, as the order of stimulation might have influenced the
results. (Results from Session 2 are reported in the Supplementary Materials (see S3.2.2
Session 2: SMA-M1 and preSMA-M1 connectivity).)

One-sample t-tests were performed to examine whether SMA-M1 ratios were significantly
different from 1.0 in younger and older adults in Session 1. SMA-M1 ratios significantly
greater than 1.0 would indicate significant facilitation of M1 by SMA. (Results from Session
2 are reported in the Supplementary Materials (see S3.2.2 Session 2: SMA-M1 and preSMAM1 connectivity).)

Bilateral motor control
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A multivariate ANOVA was performed to examine differences in bilateral motor
performance on the Purdue Pegboard assembly task, Four Square Step Test, and Timed Up
and Go task between younger and older adults in Session 1. For any significant main effect
and/or interaction found, univariate F-tests were performed to compare scores on the bilateral
motor tasks between the two age groups. (Results from Session 2 are reported in the
Supplementary Materials (see S3.2.3 Session 2: Bilateral motor control).)

Relationship between bilateral motor control and SMA-M1 connectivity.
The association between SMA-M1 connectivity and bilateral motor performance has not been
examined previously in independent samples of younger and older adults. Therefore,
exploratory Pearson’s product-moment correlation coefficients were used to examine the
relationship between SMA-M1 connectivity and performance on the Purdue Pegboard
assembly task, Four Square Step Test, and Timed Up and Go task in Session 1. Separate
analyses were performed for each motor control task and age group to assist future
researchers interested in bilateral motor control in these specific age groups. Exploratory
Fisher’s r-to-z transformations were performed to examine the difference between the
correlation coefficients of SMA-M1 connectivity and Purdue Pegboard assembly task, Four
Square Step Test, and Timed Up and Go task performance in younger versus older adults.
Given the exploratory nature of these analyses, statistical significance was accepted at P <
0.05. (Results from Session 2 are reported in the Supplementary Materials (see S3.2.4 Session
2: Relationship between motor control and SMA-M1 connectivity averaged across ISIs).)

4.5. Results
Neurophysiological measures
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TMS intensities.
Figure 2 shows column scatter plots of AMT (140% AMT; Fig 2A) and SI1mV (% of MSO;
Fig 2B) for younger adults and older adults. AMT was not different between younger and
older adults (t58 = -0.90, P = 0.372, d = 0.23; see Fig 2A). The SI1mV intensity was
significantly higher in older than younger adults (t58 = -4.26, P < 0.001, d = 1.09; see Fig 2B),
suggesting that a stronger stimulus was required to elicit MEPs of ~1 mV in the resting FDI
of older than younger adults.
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Figure 2. The top panel shows column scatter graphs of (A) AMT (140% AMT) and (B)
SI1mV (% of MSO) in younger (closed circles) and older adults (open circles). The bottom
panel shows column scatter graphs of SI1mV-alone MEP amplitude from (C) SMA-M1 blocks
and (D) control site preSMA-M1 blocks in younger (closed circles) and older adults (open
circles). The solid line shows the mean intensity (A and B) and mean SI1mV-alone MEP
amplitude (C and D) in younger and older adults. These graphs show results from Session 1;
results from Session 2 are reported in the Supplementary Materials (see S3.2.1 Session 2:
Neurophysiological measures). *P < 0.05.

SI1mV-alone MEPs
Figure 2 shows column scatter plots of SI1mV-alone MEP amplitudes recorded in TMS blocks
targeting SMA-M1 (Fig 2C) and TMS blocks targeting the control site preSMA-M1 (Fig 2D)
for younger and older adults. A mixed-factorial ANOVA performed on SI1mV-alone MEP
amplitude showed no main effect of Site (F1, 58 = 0.11, P = 0.742, ηp2 = 0.00), no main effect
of Order of Stimulation (F1, 58 = 1.97, P = 0.166, ηp2 = 0.03), but a significant main effect of
Age (F1, 58 = 6.76, P = 0.012, ηp2 = 0.18), and a significant Site*Age interaction (F1, 58 =

Chapter 4. Age-related differences in SMA-M1 connectivity

151

12.56, P = 0.001, ηp2 = 0.18); there were no other significant interactions (all F < 2.00, all P >
0.163, all ηp2 < 0.03). To clarify the source of the Site*Age interaction, the mean SI1mV-alone
MEP amplitude in the blocks targeting SMA and the blocks targeting the control site preSMA
were compared between and within younger and older adults. For SMA-M1 blocks, there was
no difference in the SI1mV-alone MEP amplitude between younger and older adults (t58 = 0.01, all P = 0.993, d < 0.20). For the preSMA-M1 blocks, the mean SI1mV-alone MEP
amplitude was significantly larger in younger than older adults (t58 = 4.27, P < 0.001, d =
1.08). In younger adults, the mean SI1mV-alone MEP amplitude in the SMA-M1 blocks was
significantly smaller than the control site preSMA-M1 blocks (t29= -2.70, P =0.012, d =
0.52). In older adults, the mean SI1mV-alone MEP amplitude in the SMA-M1 was
significantly greater than the control site preSMA-M1 blocks (t29= 2.37, P = 0.024, d = 0.59).

SMA-M1 and preSMA-M1 connectivity
Figure panel 3A shows SMA-M1 connectivity ratios and the control site preSMA-M1
connectivity ratios averaged across ISIs (6 ms, 7 ms, 8 ms) in younger and older adults;
Figure panel 3B shows SMA-M1 connectivity ratios measured at ISIs of 6 ms, 7 ms, and 8
ms in younger and older adults. A mixed-factorial ANOVA performed on the SMA-M1
connectivity ratios and the control site preSMA-M1 connectivity ratios showed no main
effect of ISI (F2, 58 = 1.45, P = 0.238, ηp2 = 0.03), no main effect of Site (F1, 58 = 0.00, P =
0.983, ηp2 = 0.00), no main effect of Order (F2, 58 = 0.29, P = 0.592, ηp2 = 0.01) but a
significant main effect of Age (F1, 58 = 9.64, P = 0.003, ηp2 = 0.15) and a significant Site*Age
interaction (F1, 58 = 5.65, P = 0.021, ηp2 = 0.09); there were no other significant interactions
(all F < 1.70, all P > 0.188). To investigate the Site*Age interaction, connectivity ratios for
SMA-M1 and the control site preSMA-M1 were compared between and within younger and
older adults at each site. SMA-M1 connectivity ratios were significantly reduced in older than
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younger adults (t178 = 6.15, P < 0.001, d = 0.94); preSMA-M1 connectivity ratios did not
differ between younger and older adults (t178 = 0.98, P = 0.327, d = 0.15). In younger adults,
post-hoc analysis showed significantly greater SMA-M1 connectivity ratios than preSMAM1 connectivity ratios (t89= 2.45, P = 0.016, d = 0.35). In older adults, post-hoc analysis
showed significantly smaller SMA-M1 connectivity ratios than preSMA-M1 connectivity
ratios (t89 = -2.68, P = 0.009, d = 0.41).

Despite finding no statistically significant Age and ISI interaction, we performed exploratory
independent samples t-tests to compare SMA-M1 connectivity at each ISI between younger
and older adults as previous research has shown age-related differences at an ISI of 6 ms but
not 8 ms (Green et al., 2018). Given the exploratory nature of these analyses, statistical
significance was accepted at P < 0.05. SMA-M1 connectivity at each ISI (6 ms, 7 ms, 8 ms)
was significantly greater in younger than older adults (6 ms: t58 = 3.82, P < 0.001; 7 ms: t58 =
3.83, P < 0.001; 8 ms: t58 = 3.03, P < 0.001).
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Figure 3. Column scatterplots show SMA-M1 connectivity and control site preSMA-M1
connectivity ratios averaged across ISIs (A) and at each ISI (B) in younger (closed symbols)
and older adults (open symbols). SMA-M1 ratios greater than 1.0 indicate a facilitatory effect
of SMA on M1 excitability, and larger ratios indicate greater facilitation. PreSMA-M1
connectivity ratios at each ISI are not presented here as preSMA-M1 was the control site.
These graphs show results from Session 1; results from Session 2 are reported in the
Supplementary Materials (see S3.2.2 Session 2: SMA-M1 and preSMA-M1 connectivity). *P
< 0.05.

Younger adults. One-sample t-tests showed that SMA-M1 connectivity ratios were
significantly greater than 1.0 at ISIs of 6 ms (t29 = 3.33, P = 0.002, d = 0.61), 7 ms (t29 = 2.55,
P = 0.016, d = 0.47), and 8 ms (t29 = 3.32, P = 0.002, d = 0.62). These results suggest that a
conditioning stimulus to SMA had a significant facilitatory influence on M1 excitability at all
three ISIs.

Older adults. One-sample t-tests showed that SMA-M1 connectivity ratios at an ISI of 7 ms
were significantly smaller than 1.0 (t29 = -3.33, P = 0.002, d = 0.61). SMA-M1 connectivity
ratios at ISIs of 6 ms and 8 ms were not significantly different from 1.0 (6 ms: t29 = -1.95, P =
0.062, d = 0.36; 8 ms: t29 = -0.27, P = 0.792, d = 0.05). These results suggest that a
conditioning stimulus to SMA had an inhibitory influence on M1 excitability at an ISI of 7
ms but not significant influence on M1 excitability at 6 ms or 8 ms.
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Bilateral motor control
Table 2 shows mean Purdue Pegboard assembly task performance, Four Square Step Test
performance, and Timed Up and Go task performance in younger and older adults. A
multivariate ANOVA performed for bilateral motor control on the Purdue Pegboard assembly
task, Four Square Step Test, and Timed Up and Go task showed a significant main effect of
Age (all F > 35.49, all P < 0.001, ηp2 > 0.38). Post-hoc univariate F-tests were used to clarify
the main effect of Age: younger adults performed significantly better than older adults on all
bilateral motor tasks (all F > 35.49, all P < 0.001, all ηp2 > 0.38).

Table 2.
The mean scores for the Purdue Pegboard assembly task, Four Square Step Test, and Timed
Up and Go task in younger and older adults. Larger scores for the Purdue Pegboard
assembly task indicate more objects assembled in 60 s. A larger score for the Four Square
Step Test and Timed Up and Go task indicate slower performance on these tasks (s).
Group
Score
Univariate
Normative
Mean ± SD
F-value
data
Purdue
Younger
36 ± 6.65
Pegboard
assembly
Older
25 ± 5.78
47.09
26.6 ± 5.2 [1]
Task (items
(P < 0.001) *
assembled)
Four Square
Step Test (s)

Timed Up
and Go (s)

Younger

6.39 ± 1.12

Older

8.58 ± 1.68

Younger

6.01 ± 0.80

35.49
(P < 0.001) *

8.7 s
(7.36-10.01) [2]

48.11
8.4 ± 1.7 s [3]
(P < 0.001) *
SD, standard deviation; [1], (Agnew et al., 1988); [2], (Dite & Temple, 2002): SD was not
reported in this study; [3], (Shumway-Cook et al., 2000). *P < 0.05 indicates significance.
For all bilateral motor tasks, younger adults performed significantly better than older adults.
Older

7.85 ± 1.31

Relationship between motor control and SMA-M1 connectivity averaged across ISIs
As there was no significant Age and ISI interaction, SMA-connectivity ratios averaged across
ISIs 6 ms, 7 ms, 8 ms were used to investigate the functional role of SMA-M1 connectivity in
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bilateral motor performance. Here, we present exploratory correlations performed separately
for the two age groups to examine relationships between mean SMA-M1 connectivity ratios
and scores on the (1) Purdue Pegboard assembly task (Fig 4A, 4D); (2) Four Square Step Test
(Fig 4B, 4E), and (3) Timed Up and Go task (Fig 4C, 4F). (Exploratory correlations
performed separately for the two age groups to examine relationships between SMA-M1
connectivity at each ISI and bilateral motor performance are presented in the Supplementary
Materials (see S2.2 Session 1: Relationship between motor control and SMA-M1 connectivity
at each ISI, and S3.2.5 Session 2: Relationship between bilateral motor control and SMA-M1
connectivity at each ISI).)

In younger adults, SMA-M1 connectivity was not significantly associated with Purdue
Pegboard task performance, Four Square Step Test performance, or the Timed Up and Go
task performance (all r < -0.15, all P > 0.429). In older adults, greater SMA-M1 connectivity
was associated with better Purdue Pegboard task performance (r = 0.40, P = 0.029), but was
not associated with performance on the Four Square Step Test or the Timed Up and Go task
(both r < 0.23, both P > 0.222). (See Supplementary Materials for a summary of all
correlation results, including SMA-M1 connectivity averaged across and at each ISI; S4.
Comparison of associations between bilateral motor performance and SMA-M1 connectivity
in Session 1 and Session 2.)

Exploratory Fisher’s r-to-z transformations were performed to assess the difference between
the correlation coefficients of SMA-M1 connectivity and bilateral motor tasks performance
between the two age groups. There was no statistically significant difference between the
correlation coefficients of SMA-M1 connectivity and Purdue Pegboard assembly task
performance (z = -1.56, P = 0.06), Four Square Step Test performance (z = -1.42, P = 0.078),
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or the Timed Up and Go task performance (z = -1.42, P = 0.078) between younger and older
adults. These findings suggest no age-related difference in the strength of the relationship
between SMA-M1 connectivity and bilateral motor control.

Figure 4. The top panel shows scatterplots of the relationship between the magnitude of
SMA-M1 connectivity ratios (averaged across ISIs of 6 ms, 7 ms, and 8 ms) and performance
on the Purdue Pegboard assembly task (A), Four Square Step Test (B), and Timed Up and Go
(C) in younger adults (closed symbols). The bottom panel shows scatterplots of the
relationship between the magnitude of SMA-M1 connectivity ratios (averaged across ISIs of
6 ms, 7 ms, and 8 ms) and performance on the Purdue Pegboard assembly task (D), Four
Square Step Test (E), and Timed Up and Go (F) in older adults (open symbols). SMA-M1
ratios greater than 1.0 indicate a facilitatory effect of SMA on M1 excitability, and larger
ratios indicate greater facilitation. These graphs show results from Session 1; results from
Session 2 are reported in the Supplementary Materials (see S3.2.4 Session 2: Relationship
between motor control and SMA-M1 connectivity averaged across ISIs). *P < 0.05.

4.6. Discussion
In the current study, we aimed to replicate previous findings showing age-related differences
in SMA-M1 connectivity and investigate whether SMA-M1 connectivity was associated with
bilateral motor performance in separate samples of younger and older adults. There were two
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main findings. First, SMA-M1 connectivity was reduced in older than younger adults.
Second, in older adults, SMA-M1 connectivity was positively associated with bimanual
performance measured using the Purdue Pegboard assembly task.

Reduced SMA-M1 connectivity in older than younger adults
SMA-M1 connectivity averaged across ISIs of 6 ms, 7 ms, and 8 ms was greater in younger
than older adults. We also examined age-related differences between SMA-M1 connectivity
at each ISI to compare the current results with previous research (Green et al., 2018).
Consistent with previous research, we showed greater SMA-M1 connectivity at an ISI of 6
ms in younger than older adults (Green et al., 2018), and for the first time, we showed that
SMA-connectivity at an ISI of 7 ms was greater in younger than older adults. We also
showed greater SMA-M1 connectivity at an ISI of 8 ms in younger than older adults, which
is inconsistent with previous research showing no age-related difference in SMA-M1
connectivity at this ISI (Green et al., 2018). While the results from the individual ISIs should
be interpreted with caution (because there was no significant Age*ISI interaction and the
results might reflect type I error), SMA-M1 connectivity averaged across ISIs was greater in
younger than older adults. The facilitation of M1 by SMA is thought to reflect direct
excitatory connections acting between SMA and M1, likely mediated by direct glutamatergic
activity (Arai et al., 2012; Arai et al., 2011; Luppino et al., 1993; Muakkassa & Strick, 1979;
Shima & Tanji, 1998). In examining whether SMA had a significant facilitatory or inhibitory
influence on M1 (i.e., SMA-M1 ratios significantly different from 1.0), our results showed
that a conditioning stimulus to SMA had a significant facilitatory influence on M1
excitability at all three ISIs in younger adults. In older adults, there was no significant
influence of a conditioning stimulus to SMA on M1 excitability at the 6 or 8 ms ISIs, but a
significant inhibitory influence on M1 excitability at an ISI of 7 ms. Thus, our results suggest
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that the direct excitatory connections acting between SMA and M1 have reduced efficacy in
older than younger adults. This evidence supports other dual-site TMS research, which has
reported that effective connectivity within other motor cortical networks, such as the dorsal
premotor cortex and M1, had reduced efficacy in older than younger adults (Fujiyama et al.,
2016; Hinder et al., 2012; Ni et al., 2015). Furthermore, fMRI studies have shown age-related
changes in functional connectivity between motor areas, namely reduced functional
connectivity of the right cingulate motor area and left premotor area in older than younger
adults (Wu et al., 2007). The current findings are consistent with neuroimaging studies and
extend the findings by showing an age-related decrease in the excitability of direct excitatory
connections between SMA and M1.

Reduced effective connectivity in older than in younger adults might be due to an age-related
reduction in white matter integrity, which plays an important role in effectively relaying
information between areas of the brain (Serbruyns et al., 2015; Sullivan et al., 2010). In older
adults, the quantity and quality of white matter integrity are reduced due to the loss of
myelinated fibres and reduced axonal integrity (Bartzokis et al., 2004; Marner et al., 2003;
Meierruge et al., 1992; Peters, 2002; Seidler et al., 2010). Supporting this explanation, one
study has shown that older adults have reduced white matter integrity between the dorsal
premotor cortex and M1 using diffusion tensor imaging, and this was positively associated
with dual-site TMS measures of effective connectivity between these motor brain areas
(Fujiyama et al., 2016). Taken together, this suggests that reduced SMA-M1 connectivity in
older compared to younger adults might be underpinned by a decline in white matter
integrity. However, further research using neuroimaging is required to provide evidence to
support this suggestion.
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In younger adults, as expected, SMA-M1 connectivity ratios (averaged across ISIs) were
larger than the control site preSMA-M1 connectivity ratios (d = 0.44). This suggests that a
conditioning stimulus to SMA led to a greater increase in M1 excitability than a conditioning
stimulus to preSMA. Previous research has shown a greater influence of SMA than preSMA
stimulation on M1, which is thought to be due to SMA, but not preSMA, having dense and
direct excitatory connections to M1 (Akkal et al., 2007; Johansen-Berg et al., 2004; Liu et al.,
2002). In contrast to younger adults, the control site preSMA-M1 connectivity ratios were
larger than SMA-M1 connectivity ratios in older adults (d = 0.58), suggesting that the
conditioning stimulus to preSMA led to an increase in M1 excitability compared to a
conditioning stimulus to SMA in this group. Previous research has shown no difference
between SMA-M1 and preSMA-M1 connectivity ratios in older adults (Green et al., 2018).
The preSMA-M1 connectivity ratios were not different between younger and older adults. It
is unclear why the control site preSMA connectivity ratios were greater than SMA
connectivity ratios in older adults in the present study. To our knowledge, there are no reports
of age-related changes in preSMA excitability or connectivity between preSMA and M1.
However, it is important to note that the preSMA-M1 connectivity results should be
interpreted with caution as there were age-related differences in the mean SI1mV-alone MEP
amplitude measured in blocks targeting preSMA but not SMA (see Limitations below).

Higher SI1mV intensity required in older than younger adults
The SI1mV intensity was higher in older than younger adults suggesting that, on average, a
stronger stimulus was required to elicit MEPs of ~1 mV in the resting hand muscle of older
than younger adults. This fits with literature showing the excitability of the corticospinal tract
is reduced in older than younger adults, evidenced by a higher M1 threshold for eliciting
MEPs, and smaller MEPs elicited by suprathreshold stimuli (specifically, 120% resting motor
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threshold) in older than younger adults (Oliviero et al., 2006; Pitcher et al., 2003).
Furthermore, this finding fits with previous TMS mapping studies systematically stimulating
a grid of sites over M1, which have shown reduced volume of the first dorsal interosseous
representation in M1 in older than younger adults (Hehl et al., 2020; McGregor et al., 2012).
The reduced excitability of the corticospinal tract in older than younger adults is thought to
be due to corticospinal neurons becoming less synchronous with advancing age, leading to
fewer corticospinal neurons being recruited (Eisen et al., 1996). Although we found agerelated differences in the SI1mV intensity used, it is important to note that the MEP elicited by
the SI1mV intensity did not differ across age groups for the TMS blocks targeting SMA.

Intra- and inter-individual variability in SMA-M1 connectivity
Together, the current findings suggest age-related differences in SMA-M1 connectivity
averaged across ISIs. However, SMA-M1 connectivity ratios at each ISI varied to some
extent both between and within individuals, suggesting that a conditioning stimulus to SMA
can have both an inhibitory and a facilitatory influence on M1 excitability. A non-human
primate study using paired-pulse electrical stimulation to investigate connectivity between
ipsilateral SMA and M1 showed that stimulating SMA facilitated M1 excitability at short
ISIs (1 ms, 2 ms, 2.5 ms, 5 ms) but inhibited M1 excitability at longer ISIs (10 ms, 20 ms)
(Cote et al., 2020). This finding, suggesting that facilitatory and inhibitory influences of SMA
on M1 are time-dependent in non-human primates, fits with dual-site TMS studies in humans
showing a facilitatory effect of SMA on M1 at short ISIs (6 ms, 7 ms, 8 ms) but an inhibitory
effect of SMA on M1 at a longer ISI (40 ms) in younger adults (Arai et al., 2012; Arai et al.,
2011; Fiori et al., 2017; Green et al., 2018). Therefore, it is important to investigate SMA-M1
connectivity at various ISIs as a conditioning stimulus to SMA can facilitate or inhibit M1
excitability, and there may be individual differences in the optimal ISI to measure facilitatory
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and inhibitory interactions between SMA and M1 in humans. The current study showed
connectivity ratios less than 1.0 across the ISIs in most older adults (see Figure 3), and that
SMA-M1 connectivity at an ISI of 7 ms was significantly less than 1.0 in older adults. These
findings suggest an inhibitory influence of SMA on M1 and that the temporal characteristics
of facilitatory and inhibitory interactions between SMA and M1 might change with age.
Future research should investigate the effect of aging on the temporal characteristics of
facilitatory and inhibitory influences of SMA on M1 using dual-site TMS across the lifespan,
testing a range of short and long ISIs.

In addition to SMA having a time-dependent facilitatory or inhibitory influence on M1
excitability, dual-site TMS studies in humans show that conditioning stimulus intensity can
affect SMA-M1 connectivity. Specifically, a subthreshold conditioning stimulus to SMA
(90% active motor threshold; AMT) inhibited M1 excitability, whereas suprathreshold
conditioning stimuli to SMA (140% AMT) facilitated M1 excitability with an inter-stimulus
interval of 6 ms in younger adults (Arai et al., 2012; Arai et al., 2011; Green et al., 2018).
There are no dual-site TMS studies in humans systematically examining the effect of SMA
conditioning stimulus intensity on M1 excitability: it is possible that activation thresholds for
the neuronal circuits that underpin the facilitatory and inhibitory interactions between SMA
and M1 differ between individuals. Furthermore, age-related differences in the structure and
function of cortical motor areas could influence the intensity-dependent effects of SMA
stimulation on M1 excitability. Evidence from previous TMS studies suggests that AMT
increases with age due to an age-related decline in the structural and functional integrity of
cortical motor areas and the corticospinal tract (Cuypers et al., 2013; Levin et al., 2011;
Oliviero et al., 2006; Peinemann et al., 2001; Rossini et al., 1992; Silbert et al., 2006).
Although we set the conditioning stimulus intensity to 140% AMT in both younger and older
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adults, we cannot be sure that this intensity stimulated SMA comparably in both age groups.
Future research should investigate age-related SMA-M1 connectivity varying the
conditioning stimulus intensity.

Conditioning stimulation to SMA could influence M1 excitability by directly acting on
corticospinal cells or by acting on facilitatory and inhibitory interneurons within M1. One
study examined interactions between SMA and intracortical circuits in M1 using a triple
TMS pulse protocol (Shirota et al., 2012): a conditioning stimulus to SMA (100% AMT)
preceded paired-pulse TMS to M1 with stimulus parameters set to measure short-interval
intracortical inhibition (SICI) and short-interval intracortical facilitation (SICF). The results
of the triple-pulse protocol targeting SICI showed no significant effect of SMA stimulation
on the excitability of SICI circuits (when compared to paired-pulse TMS given to M1 alone).
However, results of the triple-pulse protocol targeting SICF showed greater facilitation at the
second and third SICF peaks (ISIs of 2.5 ms, 3 ms, and 5 ms) following a conditioning
stimulus to SMA compared to paired-pulse TMS given to M1 alone. This finding suggests
that intracortical facilitatory circuits might contribute to the effect of SMA stimulation on
M1. Previous research has shown less SICF at the second peak in older than younger adults
(Clark et al., 2011; Opie et al., 2018; Rurak et al., 2019): if the excitability of SICF circuits
mediates (in part) SMA-M1 connectivity, then an age-related reduction in the excitability of
SICF circuits in M1 could explain the finding of reduced SMA-M1 connectivity in older
compared to younger adults. Future research should investigate age-related changes in the
effect of a range of SMA stimulation intensities on SICF circuits in M1 using a triple-pulse
TMS protocol. Furthermore, it is important that future research establishes the validity and
responsiveness of dual-site TMS measures of SMA-M1 connectivity to better understand the
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neurophysiological mechanisms being measured and to detect meaningful change in
neurophysiological activity.

Faster bimanual and bilateral motor control in younger than older adults
SMA-M1 connectivity averaged across ISIs of 6 ms, 7 ms, and 8 ms adults was used to
examine the functional role of SMA-M1 connectivity in bilateral motor performance in
independent samples of younger and older adults. The younger adults group placed more
pegs on the assembly task of the Purdue Pegboard and were faster at completing the Four
Square Step Test and the Timed Up and Go task than the older adults group. In older adults,
the mean scores for performance on the bilateral motor tasks were consistent with normative
data from healthy older adults (see Table 2), suggesting that the slower performance seen in
older adults compared to younger adults is likely due to normal aging. However, we cannot
rule out that slower performance might be due to sub-clinical or early health problems that
can occur with aging.

Relationship between bimanual and bilateral motor control and SMA-M1 connectivity
We were interested in extending a previous study showing associations between SMA-M1
connectivity and performance on the Purdue Pegboard assembly task, Four Square Step Test,
and Timed Up and Go task (Green et al., 2018). The results of this previous study suggested
that connectivity between SMA and the hand representation of M1 reflects a more global
measure of motor cortical connectivity as they showed an association between SMA-M1
connectivity and performance on the Four Square Step Test and Timed Up and Go task,
which are tasks that primarily involve lower-limb motor control (Green et al., 2018). We
performed correlational analyses on SMA-M1 connectivity and bilateral motor performance
in independent samples of younger and older adults, whereas previous research investigated
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this relationship in younger and older adults pooled together (Green et al., 2018).
(Exploratory correlational analyses on SMA-M1 connectivity at each ISI and bilateral motor
performance are reported in the Supplementary Materials (see S2.2 Session 1: Relationship
between motor control and SMA-M1 connectivity at each ISI, and S3.2.5 Session 2:
Relationship between bilateral motor control and SMA-M1 connectivity at each ISI).)

In younger adults, no significant associations were found between SMA-M1 connectivity and
Purdue Pegboard assembly task performance, suggesting the influence of SMA on M1
excitability is not involved in bimanual control. One study examined the relationship between
SMA-M1 connectivity and Purdue Pegboard assembly performance, but this study performed
correlational analysis on data from younger and older adults pooled together, and therefore,
cannot be compared to the heterogeneous sample of younger adults used in the current study
(Green et al., 2018). In the current study, we investigated the relationship between SMA-M1
connectivity at rest and bimanual motor performance; it is possible that the modulation of
SMA-M1 connectivity during task performance rather than the strength of SMA-M1
connectivity at rest is associated with bimanual motor performance. Future research should
examine task-dependent modulation of SMA-M1 connectivity during bimanual motor
performance. In addition, evidence supports an important role of SMA both in bilateral and
unimanual motor performance, and therefore, it is possible that the excitatory influence of
SMA on M1 has a role in unimanual motor performance (Grefkes et al., 2008; Jenkins et al.,
2000). Future research should examine the role of SMA-M1 connectivity measured using
dual-site TMS in unimanual control.

In younger adults, no significant associations were found between SMA-M1 connectivity and
performance on the Four Square Step Test or Timed Up and Go task, suggesting the influence

Chapter 4. Age-related differences in SMA-M1 connectivity

165

of SMA on M1 excitability was not involved in bilateral movements involving dynamic
balance and functional mobility in younger adults. Previous functional near-infrared
spectroscopy and fMRI research has shown that increased SMA activity was associated with
bilateral motor tasks involving gait in younger adults (Miyai et al., 2001; Suzuki et al., 2004),
implicating SMA activity in lower-limb bilateral coordination tasks. Furthermore, increasing
SMA excitability using anodal transcranial direct current stimulation improved performance
on a dynamic balance task (which required participants to shift their centre of pressure in
multiple target directions; Hupfeld et al., 2017), implicating SMA activity in dynamic
balance. Taken together, these findings suggest that SMA plays a role in lower-limb bilateral
movement, but the influence of SMA on the excitability of the hand representation in M1 was
not associated with lower-limb bilateral movement performance in younger adults. Future
research should examine connectivity between SMA and M1 representations of lower-limb
muscles, and whether this connectivity is associated with lower-limb bilateral movement
performance.

In older adults, a moderate positive relationship was found between SMA-M1 connectivity
and Purdue Pegboard assembly task performance, suggesting that the influence of SMA on
M1 excitability might play a role in bimanual motor control in older adults. This finding was
replicated in Session 2 (see Supplementary Materials S3.2.4 Session 2: Relationship between
motor control and SMA-M1 connectivity averaged across ISIs) and when investigating the
relationship between SMA-M1 connectivity at each ISI and Purdue Pegboard assembly
performance; specifically, greater SMA-M1 connectivity at ISIs of 6 ms and 7 ms was
associated with better performance on the Purdue Pegboard assembly task in both sessions
(see Supplementary Materials S2.2 Session 1: Relationship between motor control and SMAM1 connectivity at each ISI and S3.2.5 Session 2: Relationship between bilateral motor
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control and SMA-M1 connectivity at each ISI). This fits with previous fMRI research, which
has shown that greater simultaneous SMA and M1 activity was associated with faster
performance on a simple reaction task in older adults (Michely et al., 2018). As described
above, the only previous research that has examined the relationship between SMA-M1
connectivity and performance on the Purdue Pegboard assembly task performed correlational
analysis on data from younger and older adults pooled together, and therefore, cannot be
compared to the heterogeneous sample of older adults used in the current study. Given the
exploratory nature of this correlation analysis, it is important that future research investigates
the function of SMA-M1 connectivity in bimanual control, as it might provide a potential
target for interventions to moderate or reverse the age-related decline in bimanual movement.

In older adults, no significant associations were found between SMA-M1 connectivity and
performance on the Four Square Step Test or Timed Up and Go task, suggesting that it is
unlikely that SMA-M1 connectivity was involved in bilateral movements involving
functional mobility. Previous functional near-infrared spectroscopy and fMRI research has
shown that increased SMA activity was associated with bilateral motor tasks involving gait in
older adults compared to younger adults (Allali et al., 2014; Harada et al., 2009), implicating
SMA activity in lower-limb motor tasks. As described above, the current study measured
connectivity between SMA and M1 targeting the hand representation of M1: future research
should examine connectivity between SMA and M1 representations of lower-limb muscles.

Above we discussed the correlational results from Session 1: the correlational results from
Session 2, and a comparison of the correlational results between Session 1 and Session 2 are
presented in the Supplementary Materials (S3.2.4 Session 2: Relationship between motor
control and SMA-M1 connectivity averaged across ISIs; S2.2 Session 1: Relationship
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between motor control and SMA-M1 connectivity at each ISI and S3.2.5 Session 2:
Relationship between bilateral motor control and SMA-M1 connectivity at each ISI).

Limitations
In the present study, the mean MEP amplitude from SI1mV-alone trials in the control site
preSMA-M1 blocks was significantly larger in younger than older adults. The cause of this
age-related difference in SI1mV-alone MEP amplitude in the preSMA-M1 blocks is unclear. It
is unlikely that this age-related difference was due to preSMA stimulation eliciting a lasting
inhibitory influence on M1 excitability in older but not younger adults, as 100 pairs of dualsite stimuli at a fixed frequency of 0.2 Hz to preSMA are required to modulate M1
excitability (at least in young adults; Kohl et al., 2019). In the current study, pseudorandomised single-pulse and dual-site trials were presented (blocks of stimuli consisted of 44
trials: 11 single-pulse and 11 dual-site trials for each of the three ISIs) at a variable frequency
ranging from 0.18-0.22 Hz. One possibility is that minor differences in the consistency of coil
placement between the preSMA-M1 and SMA-M1 blocks might underlie the smaller SI1mValone MEP amplitude in older than younger adults due, in part, to age-related changes in M1
excitability. We believe that this is unlikely because there was no significant difference in
MEP amplitude in response to SI1mV-alone between younger adults and older adults in the
experimental blocks targeting SMA for the dual-site trials. Nonetheless, future research
should use neuronavigation to examine coil placement within sessions to ensure data for coil
placement is collected for every trial. Furthermore, given that it is unknown whether SI1mValone MEP amplitude influences SMA-M1 connectivity, future research should
systematically examine the effect of SI1mV-alone MEP amplitude (e.g., 0.5 mV, 1 mV, 2 mV,
4 mV) on SMA-M1 connectivity in a within-subjects design.

Chapter 4. Age-related differences in SMA-M1 connectivity

168

We measured some factors known to contribute to variability in corticospinal excitability,
including perceived stress, physical activity, sleep quality, and female menstrual cycle
(Hermsen et al., 2016; Ridding & Ziemann, 2010), but found no significant correlations
between these factors on SMA-M1 connectivity in younger or older adults (see
Supplementary Materials: S1. Self-report questionnaires). Future research should investigate
other factors that might influence SMA-M1 connectivity, such as the level of brain atrophy,
chronic disease, and medications (Houde et al., 2018).

Conclusions and Implications
In the current study, we replicated previous research showing that SMA-M1 connectivity
measured using dual-site TMS was reduced in older than younger (Green et al., 2018). In the
current study, we highlight that a conditioning stimulus to SMA can produce variable
responses in M1 excitability in younger and older adults and suggest that future research
should establish the validity and responsiveness of SMA-M1 connectivity measured using
dual-site TMS. In addition, in the current study, we showed that the strength of SMA-M1
connectivity was positively related to bimanual performance in a heterogeneous sample of
older adults. Together, these findings contribute to our understanding of age-related declines
in motor control and provide a neurophysiological platform to develop interventions to
improve bimanual and bilateral motor control. For example, cortical paired associative
stimulation (cPAS) could be used to modulate the strength of connectivity between the
stimulated brain regions (for review, see Ziemann et al., 2008). cPAS has been shown to
strengthen connectivity (via long-term potentiation-like plasticity) or weaken connectivity
(via long-term depression-like plasticity) between motor brain areas (Buch et al., 2011;
Chiappini, Borgomaneri, Marangon, Turrini, Romei, et al., 2020; Lu, Tsai, et al., 2012;
Veniero et al., 2013). Previous research has shown that cPAS can be used to transiently
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strengthen facilitatory (Arai et al., 2011) and inhibitory (Chiappini, Borgomaneri, Marangon,
Turrini, Romei, et al., 2020) interactions between SMA and M1 in younger adults. cPAS
could be used to strengthen SMA-M1 connectivity in older adults and potentially improve
bilateral motor performance.
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4.7. Supplementary Materials
The current study involved two identical experimental sessions with dual-site TMS measures
of SMA-M1 connectivity and preSMA-M1 connectivity (control site): results for Session 1
are reported in the main manuscript, and results for Session 2 are reported below (see S3.
Session 2: SMA-M1 connectivity and preSMA-M1 connectivity).

S1. Self-report questionnaires
S1.1 Methods
Supplementary Table 1 shows the median score for the Perceived Stress Scale, International
Physical Activity Questionnaire, and the Pittsburgh Sleep Quality Index for both sessions and
age groups. The self-reported Perceived Stress Scale was used to measure how an individual
perceives aspects of their life as uncontrollable, unpredictable, and overloaded (Cohen et al.,
1983): a high score reflects higher perceived stress. The self-reported International Physical
Activity Questionnaire was used to measure physical activity (Craig et al., 2003). The volume
of activity is computed by weighting activity by its energy requirements to yield a score in
metabolic equivalents-minutes, which estimates the amount of energy expended carrying out
the physical activity. A higher metabolic equivalents-minutes score reflects higher levels of
physical activity. The self-reported Pittsburgh Sleep Quality Index was used to measure the
quality and patterns of sleep (Buysse et al., 1989): a high score reflects poorer sleep quality.

S1.2 Data Analysis
Independent t-tests were performed to test for age-related differences in the median score
reported for each self-reported questionnaire. Pearson’s product moment correlation
coefficients were used to examine the relationship between SMA-M1 connectivity and scores
on each self-reported questionnaire. Separate analyses for Pearson’s product moment
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correlation coefficients were performed for each self-report questionnaire and each ISI,
session, and age group.

Supplementary Table 1.
Differences in scores on the Perceived Stress Scale, International Physical Activity
Questionnaire, and the Pittsburgh Sleep Quality Index between Session 1 and Session 2 in
younger and older adults.
Group
Session 1
Ind. t-test
Session 2
Ind. t-tests
Median (±SD)
Median (±SD)
PSS

IPAQ

PSQI

Younger

13.00 (5.85)

Older

8.50 (6.22)

Younger

3539 (4678.93)

Older

2777.50
(5741.79)

Younger

5.00 (2.28)

P = 0.002*

15.50 (6.10)

P = 0.001*

9.50 (5.84)
P = 0.430

3469.50 (4550.15)

P = 0.053

1981.50 (3265.77)

P = 0.726

5.00 (2.67)

P = 0.696

Older
4.00 (2.78)
4.00 (2.56)
Ind., independent samples t-test; SD, standard deviation; PSS, Perceived Stress Scale; IPAQ,
International Physical Activity Questionnaire; PSQI, Pittsburgh Sleep Quality Index;
Younger adults (n = 30); Older adults (n = 30); *, P < 0.05.

S1.3 Results
Supplementary Table 1 shows the results from independent t-tests performed to examine agerelated differences in self-report scores. In both sessions, the Perceived Stress Scale score
was significantly greater in younger than older adults, which is potentially due to the timing
of testing: many sessions were conducted during the exam period for younger adults who
were students at the University.

In both sessions, there was no significant difference in the score on the International Physical
Activity Questionnaire and the Pittsburgh Sleep Quality Index between younger and older
adults. For both sessions, there were no significant associations between SMA-M1
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connectivity at any of the ISIs (6 ms, 7 ms, 8 ms) and any of the self-report scores (Perceived
Stress Scale, International Physical Activity Questionnaire, Pittsburgh Sleep Quality Index)
in younger or older adults (all r < 0.27, all P > 0.10). Although previous research suggests
that stress, physical activity, and sleep may contribute to variability in MEP amplitude
(Hermsen et al., 2016; Ridding & Ziemann, 2010), our findings suggest that these factors had
no influence on SMA-M1 connectivity in younger or older adults. Future research should
investigate other factors that might influence SMA-M1 connectivity, such as the level of
brain atrophy, chronic disease, and medications (Houde et al., 2018).

S2. Session 1: Bilateral motor control and SMA-M1 connectivity at each ISI
S2.1 Session 1: Data analysis
No previous research has investigated the association between SMA-M1 connectivity and
bilateral motor performance in independent samples of younger and older adults. Exploratory
Pearson’s product-moment correlation coefficients were used to examine the relationship
between SMA-M1 connectivity at each ISI (6 ms, 7 ms, 8 ms) and performance on the
Purdue Pegboard assembly task, Four Square Step Test, and Timed Up and Go task in
younger and older adults for Session 1. (For Session 2, see S3.2.5 Relationship between
bilateral motor control and SMA-M1 connectivity at each ISI.) Exploratory Fisher’s r-to-z
transformations were performed to assess the difference between the correlation coefficients
of SMA-M1 connectivity and bilateral motor task performance. Interpretation of the results
and a comparison of the correlational results from Session 1 and Session 2 are presented
below (see S4. Comparison of associations between bilateral motor performance and SMAM1 connectivity in Session 1 and Session 2).
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S2.2 Session 1: Relationship between motor control and SMA-M1 connectivity at each ISI
Exploratory correlations were performed separately for the two age groups to examine the
relationship between mean SMA-M1 connectivity ratios at each ISI (6 ms, 7 ms, 8 ms) and
performance on the (1) Purdue Pegboard assembly task (Fig 1A, 1D, 1G); (2) Four Square
Step Test (Fig 1B, 1E, 1H), and (3) Timed Up and Go task (Fig 1C, 1F, 1I).

Supplementary Figure 1. Scatterplots of the relationship between the magnitude of SMA-M1
connectivity ratios at ISI of 6 ms (top panel), 7 ms (middle panel), and 8 ms (bottom panel)
and performance on the Purdue Pegboard assembly task (A, D, G), Four Square Step Test (B,
E, H), and Timed Up and Go (C, F, I) in younger (closed symbols) and older adults (open
symbols). SMA-M1 ratios greater than 1.0 indicate a facilitatory effect of SMA on M1
excitability, and larger ratios indicate greater facilitation. These graphs show results from
Session 1; results from Session 2 are reported below (S3.2.5 Session 2: Relationship between
bilateral motor control and SMA-M1 connectivity at each ISI). *P < 0.05.
Exploratory Fisher’s r-to-z transformations showed a statistically significant difference in the
strength of the relationship between (1) SMA-M1 connectivity at an ISI of 6 ms and Purdue
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Pegboard assembly performance (z = -1.93, P = 0.027), and (2) SMA-M1 connectivity at an
ISI of 7 ms and Four Square Step Test performance (z = -2.50, P = 0.006) between younger
and older adults. No other significant differences were found between SMA-M1 connectivity
at any of the ISI and bilateral motor performance (all z < -1.38, all P > 0.084).

S3. Session 2: SMA-M1 connectivity and preSMA-M1 connectivity
S3.1 Session 2: Data analysis
Data analysis for Session 2 was the same as Session 1, which is reported in the main
manuscript (main Manuscript: Data processing and analysis). The results for Session 2
replicated the results for Session 1 except for (1) one-sample t-tests performed to examine
whether SMA-M1 connectivity was facilitatory or inhibitory in younger and older adults, and
(2) correlation analyses performed to examine the relationship between SMA-M1
connectivity and bilateral motor performance in younger and older adults. Given that the
results from Session 2 replicate results from Session 1 (with the exceptions outlined above),
we have presented the Session 2 results in tables or brief descriptions below, and the
interpretations for these results can be found in the main manuscript (see the main
Manuscript: Results). The interpretation of the one-sample t-tests and comparison of these
results across sessions is presented below (Section S3.2.2 Session 2: SMA-M1 and preSMAM1 connectivity). The interpretation of correlational results and comparison of these results
across sessions is presented below (see S4. Comparison of associations between bilateral
motor performance and SMA-M1 connectivity in Session 1 and Session 2).
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S3.2 Session 2: Results
S3.2.1 Session 2: Neurophysiological measures
TMS intensities
Supplementary Figure 2 shows column scatter plots of AMT (140% AMT; Fig 2A) and SI1mV
(% of MSO; Fig 2B) for younger adults and older adults. Supplementary Table 2 shows the
results from the independent t-tests performed to examine age-related differences in AMT
and SI1mV intensity. There was no significant difference in AMT between younger and older
adults. The SI1mV intensity was significantly higher in older than younger adults.
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Supplementary Figure 2. The top panel shows column scatter graphs of (A) AMT (140%)
and (B) SI1mV (% of MSO) in younger (closed circles) and older adults (open circles). The
bottom panel shows column scatter graphs of SI1mV-alone MEP amplitude from (C) SMA-M1
blocks and (D) control site preSMA-M1 blocks in younger (closed circles) and older adults
(open circles). The solid line shows the mean intensity (A and B) and the mean SI1mV-alone
MEP amplitude (C and D) in younger and older adults. These graphs show results from
Session 2; results from Session 1 are reported in the main Manuscript (see
Neurophysiological measures). *P < 0.05.

Chapter 4. Age-related differences in SMA-M1 connectivity

177

Supplementary Table 2.
Mean of AMT and SI1mV intensity from Session 2. Results of the independent t-tests were
performed to examine age-related differences in AMT and SI1mV.
Group
Mean (± SD)
Independent t-tests
AMT

Younger

58 (8.53)

Older

59 (10.89)

SI1mV
Younger
Intensity
Older

53 (8.74)

P = 0.763

P = 0.001*

62 (10.20)

SD, standard deviation; AMT, active motor threshold; SI1mV, stimulation intensity set to elicit
peak-to-peak MEPs of ~1 mV; SI1mV-alone MEP; *, P < 0.05.

Session 2: SI1mV-alone MEPs
Supplementary Figure 2 shows column scatter plots of SI1mV-alone MEP amplitudes recorded
in the SMA-M1 blocks (Fig 2C) and the control site preSMA-M1 blocks (Fig 2D) for
younger and older adults. Supplementary Table 3 shows the results from the mixed-factorial
ANOVA performed on SI1mV-alone MEP amplitude from blocks targeting SMA and blocks
targeting preSMA. There was no main effect of Site, no main effect of Order of Stimulation,
but a statistically significant main effect of Age, and a significant Site*Age interaction with
no other significant interactions. In the preSMA blocks, SI1mV-alone MEP amplitude was
significantly greater in younger than older adults.
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Supplementary Table 3.
Mean of SI1mV-alone MEP from SMA and preSMA blocks measured in Session 2. Results from
the mixed-factorial ANOVA performed on SI1mV-alone MEP amplitude from blocks targeting
SMA and blocks targeting preSMA.
Mixed-factors ANOVA
F-value
P-value
ηp2 value
Site
0.30
0.586
0.01
Age

5.49

0.023*

0.09

Order of
Stimulation

1.90

0.174

0.03

Site*Age

7.36

0.009*

0.12

< 0.40

> 0.530

< 0.01

All other
interactions

Group

Post-hoc independent t-test
Mean (± SD)

P-value

SMA blocks
SI1mV-alone MEP

Younger

0.95 (0.30)

Older

0.88 (0.35)

Younger

1.08 (0.33)

0.465

PreSMA blocks
SI1mV-alone MEP

0.001*

Older
0.80 (0.31)
Note. The order of delivering TMS blocks targeting SMA-M1 connectivity and preSMA-M1
(control site) connectivity was counterbalanced between sessions and participants. *, P <
0.05.

S3.2.2 Session 2: SMA-M1 and preSMA-M1 connectivity
Supplementary Figure 3 panel A shows SMA-M1 connectivity ratios and the control site
preSMA-M1 connectivity ratios averaged across ISIs (6 ms, 7 ms, 8 ms) in younger and older
adults; Supplementary Figure 3 panel B shows SMA-M1 connectivity ratios measured at ISIs
of 6 ms, 7 ms, and 8 ms in younger and older adults. Supplementary Table 4 shows the
results from the mixed-factorial ANOVA performed to examine age-related differences in
SMA-M1 connectivity. Despite finding no statistically significant ISI*Age interaction, we
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performed independent t-tests between SMA-M1 connectivity at each ISI in younger and
older adults to allow comparison with previous research showing age-related differences at an
ISI of 6 ms but not 8 ms (Green et al., 2018). SMA-M1 connectivity at each ISI (6 ms, 7 ms,
8 ms) was significantly greater in younger than older adults (6 ms: t58 = 3.69, P < 0.001, d =
0.95; 7 ms: t58 = 3.08, P = 0.003, d = 0.79; 8 ms: t58 = 4.09, P < 0.001, d = 0.56).

Supplementary Figure 3. Column scatterplots show SMA-M1 and control site preSMA-M1
connectivity ratios averaged across ISIs (A) and at each ISI (6 ms, 7 ms, 8 ms) (B) in younger
(closed symbols) and older adults (open symbols). SMA-M1 ratios greater than 1.0 indicate a
facilitatory effect of SMA on M1 excitability, and larger ratios indicate greater facilitation.
PreSMA-M1 connectivity ratios at each ISI are not presented here as preSMA-M1 was the
control site. These graphs show results from Session 2; results from Session 1 are reported in
the main Manuscript (see SMA-M1 and preSMA-M1 connectivity). *P < 0.05.
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Supplementary Table 4.
A mixed-factorial ANOVA performed on SMA-M1 versus the control site preSMA-M1
connectivity ratios showed no main effect of ISI, no main effect of Site, no main effect of
Order of stimulation, but a main effect of Age and a significant Site*Age interaction with no
other significant interactions. SMA-M1 connectivity was significantly greater in younger
than in older adults.
Mixed-factors ANOVA
F-value
P-value
ηp2 value
Site
0.87
0.366
0.02
Age

8.68

0.005*

0.13

ISI

1.73

0.182

0.03

Order of Stimulation

0.79

0.382

0.01

Site*Age

7.66

0.008*

0.12

Post-hoc independent t-test
Group
Mean (± SD)
SMA-M1 ratio

PreSMA-M1 ratio

Younger

1.12 (0.23)

Older

0.90 (0.16)

Younger

1.06 (0.22)

Older

1.01 (0.34)

P-value
0.001*

0.202

SD, standard deviation; ISI, inter-stimulus interval *, P < 0.05.

Supplementary Table 5 shows the results from the one-sample t-tests performed to examine
whether SMA had a significant facilitatory or inhibitory influence on M1 excitability in
younger and older adults. In younger adults, a conditioning stimulus to SMA had a significant
facilitatory influence on M1 excitability at ISI of 6 ms and 8 ms but not 7 ms. The results
differ from Session 1, which showed SMA had a significant facilitatory influence on M1
excitability at all three ISIs. In older adults, a conditioning stimulus to SMA had a significant
inhibitory influence on M1 excitability at ISIs of 6 ms, 7 ms, and 8 ms. These results differ
from Session 1, which showed SMA had a significant inhibitory influence on M1 excitability
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at an ISI of 7 ms but not at 6 ms or 8 ms. The difference in findings from Session 1 to Session
2 likely reflects intra- and inter-individual differences in response to dual-site TMS measures
of SMA-M1 connectivity.

Supplementary Table 5.
One-sample t-tests were performed to examine whether SMA-M1 ratios were significantly
different from 1.0 in younger and older adults.
One-sample t-test
Group
t-value
P-value
6 ms
Younger
t = 2.86
P = 0.008 *
Older
t = -2.34
P = 0.026 *
7 ms

Younger
Older

t = 1.21
t = -3.61

P = 0.237
P = 0.001 *

8 ms

Younger
Older

t = 3.03
t = -2.81

P = 0.005 *
P = 0.009 *

Ratio of 1.0 was used for all one-sample t-test; *, P < 0.05.

S3.2.3 Session 2: Bilateral motor control
Supplementary Table 6 shows mean Purdue Pegboard assembly task performance, Four
Square Step Test performance, and Timed Up and Go task performance in younger and older
adults. Supplementary Table 6 shows the results from the multivariate ANOVA performed to
compare bilateral motor control performance between younger and older adults: younger
adults performed significantly better than older adults on all bilateral motor tasks.
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Supplementary Table 6.
The mean scores for performance on the Purdue Pegboard assembly task, Four Square Step
Test, and Timed Up and Go task in younger and older adults. Larger scores for the Purdue
Pegboard assembly task indicate more objects were assembled in 60 s. A larger score for the
Four Square Step Test and Timed Up and Go task indicate slower performance on these tasks
(s). Results from the multivariate analysis suggest that younger adults performed statistically
significantly better than older adults on all bilateral motor tasks.
Group
Score
F-value
Normative
Mean ± SD
data
Purdue
Younger
36 ± 6.65
Pegboard
assembly
Older
25 ± 5.78
43.92
26.6 ± 5.2 [1]
Task (items
(P < 0.001) *
assembled)
Four Square
Step Test (s)

Timed Up
and Go (s)

Younger

6.39 ± 1.12

Older

8.58 ± 1.68

Younger

6.01 ± 0.80

39.73
(P < 0.001) *

8.7 s
(7.36-10.01) [2]

28.56
8.4 ± 1.7 s [3]
(P < 0.001) *
SD, standard deviation; [1], (Agnew et al., 1988); [2], (Dite & Temple, 2002): SD was not
reported in this study; [3], (Shumway-Cook et al., 2000). *P < 0.05 indicates significance.
For all bilateral motor tasks, younger adults performed significantly better than older adults.
Older

7.85 ± 1.31

S3.2.4 Session 2: Relationship between motor control and SMA-M1 connectivity averaged
across ISIs
SMA-connectivity ratios (averaged across ISIs 6 ms, 7 ms, 8 ms) were used to investigate the
functional role of SMA-M1 connectivity in bilateral motor performance. Exploratory
correlations were performed separately for the two age groups to examine relationships
between mean SMA-M1 connectivity ratios and scores on the (1) Purdue Pegboard assembly
task (Fig 4A, 4D); (2) Four Square Step Test (Fig 4B, 4E), and (3) Timed Up and Go task
(Fig 4C, 4F). The interpretation of correlational results and comparison of these results across
sessions can be found below (see S4. Comparison of associations between bilateral motor
performance and SMA-M1 connectivity in Session 1 and Session 2).
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Supplementary Figure 4. The top panel shows scatterplots of the relationship between the
magnitude of SMA-M1 connectivity ratios (averaged across ISIs of 6 ms, 7 ms, and 8 ms)
and performance on the Purdue Pegboard assembly task (A), Four Square Step Test (B), and
Timed Up and Go (C) in younger (closed symbols). The bottom panel shows scatterplots of
the relationship between the magnitude of SMA-M1 connectivity ratios (averaged across ISIs
of 6 ms, 7 ms, and 8 ms) and performance on the Purdue Pegboard assembly task (D), Four
Square Step Test (E), and Timed Up and Go (F) in older adults (open symbols). SMA-M1
ratios greater than 1.0 indicate a facilitatory effect of SMA on M1 excitability, and larger
ratios indicate greater facilitation. These graphs show results from Session 2; results from
Session 1 are reported in the main Manuscript (see Relationship between motor control and
SMA-M1 connectivity). *P < 0.05.
Exploratory Fisher’s r-to-z transformations were performed to assess the difference between
the correlation coefficients of SMA-M1 connectivity and bilateral motor task performance
between the two age groups. There was a statistically significant difference in the strength of
the relationship between SMA-M1 connectivity and Four Square Step Test performance (z =
-2.22, P = 0.013), but no other significant differences were found between SMA-M1
connectivity and bilateral motor performance (all z < 0.55, all P > 0.290).
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S3.2.5 Session 2: Relationship between bilateral motor control and SMA-M1 connectivity at
each ISI

Exploratory correlations were performed separately for the two age groups to examine
relationships between mean SMA-M1 connectivity ratios at each ISI (6 ms, 7 ms, 8 ms) and
scores on the (1) Purdue Pegboard assembly task (Fig 5A, 5D, 5G); (2) Four Square Step Test
(Fig 5B, 5E, 5H), and (3) Timed Up and Go task (Fig 5C, 5F, 5I).

Supplementary Figure 5. Scatterplots of the relationship between the magnitude of SMA-M1
connectivity ratios at ISI of 6 ms (top panel), 7 ms (middle panel), and 8 ms (bottom panel)
and performance on the Purdue Pegboard assembly task (A, D, G), Four Square Step Test (B,
E, H), and Timed Up and Go (C, F, I) in younger (closed symbols) and older adults (open
symbols). SMA-M1 ratios greater than 1.0 indicate a facilitatory effect of SMA on M1
excitability, and larger ratios indicate greater facilitation. These graphs show results from
Session 1; results from Session 2 are reported below (S2.2 Session 1: Relationship between
motor control and SMA-M1 connectivity at each ISI). *P < 0.05.
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Exploratory Fisher’s r-to-z transformations were performed to assess the difference between
the correlation coefficients of SMA-M1 connectivity and bilateral motor task performance
between the two age groups. There was a statistically significant difference in the strength of
the relationship between SMA-M1 connectivity at an ISI of 7 ms and Four Square Step Test
performance (z = -2.92, P = 0.002), but no other significant differences were found between
SMA-M1 connectivity at any of the ISI and bilateral motor performance (all z < -1.44, all P >
0.076).

S4. Comparison of associations between bilateral motor performance and SMA-M1
connectivity in Session 1 and Session 2
Supplementary Table 7 shows results of correlations between bilateral motor performance
and SMA-M1 connectivity averaged across ISIs and at each ISI in both sessions. Below, we
provide a comparison of the correlational results across sessions and ISIs.
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Supplementary Table 7.
Results of correlations between (1) SMA-M1 connectivity averaged across ISIs (6 ms, 7 ms, 8
ms) and performance on the Purdue Pegboard assembly task, Four Square Step Test, and the
Timed Up and Go task, and (2) SMA-M1 connectivity at each ISI (6 ms, 7 ms, 8 ms) and
performance on the Purdue Pegboard assembly task, Four Square Step Test, and the Timed
Up and Go task.
Pearson’s product-moment correlation coefficients
r-value (P-value)
Session
Averaged
6 ms ISI
7 ms ISI
8 ms ISI
across ISIs
Purdue Pegboard
Younger

Older

Session 1

-0.00 (0.994)

-0.10 (0.591)

0.10 (0.593)

-0.04 (0.851)

Session 2

0.49 (0.006) *

0.42 (0.021) *

0.39 (0.035) *

0.39 (0.032) *

Session 1

0.40 (0.029) *

0.40 (0.028) *

0.42 (0.023) *

0.23 (0.225)

Session 2

0.44 (0.015) *

0.46 (0.010) *

0.42 (0.020) *

0.26 (0.159)

Session 1

-0.15 (0.429)

0.07 (0.700)

-0.24 (0.209)

-0.16 (0.444)

Session 2

-0.13 (0.510)

-0.07 (0.714)

-0.24 (0.198)

-0.02 (0.939)

Session 1

0.23 (0.222)

0.01 (0.980)

0.41 (0.026) *

0.21 (0.267)

Session 2

0.44 (0.017) *

0.31 (0.097)

0.50 (0.006) *

0.30 (0.119)

Session 1

0.05 (0.794)

0.11 (0.579)

0.01 (0.954)

0.03 (0.869)

Session 2

0.02 (0.908)

0.02 (0.915)

-0.10 (0.592)

0.13 (0.508)

Session 1

-0.07 (0.710)

-0.10 (0.606)

0.04 (0.823)

-0.12 (0.526)

Session 2

-0.13 (0.489)

-0.15 (0.433)

0.03 (0.892)

-0.13 (0.492)

Four Square Step Test
Younger

Older

Timed Up and Go task
Younger

Older

*, P <0.05.
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Purdue Pegboard
Younger adults. In Session 1, there were no associations between SMA-M1 connectivity
averaged across ISIs or at each individual ISI and Purdue Pegboard performance. In Session
2, greater SMA-M1 connectivity averaged across ISIs and at all three ISIs were moderately
associated with better performance on the Purdue Pegboard assembly task. It is unclear why
the associations were present in Session 2 but not Session 1 and therefore, the current results
do not provide strong evidence that the influence of SMA on M1 excitability is associated
with bimanual motor control in younger adults.

Older adults. In Session 1, greater SMA-M1 connectivity averaged across ISIs and at ISIs of
6 ms and 7 ms was moderately associated with better performance on the Purdue Pegboard
assembly task; there was no association between SMA-M1 connectivity at the 8 ms ISI and
Purdue Pegboard performance. These results were replicated in Session 2. These findings
suggest that the influence of SMA on M1 excitability might play a role in bimanual motor
control in older adults. Given that associations were found between bimanual performance
and SMA-M1 connectivity at ISIs of 6 ms and 7 ms in both sessions, future research could
target SMA-M1 connectivity at these ISIs using cortical paired association to strengthen
SMA-M1 connectivity and potentially moderate the age-related decline in bimanual control.
(This is discussed in the main Manuscript: Conclusions and Implications.)

Four Square Step Test
Younger adults. In both Session 1 and Session 2, no significant associations were found
between SMA-M1 connectivity (averaged across ISIs or at each individual ISI) and
performance on the Four Square Step Test. These findings suggest that it is unlikely that the
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influence of SMA on M1 excitability is associated with bilateral motor tasks involving
dynamic balance in younger adults.

Older adults. In Session 1, greater SMA-M1 connectivity at an ISI of 7 ms was moderately
associated with poorer Four Square Step Test performance; there were no other significant
associations found. In Session 2, greater SMA-M1 connectivity averaged across ISIs and at
an ISI of 7 ms was moderately associated with poorer Four Square Step Test performance;
there were no other significant associations found. It is unclear why an association between
SMA-M1 connectivity averaged across ISIs and Four Square Step Test performance was
found in Session 2 but not Session 1. Given that SMA-M1 connectivity at 7 ms was
associated with Four Square Step Test performance in both sessions, this ISI might be
optimal for measuring SMA-M1 connectivity in older adults, and therefore, optimal for
identifying a functional role of SMA-M1 connectivity in dynamic balance in older adults.

Timed Up and Go task
Younger adults. In both Session 1 and Session 2, no significant associations were found
between SMA-M1 connectivity averaged across ISIs or at each individual ISI and
performance on the Timed Up and Go task. These findings suggest that it is unlikely that the
influence of SMA on M1 excitability is involved in bilateral motor tasks involving functional
mobility in younger adults.

Older adults. In both Session 1 and Session 2, no significant associations were found between
SMA-M1 connectivity averaged across ISIs or at each individual ISI and performance on the
Timed Up and Go task. These findings suggest that it is unlikely that the influence of SMA
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on M1 excitability is involved in bilateral motor tasks involving functional mobility in older
adults.
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Chapter 5. SMA-M1 connectivity measured using dual-site TMS in tremor-dominant
PD

5.1. Preface
The following Chapter is written as a manuscript for submission to a peer-reviewed journal.

Considering the reliability (Chapter 3) and aging results (Chapter 4), SMA-M1 connectivity
was examined using the stable dual-site TMS protocol with an ISI of 7 ms in people with PD.
As a first step to characterise the pathophysiology of resting tremor in PD, SMA-M1
connectivity was examined ON and OFF levodopa medication.
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5.2. Abstract
Resting tremor is the most common presenting motor symptom in Parkinson’s disease but is
not associated with the severity of dopaminergic cell loss in the basal ganglia, suggesting
other brain regions might play a role in its pathophysiology. The supplementary motor area is
one of the main targets of the basal ganglia-thalamo-cortical circuit. In turn, the
supplementary motor area has direct, facilitatory connections with the primary motor cortex,
which is important for the execution of voluntary movement. The aim of this study was to
examine whether supplementary motor area—primary motor cortex connectivity (SMA-M1)
and dopaminergic neurotransmission are implicated in resting tremor. Dual-site transcranial
magnetic stimulation was used to measure SMA-M1 facilitatory connectivity ON and OFF
levodopa and resting tremor was measured using electromyography and accelerometry. There
were two novel findings. First, stimulating SMA had an inhibitory influence on M1
excitability OFF levodopa, which was normalised ON levodopa. The normalisation of SMAM1 connectivity ON medication might be mediated by an increase in basal ganglia dopamine
levels, which reduces nett inhibition of the motor thalamic nuclei and increases excitation of
the cerebral cortex. Second, SMA-M1 connectivity ON medication was inhibitory rather than
facilitatory in patients with the strongest resting tremor, suggesting that this network might be
implicated in resting tremor. These findings contribute to our understanding of the neural
networks involved in Parkinson’s disease and provide a neurophysiological basis for the
development of interventions to treat resting tremor.
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5.3. Introduction
Parkinson’s disease (PD) is a heterogeneous neurodegenerative disorder characterised by
progressive motor symptoms, as well as non-motor symptoms which can include problems
with mental health and cognition (Goetz et al., 2008; Rektorova, 2019). The main motor
symptoms of PD include bradykinesia, rigidity, postural instability, and tremor (Postuma et
al., 2015). Tremor is the most common presenting motor symptom, which often develops
early in the disease (Alves et al., 2008). Tremor is characterised by involuntary and rhythmic
movements of one or more body parts (Duval, 2006). The pathological hallmark of PD is a
progressive degeneration of dopaminergic neurons in the basal ganglia (specifically the
substantia nigra), impacting the nigrostriatal pathway, resulting in altered function both in
subcortical and cortical areas of the brain important for motor control (Jankovic, 2008; Lang
& Lozano, 1998). Dopamine transporter imaging studies show associations between striatal
dopamine binding and bradykinesia but not with PD tremor (Pirker, 2003; Vingerhoets et al.,
1997). Furthermore, the response of tremor to dopaminergic medication varies greatly within
and between people with PD, with some individuals showing dopamine-resistant tremor
(Fishman, 2008; Pogarell et al., 2002). Together, these results suggest that dopamine
depletion in the basal ganglia cannot fully explain PD tremor; instead, it is hypothesised that
functional changes in cortical regions targeted by the basal ganglia might underpin PD
tremor.

The supplementary motor area (SMA) is one of the main receiving regions of the basal
ganglia-thalamo-cortical circuit: SMA receives input from the globus pallidus indirectly via
the motor thalamic nuclei (Akkal et al., 2007; Di Martino et al., 2008; Leh et al., 2007;
Rouiller et al., 1994; Schell & Strick, 1984). The main efferent pathway from SMA is to the
primary motor cortex (M1), which is important for the successful execution of motor control
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(Dum & Strick, 2002; Luppino et al., 1993). Evidence from functional magnetic resonance
imaging (fMRI) in people with PD shows increased blood-oxygen-level dependent (BOLD)
activity in SMA and M1 ON compared to OFF levodopa medication during simple motor
tasks, such as moving a joystick (Buhmann et al., 2003; Haslinger et al., 2001), suggesting
that dopamine modulates both SMA and M1 activity in PD. Although fMRI is useful for
showing brain regions that are simultaneously active during a task, it is unclear whether
changes in the BOLD signals are due to the excitation of facilitatory or inhibitory circuits or
both. Facilitatory and inhibitory circuits have been shown to have different roles in motor
control (for example: Reynolds & Ashby, 1999; Ridding, Taylor, et al., 1995) and might play
different roles in PD tremor depending on the medication state.

Transcranial magnetic stimulation (TMS) is a non-invasive brain stimulation technique that
can be used to measure interactions between regions in the cortical motor network, including
between SMA and M1 (Arai et al., 2012; Arai et al., 2011; Green et al., 2018). During TMS,
a brief, high-intensity electric current is delivered through an insulated coil placed over the
scalp, which, in turn, generates a magnetic field that passes through the scalp and skull with
little or no attenuation. This magnetic field induces an electrical current in the underlying
brain tissue, which can result in action potentials in neurons in the region below the coil
(Barker et al., 1985; Hallett, 2007; Rossini et al., 2010). A single suprathreshold TMS pulse
delivered to M1 elicits a motor-evoked potential (MEP) that can be measured from the target
muscle using electromyography (EMG). The MEP is the nett result of a complex descending
corticospinal volley, and, therefore, the MEP amplitude provides a measure of the
corticospinal system excitability (Hallett, 2007).
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Interactions between SMA and M1 can be measured using a dual-site TMS protocol (Arai et
al., 2012; Arai et al., 2011; Green et al., 2018). When a conditioning stimulus delivered to
SMA precedes a test stimulus delivered to M1 by inter-stimulus intervals (ISI) of 6 ms and 7
ms, the amplitude of the MEP is increased compared to the amplitude of the MEP elicited by
a test stimulus-alone (i.e., single-pulse to M1; Arai et al., 2012; Green et al., 2018; Rurak et
al., 2021b). This facilitation of the MEP amplitude from dual stimuli compared to test
stimuli-alone (Arai et al., 2012; Arai et al., 2011) is likely due to the activation of
glutamatergic excitatory interactions between SMA and M1 (Luppino et al., 1993;
Muakkassa & Strick, 1979; Shima & Tanji, 1998). We have previously shown that dual-site
TMS reliably measures SMA-M1 connectivity in younger and older adults (Rurak et al.,
2021c), but SMA-M1 connectivity has not been characterised in PD. Evidence from singlepulse TMS research suggests that both SMA and M1 are implicated in resting tremor
recorded using EMG: single-pulse TMS delivered to SMA and M1 interrupts the ongoing
tremor activity and resets tremor to a new point in the tremor cycle (Lu et al., 2015).
Therefore, it is plausible that SMA-M1 connectivity plays a role in PD resting tremor. If so,
these findings will provide the basis for the development of cost-effective interventions to
reduce PD tremor, which is currently lacking.

In the current study, the primary aim was to examine SMA-M1 connectivity in PD ON and
OFF levodopa medication. An exploratory aim was to examine whether SMA-M1
connectivity was associated with the severity of PD resting tremor ON and OFF levodopa.
We hypothesised that the magnitude of SMA-M1 facilitation would be greater ON than OFF
medication, and less SMA-M1 facilitation in the OFF state would be associated with severe
resting tremor.
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5.4. Methods
Eighteen people with PD recruited from a local private hospital outpatient clinic participated
in this study: Table 1 shows the participant characteristics. Three additional individuals
consented to participate in this study, but SMA-M1 connectivity could not be obtained for
these individuals either because the placement of the two TMS coils on the head was not
possible (n = 2) or the individual was unable to attend both sessions (n = 1). All participants
had a clinical diagnosis of idiopathic PD by a movement disorder neurologist (J.P.R), resting
tremor involving at least one upper limb, and were treated with levodopa. Patients with head
tremor or severe upper-limb dyskinesia were excluded to avoid technical difficulties with
stable TMS coil placement. Inclusion and exclusion criteria were assessed by a neurologist
(J.P.R) and neuropsychiatrist (B.D.P). All participants attended two experimental sessions
that were identical except for the medication state (i.e., ON and OFF medication). The
protocol was performed following the Declaration of Helsinki and approved by the Murdoch
University Human Research Ethics Committee (2018/117). All participants gave written
informed consent before participation.

All participants completed a 17-item safety questionnaire, which was used to screen and
exclude individuals with contraindications to TMS (Rossi et al., 2021; Rossi et al., 2009;
Rossini et al., 2015; VonLoh et al., 2013). The Montreal Cognitive Assessment was used to
screen and exclude individuals with potential cognitive impairments; no participant scored
less than the cut-off score of 25 (median 28, score range: 26-30) (Nasreddine et al., 2005).
The Hoehn and Yahr scale was used to screen and exclude individuals with advanced PD
progression, as it would be difficult for these individuals to temporarily withdraw from their
dopaminergic medication; no participant received a score of 4 or greater, which would have
indicated advanced PD progression (see Table 1).

Chapter 5. SMA-M1 connectivity in Parkinson’s disease
Table 1.
Demographic and clinical characteristics of participants.
Participant Age
Sex
Disease
H&Y
Levodopa
duration
score
medication
in years

Levodopa
dose per
day

Other medication
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Levodopa
equivalent
daily dose1

MDSUPDRS part
III2

1

72

M

11

2

250 mg

4

1000

ON
3

OFF
2

2

64

M

6

1

200 mg

3

600

1

2

3

73

M

4

1

200 mg

3

Telmisartan
Amlodipini: blood
pressure

600

3

3

4

65

M

11

1

100 mg

3

Sifrol ER 3 mg: PD
symptoms

600

1

2

5

70

M

13

1

250 mg

4

Sifrol ER 3 mg: PD
symptoms
Pariet: stomach acid

1300

1

5

6

79

M

7

1

200 mg

3

600

1

1

7

69

M

5

1

200 mg

3

Sifrol ER 4.5 mg: PD
symptoms
Progout: gout
Atacand: blood
pressure
Flomaxtra: unitary
relief
Lipitor: cholesterol

1050

5

2

8

54

F

3

1

125 mg

3

Pramipexole 1.5 mg:
PD symptoms

525

2

3
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9

73

M

7

3

200 mg

3

600

7

6

10

75

M

4

1

100 mg

3

300

6

5

11

75

M

3

1

250 mg

2

Somac: heartburn
Atozet: cholesterol

3

4

12

70

F

6

2

100 mg

2

Sifrol ER 1.5 mg: PD
symptoms

250

3

7

13

54

M

6

1

100 mg

3

Azilect 1 mg: PD
symptoms

400

2

4

14

59

M

5

1

200 mg

4

Acimax: stomach acid
Co-diovan: blood
pressure

800

2

2

15

69

F

2

1

50 mg

3

Sifrol ER 3 mg: PD
symptoms
Ramipril: blood
pressure

450

3

5

16

73

M

6

1

100 mg

3

300

1

1

17

64

F

10

2

200 mg

3

750

1

5

18

71

M

4

1

250 mg

3

Sifrol ER 1.5 mg: PD
symptoms

Sifrol ER 1.5 mg: PD
900
1
2
symptoms
F, female; M, male; H&Y, Hoehn & Yahr; 1, a sum of each parkinsonian medication converted into levodopa equivalent dose (Tomlinson et al.,
2010); 2, sum of tremor scores from the MDS-UPDRS subitems for resting tremor amplitude (item 17) and constancy (item 18) in the affected
upper-limb.
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TMS
During the TMS procedure, participants were seated in a comfortable chair with both of their
forearms resting on the arms of the chair. EMG activity was recorded from the relaxed first
dorsal interosseous (FDI) of the hand and the extensor carpi radialis (ECR) of the forearm of
the most affected arm using Ag-AgCI surface electrodes placed in a belly-tendon montage
(Zipp, 1982). The EMG signal was amplified using a CED 1902 at a gain of 1000x, bandpass
filtered at 5-1000 Hz, and digitised using a CED 1401 with a sampling rate of 5 kHz. Dualsite TMS was delivered using two figure-of-eight coils (50-mm diameter), each connected to
a Magstim 200 stimulator (Magstim Co., Whitland, Dyfed, UK). Neuronavigation software
(Brainsight TMS, Rogue Research, Montreal, Canada) was used to monitor coil positioning
in both sessions.

M1 stimulation site.
M1 stimulation was delivered with the coil placed tangentially to the scalp with the handle
positioned backwards and rotated away from the midline by ~45º to induce a posterioranterior current in M1 contralateral to the affected arm (n = 4 left arm). The optimal site of
stimulation was defined as the site that elicited the largest and most consistent MEPs in the
FDI (Fried et al., 2021; Rossini et al., 2015). To find the optimal site for eliciting MEPs in
FDI, numerous scalp sites were stimulated starting at C3 of the International 10-20 System
and moving the coil in the anterior-posterior and lateral-medial plane in ~1 cm steps (Fried et
al., 2021; Groppa, Oliviero, et al., 2012; Sen et al., 2017). The optimal site was marked as a
target using the neuronavigation software and marked with water-soluble ink on a tightly
fitted cap to ensure reliable coil placement throughout the experimental session. The optimal
site for M1 stimulation was determined in both sessions.
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M1: SI1mV intensity and SI1mV-alone MEP. Consistent with previous dual-site TMS research,
the M1 TMS intensity was set as the intensity (as a percentage of maximum stimulator
output; % of MSO) that elicited peak-to-peak MEP amplitudes of ~1 mV in the resting FDI,
defined as ‘SI1mV’ (Arai et al., 2012; Arai et al., 2011; Green et al., 2018; Rurak et al., 2021b,
2021c). SI1mV intensity was determined in both sessions. MEP amplitude elicited from singlepulse trials using the SI1mV intensity delivered to the M1 was defined as ‘SI1mV-alone’ MEP
amplitude and was recorded in both sessions (see Figure 1A).

M1: Active motor threshold (AMT). AMT was defined as the minimum TMS intensity (% of
MSO) that elicited MEPs in the FDI of at least 0.2 mV from at least five out of ten
consecutive trials during an isometric contraction of 10% maximum voluntary contraction;
the target EMG amplitude was presented to the participant and monitored by the
experimenter in real-time using horizontal cursors on a monitor displaying ongoing EMG
activity (Arai et al., 2012; Arai et al., 2011; Rossini et al., 2015; Rurak et al., 2021b, 2021c).
The isometric contraction involved participants placing their forearm and hand in a pronated
position on a custom-made brace and abducting their index finger to apply force against a
fixed block on a custom-made brace. AMT was used to set the intensity of SMA stimulation
(described below). AMT was determined in both sessions.

SMA stimulation site.
SMA stimulation was delivered with the coil placed on the midline using a lateral orientation;
that is, a current directed from the midline towards SMA (see Figure 1B; Arai et al., 2012;
Arai et al., 2011; Green et al., 2018; Rurak et al., 2021b, 2021c). The site of SMA stimulation
was 4 cm anterior to Cz, which is the midpoint between the nasion-inion and interaural plane
(Cz as defined by the International 10-20 System; Arai et al., 2012; Arai et al., 2011; Green et
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al., 2018). This site has been shown to correspond to the anatomical representation of SMA
identified using individual structural MRI in young adults (Arai et al., 2012; Arai et al.,
2011).

Experimental Protocol
Figure 1E shows the experimental procedure. Each participant completed two 2-hour
experimental sessions: one session ON and one session OFF medication. ON was defined as
starting the experimental session within an hour of taking dopaminergic medication. OFF was
defined as starting the experimental session a minimum of 12 hours after overnight
withdrawal from dopaminergic medication (range: 12-15.5 hours). The sessions were
counterbalanced across participants and separated by at least 7 days. The first session was
conducted, on average, 7.67 days (± 1.45 days) before the second session (range: 7-11 days).
Both sessions were completed in the morning (range: 6:00-10.30 a.m.) to coincide with the
individual patient dosing times and to allow for a minimum 12-hour withdrawal from
medication. The time of day for the first session was on average 90 minutes (± 0.67 minutes)
before or after the time of day for the start of the second session (range 0-2 hours).
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Figure 1. SMA-M1 connectivity was assessed by delivering SI1mV-alone and dual-site trials.
Panel A shows the coil placement and current flow direction (indicated by the arrow) for
SI1mV-alone trials delivered to M1, and Panel C shows an example MEP elicited by SI1mValone trials to M1 (~1mV MEP amplitude). Panel B shows the coil placement for dual-site
trials: the grey coil represents the SMA stimulation site, and the black coil represents the M1
stimulation site, with arrows indicating current flow direction. Panel D shows an example
MEP amplitude elicited by dual-site TMS, which involves delivering a conditioning stimulus
to SMA (140% AMT) 7 ms before a test stimulus to M1. All measures were obtained from
the tremor-affected limb. EMG and tri-axial accelerometer measures of tremor were
counterbalanced across sessions and participants. Connectivity between SMA and M1 was
quantified as the mean dual-site MEP amplitude as a ratio of the mean SI1mV-alone MEP
amplitude. Panel E shows the experimental procedure for ON and OFF medication:
experimental sessions were separated by a minimum of 7 days.
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SMA-M1 connectivity
SMA-M1 connectivity was assessed by delivering SI1mV-alone (see Figure 1A) and dual-site
trials (see Figure 1B). For dual-site trials, a conditioning pulse delivered to SMA (140%
AMT) preceded a test pulse delivered to M1 (SI1mV) by an inter-stimulus interval (ISI) of 7
ms. Dual-site TMS measures of SMA-M1 connectivity have been shown to be moderately
reliable using an ISI of 7 ms in younger and older adults (Rurak et al., 2021c). The timing of
the TMS pulses was controlled using a custom-developed Signal software (version 6.02)
script (described below) and the digital output of a Cambridge Electronic Design analoguedigital converter (Micro 1401). Signal software was also used to pseudo-randomise trial
conditions with an inter-trial interval of 5 s (±10%).

Two experimental blocks consisting of 30 trials each were delivered: 15 SI1mV-alone trials
(delivered to M1) and 15 dual-site trials. Blocks lasted ~4 minutes, with a 1-2-minute break
between the blocks. Participants were instructed to remain quiet, not suppress any tremor
activity, keep their eyes open, and stay awake and alert during the experimental blocks
(Groppa, Oliviero, et al., 2012; Pellegrini et al., 2020). SMA-M1 connectivity was quantified
by expressing the mean dual-site MEP amplitude as a ratio of the mean SI1mV-alone MEP
amplitude. Although stimulation parameters were optimised for the FDI, MEPs were
simultaneously elicited from both FDI and ECR, and, therefore, SMA-M1 connectivity was
quantified separately from FDI and ECR MEPs. Ratios greater than 1.0 indicate a facilitatory
effect of SMA stimulation on M1, whereas ratios less than 1.0 indicate an inhibitory effect of
SMA stimulation on M1.

A custom-developed Signal script was used to trigger TMS pulses when resting EMG activity
was identified between tremor bursts (see Figure 2). Before the TMS blocks, ECR EMG
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activity (mV) between tremor bursts was used to determine an EMG activity tremor
threshold. ECR was the target muscle because of its involvement in wrist flexion-extension
tremor and because previous research suggests that tremor bursts are more consistent in the
ECR than in other muscles, such as the FDI (Ni et al., 2010). During the TMS blocks, the
custom-developed Signal script triggered SI1mV-alone and dual-site TMS pulses after 50 ms
of EMG activity below the individually determined EMG activity threshold, indicating no
tremor at the time of TMS delivery (see Figure 2A). If EMG activity was not below the EMG
activity threshold for 50 ms, TMS triggered after ~5 seconds (±2%), indicating some EMG
activity at the time of TMS delivery (see Figure 2B): these trials were excluded from the
analysis. TMS was triggered after 5 s to limit the length of the experimental session. ON
medication, the mean number of trials excluded because of EMG activity above the defined
threshold across individuals was 6 (range 0-15 across SI1mV-alone and dual-site trials). OFF
medication, the mean number of trials excluded because of EMG activity above the defined
threshold across individuals was 7 (range 0-17 across SI1mV-alone and dual-site trials).
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Figure 2. Example EMG traces from a participant OFF medication. SI1mV-alone and dual-site
trials were delivered after 50 ms of EMG activity below an EMG activity threshold
determined for each participant (A) or if a period of ~5 seconds passed without EMG activity
below the determined EMG activity threshold (B; these trials were removed from analysis).
The two horizontal dotted lines reflect the predetermined threshold; EMG activity within
these lines indicates resting EMG activity (indicative of the absence of tremor). Thresholds
(i.e., peak amplitudes; mV) were established for each participant before TMS.

Measures of PD tremor
Resting, postural, and action tremor were measured using the Movement Disorder Society
Unified Parkinson’s Disease Rating Scale (MDS-UPDRS), tri-axial accelerometer, and EMG
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(described below). For resting tremor, participants were instructed to relax their forearm on
the armrest of the chair without their hand touching the chair or their knee. For postural
tremor, participants were instructed to extend their arm out in front of them and to maintain
this position. For action tremor, participants were instructed to complete nose-to-knee actions
requiring the participant to use their index finger to touch their nose, then touch their knee
and repeat. The MDS-UPDRS was assessed at the beginning of each session and completed
~35 minutes before TMS setup began. EMG and accelerometer measures of tremor were
assessed ~5 minutes before and again ~5 minutes after TMS blocks to identify whether
tremor changed throughout the two-hour experimental session. The order of the EMG and triaxial accelerometer measures of tremor were counterbalanced across participants and
sessions. The order of recording tremor type was randomised for each participant and session.
For all tremor measures, tremor was recorded from the most affected upper-limb (n = 4 left
arm). Measures of resting tremor are reported in the main manuscript and measures of
postural and action tremor are reported in the Supplementary Materials (see Supplementary
section S2. Postural and action tremor).

MDS-UPDRS.
Items 17 and 18 from the MDS-UPDRS part III were used to assess the severity of resting
tremor using a 5-point scale (0: normal, 1: slight, 2: mild, 3: moderate, 4: severe) (Goetz et
al., 2008). The MDS-UPDRS was video recorded and rated by the experimenter (certified
MDS-UPDRS assessor).

EMG tremor.
Surface EMG was used to measure the muscular activity involved in tremor and was recorded
from the FDI, ECR and flexor carpi radialis (FCR) using Ag-AgCI surface electrodes placed
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in a belly-tendon montage (Zipp, 1982). The EMG signal was amplified (x1000; CED 1902
amplifier), bandpass filtered (10-500 Hz) and digitized at a sampling rate of 5 kHz (CED
1401 interface). After data acquisition, EMG signal was down-sampled (1000 Hz), rectified,
and bandpass filtered (second-order Butterworth filter (1-30Hz) to analyse tremor activity
within the EMG signal.

Acceleration tremor.
A tri-axial accelerometer (Arduino GY-61 ADXL335; length: 21mm; width: 15 mm; height
11 mm) was used to measure tremor changes in acceleration in three dimensions (x, y, and z
planes) and was placed on the distal phalanx of the index finger, which was secured to the
finger with tape. Acceleration in three dimensions was amplified (x1000; CED 1902
amplifier), bandpass filtered (2-30 Hz) and digitized at a sampling rate of 5 kHz (CED 1401
interface). After data acquisition, the accelerometry signal was rectified and bandpass filtered
(3-10 Hz) to analyse tremor activity within the accelerometry signal. Acceleration was not
measured for two participants because of technical issues with the accelerometer.

Non-motor self-report questionnaires
Depressive symptoms are commonly experienced in individuals with PD (Reijnders et al.,
2008; Sagna et al., 2014; van der Hoek et al., 2011). The self-report Beck Depression
Inventory-II (BDI) and Patient Health Questionnaire-9 (PHQ) were used to assess depressive
symptoms: a high score reflects higher depressive symptoms (Beck et al., 1996a; Kroenke et
al., 2001). The self-reported questionnaires were completed in both experimental sessions,
and participants were asked to document depressive symptoms in the previous 14 days.
Depressive scores are reported in the Supplementary Materials (see S6. Relationship between
depressive scores and resting, postural, and action tremor).
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Data processing and analysis
All analyses were conducted using R (version 4.1.0). Shapiro-Wilk’s test for normality was
violated for one condition: SMA-M1 connectivity OFF. Given that t-tests and analysis of
variance (ANOVA) are robust to moderate violations of normality, normality was assumed
for all t-tests and ANOVAs (Nimon, 2012). Mauchly’s test of sphericity was not violated
and, therefore, sphericity was assumed. Unless stated otherwise, all tests were two-tailed,
values were expressed as mean and standard deviation, and statistical significance was
accepted at an alpha level of P < 0.05.

Resting tremor
For the acceleration data, a principal components analysis was performed to identify the most
dominant tremor acceleration axis and used to perform the power spectral density analysis.
For both the acceleration and EMG data, Welch’s power spectral density analysis was
performed to identify the tremor power of the tremor peak frequency for each individual and
was used for subsequent analyses.

Paired-sample t-tests were performed to examine differences in the MDS-UPDRS resting
tremor severity score ON and OFF medication. A repeated-measures ANOVAs was
performed to examine differences in EMG tremor power (mV2) between muscles (withinsubject factor: FDI, ECR, FCR), medication state (within-subject factor: ON, OFF) and time
(within-subject factor: before TMS, after TMS). A repeated-measures ANOVAs was also
performed to examine differences in acceleration tremor power (g2) between medication state
(within-subject factor: ON, OFF) and time (within-subjects factor: before TMS, after TMS).

Neurophysiological measures
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Paired-sample t-tests were performed to examine differences in EMG activity (root mean
square) 50 ms before both single-pulse alone TMS and dual-site TMS ON and OFF
medication. Separate t-tests were performed for pre-TMS EMG activity recorded from FDI
and ECR.

Paired-sample t-tests were performed separately to examine differences between ON and
OFF medication for (1) intensities used during the TMS setup procedure (AMT and SI1mv
intensity); (2) the mean MEP amplitude elicited by SI1mV-alone trials (delivered to M1); and
(3) FDI and ECR SMA-M1 connectivity ratios. One-sample t-tests were performed to
examine whether SMA-M1 ratios (FDI, ECR) were significantly different from 1.0 ON and
OFF medication.

Supplementary exploratory analyses were performed to examine differences in SMA-M1
connectivity between tremor-dominant PD (n = 18) and age- and sex-matched controls (n =
14), which are reported in the Supplementary Materials (see S1: SMA-M1 connectivity in PD
compared to controls).

Relationship between resting tremor and SMA-M1 connectivity
As a first step to examine the role of SMA-M1 connectivity in PD resting tremor, exploratory
Pearson’s product-moment correlation coefficients were performed to examine the
relationship between SMA-M1 connectivity (FDI, ECR) and tremor measures (EMG,
acceleration). For the EMG measures of tremor, associations were performed for FDI SMAM1 connectivity and EMG recorded from FDI (before and after TMS), and ECR SMA-M1
connectivity and EMG recorded from ECR (before and after TMS). Supplementary
exploratory analyses were performed to examine the relationship between dopamine-related
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change in SMA-M1 connectivity and tremor power (see Supplementary Materials: S2.
Dopamine-related changes in SMA-M1 connectivity and tremor power).

5.5. Results
Resting tremor
Figure 3 shows column scatter plots of MDS-UPDRS (Fig 3A), EMG power (mV2; Fig 3B)
and acceleration power (g2; Fig 3C) for resting tremor ON and OFF medication. Pairedsample t-tests showed a significant difference in resting tremor severity scores measured
using MDS-UPDRS ON and OFF medication (t17=-3.25, P=0.005, d=0.77). A repeatedmeasures ANOVA performed on EMG tremor power showed no significant main effect of
Time (F1, 17=0.01, P=0.923, ηp2=0.01), Medication (F1, 17=2.62, P=0.124, ηp2=0.13), or
Muscle (F2, 34=2.13, P=0.152, ηp2=0.11), and no significant interactions (all F<2.86, all
P>0.095, all ηp2 <0.14). A repeated-measures ANOVA performed on acceleration tremor
power showed no significant main effect of Time (F1, 15=2.31, P=0.150, ηp2=0.13) or
Medication (F1, 15=1.31, P=0.270, ηp2=0.08), and no significant Time*Medication interaction
(F1, 15=0.03, P=0.857, ηp2=0.01).
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Figure 3. Resting tremor was recorded from the MDS-UPDRS tremor severity score (A),
EMG power (mV2) (B), and acceleration power (g2) ON (black circles) and OFF (grey
circles) medication. EMG and acceleration were measured before and after TMS. *P < 0.05.
Neurophysiological measures
For EMG recordings from both FDI and ECR, paired-sample t-tests showed no significant
difference in the 50 ms EMG activity before single-pulse alone TMS trials (FDI: t17 = 0.82, P
= 0.425, d = 0.28; ECR: t17 = -0.10, P = 0.922, d = 0.03) or the dual-site TMS trials (FDI: t17
= -0.24, P = 0.816, d = 0.08; t17 = -0.93, P = 0.366, d = 0.33) ON compared to OFF
medication.
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Figure 4 shows column scatter plots of SI1mV intensity (% of MSO; Figure 4A), AMT (% of
MSO; Figure 4B), and SI1mV-alone MEP amplitudes recorded from the FDI (Figure 4C) and
ECR (Figure 4D) ON and OFF medication. There was no significant difference between
sessions (ON, OFF) for the SI1mV intensity (t17 = 0.54, P = 0.599, d = 0.13) and AMT (t17 = 0.49, P = 0.629, d = 0.12). SI1mV-alone MEP amplitudes were not significantly different
between the ON and OFF medication states for FDI (t17 = 0.30, P = 0.770, d = 0.07) or ECR
(t17 = -1.24, P = 0.231, d = 0.29).
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Figure 4. The top panel shows column scatter graphs of (A) SI1mV (% of MSO) and (B) AMT
(% of MSO) ON (black circles) and OFF medication (grey circles). The bottom panel shows
column scatter graphs of SI1mV-alone MEP amplitude recorded from (C) FDI and (D) ECR
ON (black circles) and OFF (grey circles) medication. The solid line shows the mean
intensity (A and B) and mean SI1mV-alone MEP amplitude (C and D).

SMA-M1 connectivity
Figure 5 shows SMA-M1 connectivity ratios quantified from FDI MEPs (Figure 5A) and
ECR MEPs (Figure 5B). Paired-samples t-tests showed that SMA-M1 connectivity ratios
were significantly greater ON than OFF medication for FDI (t17=2.39, P=0.029, d=0.56) and
ECR (t17=3.43, P=0.003, d=0.81). ON medication, SMA-M1 connectivity ratios were not
significantly different from 1.0 when quantified from FDI MEPs (t17=0.51, P=0.62, d=0.25)
or ECR MEPs (t17=1.89, P=0.077, d=0.18). OFF medication, SMA-M1 connectivity ratios
from both FDI MEPs (t17=-4.57, P<0.001, d=0.25) and ECR MEPs (t17=-4.03, P=0.001,
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d=0.20) were significantly smaller than 1.0, suggesting a conditioning stimulus to SMA had
an inhibitory influence on M1 excitability when individuals were OFF medication.

Figure 5. Column scatterplots show SMA-M1 connectivity quantified from FDI MEPs (A)
and ECR MEPs (B) ON (black circles) and OFF medication (grey circles). SMA-M1 ratios
greater than 1.0 indicate a facilitatory effect of SMA on M1 excitability, whereas SMA-M1
ratios less than 1.0 indicate an inhibitory effect of SMA on M1 excitability. *P < 0.05.
SMA-M1 connectivity and tremor
Table 2 shows results for all exploratory correlations performed to examine relationships
between SMA-M1 connectivity ratios (FDI, ECR) and power (EMG, acceleration) for resting
tremor. Figures 6 and 7 show the relationship between SMA-M1 connectivity recorded from
FDI and tremor measured using EMG recorded from FDI (Fig 6) and acceleration (Fig 7).
Scatterplots showing (1) ECR SMA-M1 connectivity and resting tremor and (2) FDI and
ECR SMA-M1 connectivity and postural and action tremor are presented in the
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Supplementary Materials (see S4.Relationship between postural and action tremor and SMAM1 connectivity and S5.Relationship between resting tremor and ECR SMA-M1 connectivity).
ON medication, greater FDI SMA-M1 connectivity was significantly associated with less
severe tremor recorded using EMG from FDI (Fig 6) and acceleration (Fig 7) before and after
TMS. Additionally, ON medication, greater ECR SMA-M1 connectivity was significantly
associated with less severe tremor recorded using EMG from ECR before and after TMS. No
other significant associations were found between SMA-M1 connectivity and resting tremor.
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Table 2.
Results of correlations between SMA-M1 connectivity (FDI, ECR) and resting tremor power
(EMG, acceleration). SMA-M1 connectivity was only correlated with the corresponding
muscles recorded using EMG (i.e., FDI SMA-M1 and FDI EMG; ECR SMA-M1 and ECR
EMG).
Pearson’s product-moment correlation coefficients
r-value (P-value)
EMG
ON

Acceleration
OFF

Before

After

ON
Before

OFF

Before

After

After

Before

After

FDI
SMA-M1
connectivity

-0.55
(0.019)

-0.56
(0.015)

0.18
0.12
-0.64
-0.55
0.15
0.05
(0.468) (0.635) (0.007) (0.026) (0.592) (0.859)

ECR
SMA-M1
connectivity

-0.58
(0.012)

-0.57
(0.013)

0.08
0.13
-0.17
-0.27
0.12
0.18
(0.763) (0.619) (0.525) (0.308) (0.668) (0.527)

EMG, electromyography; FDI, first dorsal interosseous; ECR, extensor carpi radialis;
Recordings of resting tremor using EMG and acceleration were performed immediately
before and after TMS measures. All significant findings are bolded.
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Figure 6. Scatterplots show the relationship between the magnitude of FDI SMA-M1
connectivity ratios and FDI resting tremor power (mV2) ON (A; black circles) and OFF (B;
grey circles) medication. This figure shows tremor power measured using EMG before but
not after TMS, as there was no significant difference between tremor measured at these two
time points. *P<0.05.
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Figure 7. Scatterplots show the relationship between the magnitude of FDI SMA-M1
connectivity ratios and resting tremor power (g2) ON (A; black circles) and OFF (B; grey
circles) medication. This figure shows tremor power measured using acceleration before but
not after TMS, as there was no significant difference between tremor measured at these two
time points. *P<0.05.

5.6. Discussion
The aim of this study was to examine SMA-M1 connectivity using dual-site TMS in people
with PD ON and OFF levodopa medication. There were two main findings. First, there was
an inhibitory influence of SMA stimulation on M1 excitability OFF medication, which was
reduced ON medication. Second, ON medication, individuals who showed SMA-M1
facilitation had reduced tremor amplitude while those with SMA-M1 inhibition had an
increased tremor amplitude.

OFF medication: Inhibitory influence of SMA on M1 excitability
This is the first study to measure SMA-M1 connectivity using dual-site TMS in PD. We
found that MEP amplitude in FDI was significantly smaller for dual-site stimulation targeting
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SMA and M1 compared to M1 stimulation alone, suggesting a significant inhibitory
influence of SMA stimulation on M1 excitability. Stimulation parameters were optimised for
FDI, but MEPs were elicited simultaneously from both FDI and ECR (described below);
results from ECR show significantly smaller MEP amplitudes for dual-site TMS targeting
SMA and M1 compared to M1 stimulation alone, which replicates the results found for FDI.
This finding of an inhibitory influence of SMA stimulation on M1 excitability in PD OFF
medication likely reflects physiological disease-related changes; that is, alterations in the
basal ganglia-thalamo-cortical circuit because of a loss in dopaminergic cells. The main
efferent output from the basal ganglia is the globus pallidus internal, which sends strong
inhibitory output to the thalamic nuclei (Akkal, 2007). In turn, the excitatory projection from
the motor thalamus to the cerebral cortex is reduced. In turn, the excitatory projection from
the motor thalamus to the cerebral cortex is reduced. This might (in part) underpin SMA-M1
inhibition found in our study, as reduced activation of SMA might supress facilitatory
activity.

SMA-M1 inhibition found in PD OFF medication might also be due to alterations in the
cerebello-thalamo-cortical circuit, which is implicated in tremor-dominant PD (Dirkx et al.,
2016; Helmich et al., 2012; Helmich et al., 2011). The cerebellum has anatomical
connections to both SMA and M1 via the motor thalamic nuclei (Akkal, 2007; Wiesendanger
& Wiesendanger, 1985). A diffusion tensor MRI study showed greater neural transmission
(measured as an increase in diffusion) along the cerebello-thalamo-cortical white matter tract
in tremor-dominant PD OFF medication compared to healthy controls (Luo et al., 2017).
fMRI research has shown increased cerebellar BOLD activity in PD OFF medication
compared to healthy controls, suggesting hyperactivity within the cerebellum of PD (Wu &
Hallett, 2013; Yu et al., 2007). Increased cerebellar BOLD activity in PD OFF medication fits
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with dual-site TMS research showing less cerebello-thalamo-cortical activity, namely
cerebellar brain inhibition, in PD OFF medication compared to healthy controls; at the group
level, atypical cerebellar facilitation of M1 excitability was found in PD (i.e., cerebellar-M1
ratios greater than 1.0) (Carrillo et al., 2013; Ni et al., 2010; Schirinzi et al., 2016). It is worth
noting, however, that poor test re-test reliability of dual-site TMS measures of cerebellar
brain inhibition has been reported in older adults (Rurak et al., 2021a), and reliability has not
been established in PD. Although speculative, alterations in the cerebello-thalamo-cortical
circuit might influence the thalamic inhibitory drive and, subsequently, influence SMA
excitability and underpin the SMA-M1 inhibition found in the current study OFF medication.

Altered SMA activity from motor thalamic nuclei (targeted by the basal ganglia and
cerebellum) might influence facilitatory and inhibitory intracortical circuits within M1. The
influence of SMA on intracortical circuits in M1 can be investigated using a triple TMS pulse
protocol (Shirota et al., 2012): a conditioning stimulus to SMA preceding paired-pulse TMS
to M1 with stimulus parameters set to measure short-interval intracortical inhibition (SICI)
and short-interval intracortical facilitation (SICF). SICI is mediated by GABAA receptor
activity (Di Lazzaro et al., 2006; Ziemann et al., 1998), and SICF reflects the nett result of a
complex descending corticospinal volley comprising a series of direct and indirect waves
(Ziemann et al., 1998). Results from a triple-pulse TMS study in healthy younger adults
showed that a conditioning stimulus to SMA had no influence on the excitability of SICI
circuits but increased SICF when compared to TMS given to M1 alone, suggesting that SICF
circuits might contribute to the facilitatory effect of SMA stimulation on M1 excitability.
There is no research investigating SICF and SICI using paired-pulse TMS in tremordominant PD OFF medication, and it remains unclear whether the excitability within these
circuits is altered compared to healthy controls. However, paired-pulse TMS research
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examining intracortical excitability in different PD subtypes (e.g., akinetic-rigid symptoms,
levodopa-induced dyskinesia, drug-naïve individuals) has shown increased SICF (Guerra et
al., 2019; Ni et al., 2013; Shirota et al., 2019) and reduced SICI (Ammann, Dileone, et al.,
2020; Berardelli et al., 2008; MacKinnon et al., 2005; Ridding, Inzelberg, et al., 1995) in PD
OFF medication compared to healthy age- and sex-matched controls. It is difficult to draw
any firm conclusions from previous paired-pulse TMS studies because tremor-dominant PD
is thought to have a different pathophysiology to other non-tremor PD subtypes (Thenganatt
& Jankovic, 2014) but, based on the above mentioned studies, it is unlikely that SMA-M1
inhibition found in the current study was mediated by intracortical processes in M1.

SMA-M1 connectivity normalised ON compared to OFF medication
The current study provides the first report of SMA-M1 connectivity in PD both ON and OFF
medication: SMA-M1 inhibition OFF medication was reduced ON medication for MEPs
measured from both the FDI and ECR. This finding suggests that, at the group level,
levodopa ‘normalises’ the atypical SMA-M1 inhibition observed OFF medication. Evidence
from photon emission tomography research showed an increase in SMA cerebral blood flow
activity ON compared to OFF medication in patients with PD during simple motor tasks
(Jenkins et al., 1992; Rascol et al., 1992). Similarly, fMRI research has shown an increase in
BOLD activity in both the SMA and M1 ON compared to OFF medication while performing
simple motor tasks, such as an auditory-paced finger-opposition task (Buhmann et al., 2003;
Haslinger et al., 2001). This is thought to be due to levodopa ‘normalising’ cortical activity:
levodopa increases dopamine levels in the basal ganglia, which reduces nett inhibition of the
motor thalamic nuclei and increases excitation of the cerebral cortex (Albin et al., 1995;
Graybiel, 1990). Our findings show a similar trend to neuroimaging research; however, it is
difficult to make direct comparisons with previous neuroimaging research as these studies
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investigated non-tremor-dominant PD (i.e., akinetic PD) and investigated the effects of
medication on cortical activity during motor tasks rather than at rest.

Relationship between SMA-M1 connectivity and resting tremor
ON medication, SMA-M1 connectivity (FDI, ECR) was weakest in patients with the greatest
tremor severity recorded using EMG from both FDI and ECR. This is the first report showing
that the excitatory influence of SMA on M1 excitability was associated with tremor ON
medication: SMA-M1 facilitation was associated with reduced tremor power, whereas SMAM1 inhibition was associated with increased tremor power. Both SMA and M1 are implicated
in PD resting tremor OFF medication: delivering single-pulse TMS to SMA and M1
interrupts ongoing resting tremor activity and resets tremor to a new point in its cycle (Lu et
al., 2015). Less is known about the role of SMA or M1 activity ON medication for resting
tremor, with most of the neuroimaging and TMS research focusing on neural activity OFF
medication. The negative association between SMA-M1 connectivity and resting tremor ON
medication in the current study suggests that the magnitude of SMA-M1 facilitation might
play a functional role in modulating tremor activity.

SMA-M1 connectivity quantified from FDI, but not ECR, was also weakest in patients with
the greatest tremor severity recorded using acceleration. It is unclear why SMA-M1
connectivity quantified from FDI was associated with both measures of tremor (EMG,
acceleration), but SMA-M1 connectivity quantified from ECR was only associated with one
measure of tremor (EMG). In the current study, the stimulation parameters were optimised
for FDI and not ECR; it would be interesting to determine whether optimising stimulation
parameters for ECR reveals a relationship with both measures of tremor (EMG, acceleration).
However, this might not be practical as the cortical target for ECR is closer to the midline
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than the cortical target for FDI: the two TMS coils used to target SMA and M1 might not fit
on the head.

No significant associations were found between SMA-M1 connectivity and tremor severity
OFF medication. A previous fMRI study showed increased functional connectivity in SMA
and M1 activity in tremor-dominant PD OFF medication compared to healthy controls, and
the increase in M1 but not SMA activity was associated with increased clinical resting tremor
scores (Zhang et al., 2015). These findings suggest that alterations in SMA activity OFF
medication do not influence resting tremor severity. Our findings, in part, extend this
previous research by showing that the excitatory influence of SMA stimulation on M1
excitability OFF medication was not associated with PD resting tremor severity.

Limitations
In the current study, neither of the resting tremor measures (EMG, accelerometer) differed
ON compared to OFF medication. These findings suggest that dopamine medication had no
statistically significant effect on tremor severity measures in the current sample. The tremor
response to dopaminergic medication varies greatly between individuals (Fishman, 2008;
Pogarell et al., 2002). There are no established guidelines to define dopamine-responsive and
dopamine-resistant tremor (Dirkx et al., 2019; van Nuland et al., 2020). Nonetheless, most
studies characterise tremor dopamine-responsiveness by administering the MDS-UPDRS
twice in one day: once before an individual takes their medication (OFF) and once after
taking their medication (ON) (Dirkx et al., 2019; van Nuland et al., 2020). In the current
study, we were unable to characterise tremor dopamine-responsiveness as our measures of
tremor were recorded a week apart (rather than in the same day), and the order of testing was
counterbalanced between ON and OFF medication. Factors such as anxiety might influence
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tremor dopamine responsiveness and, therefore, tremor dopamine-responsiveness should be
assessed on the same day (Zach et al., 2015; Zach et al., 2017). Characterising tremor
dopamine-responsiveness is an important consideration for future research as dopamineresponsive, and dopamine-resistant tremor might differentially influence SMA-M1
connectivity.

In the present study, the OFF state was defined as a withdrawal from levodopa for a
minimum of 12 hours (range: 12-15.5 hours), which is a sufficient wash-out period for the
short-duration effect and is consistent with previous research (Dirkx et al., 2019; Michely et
al., 2015). All participants in the current study were taking levodopa, but some were taking
long acting dopaminergic agonist medication (n = 8), which requires a withdrawal period of
at least 72 hours (Tahmasian et al., 2015); when these individuals were removed from the
paired-samples t-test analysis of SMA-M1 connectivity, the results remained significant,
showing SMA-M1 connectivity was significantly greater ON (Mean: 1.14, SD: 0.28) than
OFF medication (Mean: 0.75, SD: 0.18). Nonetheless, it is likely that the longer acting
dopamine agonist medication had some effect on clinical and objective measures of tremor,
as well as SMA-M1 connectivity in the OFF medication session. Future research should
examine the effects of short- and long-acting dopaminergic medication on SMA-M1
connectivity ON and OFF medication with withdrawal periods set based on the medication
type. Another aspect that we did not control for was the ‘wearing off’ effect, whereby
levodopa wears off after a few hours and is restored shortly after taking another dose of
medication (Pahwa & Lyons, 2009; Zhuang et al., 2013). Most participants required a second
dose of levodopa in the afternoon (n = 16), meaning that these individuals would experience
a wearing off effect ~4 hours after taking their first dose of levodopa. In the current study, the
ON experimental session started one hour after participants took their first dose of levodopa,
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which meant that single-pulse and dual-site TMS measures of SMA-M1 connectivity were
recorded ~two hours after taking levodopa medication. It is possible that a wearing off effect
occurred for some of the participants in the current study, which might have influenced
SMA-M1 connectivity measures ON medication. Controlling for the withdrawal periods,
wearing off periods, and doses of antiparkinsonian drugs is an important consideration for
future research.

Consistent with all dual-site TMS studies investigating connectivity between SMA and M1
using short ISIs (e.g., 6—8 ms), the SMA stimulation site was 4 cm anterior to Cz in the
current study (Arai et al., 2012; Arai et al., 2011; Green et al., 2018; Rurak et al., 2021b,
2021c). Previous dual-site TMS research targeting SMA has shown that 4 cm anterior to Cz
corresponded to the anatomical representation of SMA identified using individual structural
magnetic resonance imaging (Arai et al., 2012; Arai et al., 2011; Chiappini, Borgomaneri,
Marangon, Turrini, Romei, et al., 2020; Emanuel et al., 2021; Fiori et al., 2017; Lu, Arai, et
al., 2012). Nonetheless, we did not use the gold-standard procedure of structural magnetic
resonance imaging and neuronavigation to identify SMA or the procedure defining SMA as 3
cm anterior to the optimal stimulation site for activation of the leg muscle (Hamada et al.,
2008; Matsunaga, 2005; Mi et al., 2019). Therefore, we might not have targeted SMA for all
individuals.

Conclusions and implications
This is the first study to characterise SMA-M1 connectivity measured using dual-site TMS in
people with PD ON and OFF levodopa medication. Findings from this study suggest that
levodopa medication normalises SMA-M1 connectivity ON compared to OFF medication:
the inhibitory influence of SMA stimulation on M1 excitability found OFF medication was

Chapter 5. SMA-M1 connectivity in Parkinson’s disease

226

reduced ON medication. ON medication, a facilitatory influence of SMA stimulation on M1
excitability was associated with reduced tremor activity, whereas an inhibitory influence of
SMA stimulation on M1 excitability was associated with increased tremor activity. Together,
these findings add to our understanding of neural networks implicated in PD tremor and
provide a neurophysiological platform to develop interventions to reduce tremor severity.
One intervention that could be used is cortical paired associative stimulation, which has
previously been shown to strengthen connectivity (via long-term potentiation-like plasticity)
or weaken connectivity (via long-term depression-like plasticity) between motor brain areas
(Chiappini, Borgomaneri, Marangon, Turrini, & Romei, 2020). As cPAS has been shown to
transiently strengthen SMA-M1 facilitation in younger adults (Arai et al., 2011), and our
current findings suggest greater SMA-M1 facilitation is associated with reduced tremor
severity, cPAS is a promising interventional tool to strengthen SMA-M1 facilitation in PD
which might improve tremor.
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5.7. Supplementary Materials
S1. SMA-M1 connectivity in PD compared to age- and sex-matched controls
S1. 1 Methods
Fourteen older adults that participated in a larger study (see publication: Rurak et al., 2021b)
were age- and sex-matched to the 18 tremor-dominant PD participants (see main manuscript
for PD characteristics). The 14 control participants participated in a study that aimed to
examine SMA-M1 connectivity in younger and older adults, which involved attending two
identical sessions to measure SMA-M1 connectivity using the same TMS parameters
reported in the current study (i.e., dual-site TMS to measure SMA-M1 connectivity using an
ISI of 7 ms) (see publication: Rurak et al., 2021b).

S1. 2 Methods
An independent sample t-test was performed to examine differences in SI1mV-alone MEP
amplitudes between PD and sex- and age-matched controls. Separate t-tests were performed
for PD medication state (ON and OFF medication). An independent sample t-test was
performed to examine differences in SMA-M1 connectivity ratios between PD and sex- and
age-matched controls. Separate t-tests were performed for PD medication state (ON and OFF
medication).

S1. 3 Results
SI1mV-alone MEP amplitudes were not significantly different between PD and controls in
either condition (ON medication: t26.73 = 1.05, P = 0.302, d = 0.35; OFF medication: t29.05=
0.86, P = 0.399, d = 0.30). Supplementary Figure 1 shows column scatter plots of SMA-M1
connectivity ratios in controls and PD ON (Supplementary Figure 1A) and OFF medication
(Supplementary Figure 1B) condition. SMA-M1 connectivity ratios were not significantly
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different between PD and controls in the ON condition (t25.86 = 1.16, P = 0.257, d = 0.40), but
ratios were statistically significantly higher in the controls than PD in the OFF condition
(t29.27= -2.14, P = 0.041, d = 0.76).

Supplementary Figure 1. Column scatter graphs of SMA-M1 connectivity in PD (black
circles) and age- and sex-matched controls (grey circles). For PD, SMA-M1 connectivity
ratios are shown ON medication (A) and OFF medication (B). *P < 0.05.
S1.4 Discussion
This is the first study to compare dual-site TMS measures of SMA-M1 connectivity in PD
(ON and OFF medication) to age- and sex-matched controls: SMA-M1 connectivity was
weaker in PD OFF medication but not ON medication when compared to controls. This
extends the current finding (see main manuscript) that, at the group level, levodopa
‘normalises’ the atypical SMA-M1 inhibition observed in PD OFF medication.

S2. Dopamine-related changes in SMA-M1 connectivity and tremor power
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S2.1 Data analysis
Exploratory Pearson’s correlation analyses were performed to examine changes in SMA-M1
connectivity and tremor power. Changes in SMA-M1 connectivity were calculated by
dividing SMA-M1 connectivity OFF by SMA-M1 connectivity ON medication for each
individual. Similarly, changes in tremor power measured using EMG and acceleration were
calculated by dividing tremor power OFF medication by tremor power ON medication for
each individual.

S2.2 Results
Supplementary Table 1 shows correlations performed between changes in SMA-M1
connectivity and tremor power. No significant correlations were found between changes in
SMA-M1 connectivity and changes in tremor power measured using EMG or acceleration.

Supplementary Table 1 shows correlational analyses performed between changes in SMA-M1
connectivity (SMA-M1 connectivity OFF/SMA-M1 connectivity ON) and tremor power
recorded using accelerometry and EMG (tremor power OFF/tremor power ON).

FDI SMA-M1

Pearson’s correlations performed between changes in SMAM1 connectivity and tremor power measured using EMG and
acceleration (r-value, p-value)
EMG
Acceleration
0.21, 0.406
-0.06, 0.825

ECR SMA-M1
-0.29, 0.236
Note. FDI, first dorsal interosseous; ECR, extensor carpi radialis.

0.01, 0.963

S2.3 Discussion
No associations were found between dopamine-related changes in SMA-M1 connectivity and
tremor power. These results might be due to our finding of no significant differences in
tremor power measured using both EMG and acceleration ON compared to OFF medication.
It is well established that tremor response to dopaminergic medication varies greatly between
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individuals (Fishman, 2008; Pogarell et al., 2002). It is tempting to speculate that our sample
consisted mostly of individuals with dopamine-resistant tremor. However, in our study, we
did not characterise dopamine-responsive and dopamine-resistant tremor and, therefore, our
sample likely consisted of both dopamine-responsive and dopamine-resistant tremor. SMAM1 connectivity ON compared to OFF medication might be associated with changes in
dopamine-responsive or dopamine-resistant tremor and should be further investigated.

S3. Postural and action tremor
S3.1 Data analysis
Paired-sample t-tests were performed to examine differences in the MDS-UPDRS postural
and action tremor severity score ON and OFF levodopa medication. Repeated-measures
ANOVAs were performed separately for postural tremor and action tremor to examine
differences in EMG tremor power (mV2) between muscles (within-subject factor: FDI, ECR,
FCR), medication state (within-subject factor: ON, OFF), and time (within-subject factor:
before TMS, after TMS). Repeated-measures ANOVAs were performed separately for
postural tremor and action tremor to examine differences in acceleration tremor power (g2)
between medication state (within-subject factor: ON, OFF) and time (within-subjects factor:
before TMS, after TMS).

S3.2 Results
S3.2.1 MDS-UPDRS measures of postural and action tremor.
Supplementary Figures 2 and 3 show column scatter plots of MDS-UPDRS tremor severity
scores for postural tremor (Supplementary Figure 2A) and action tremor (Supplementary
Figure 3A). Paired-sample t-tests showed no significant difference in postural tremor (t17 = 1.77, P = 0.094, d = 0.44) or action tremor severity (t17 = -1.53, P = 0.143, d = 0.45) between
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medication state, suggesting it was unlikely that tremor was influenced by levodopa
medication.

Supplementary Figure 2. Postural tremor recorded from the MDS-UPDRS tremor severity
score (A), EMG tremor power (mV2) (B), and acceleration tremor power (g2) ON (black
circles) and OFF (grey circles) medication. EMG and acceleration were measured before and
after TMS.
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Supplementary Figure 3. Action tremor recorded from the MDS-UPDRS tremor severity
score (A), EMG tremor power (mV2) (B) and acceleration tremor power (g2) ON (black
circles) and OFF (grey circles) medication. EMG and acceleration were measured before and
after TMS.

S3.2.2 EMG measures of postural and action tremor.
Supplementary Figures 2 and 3 show column scatter plots of EMG tremor power (mV2) for
postural tremor (Supplementary Figure 2B) and action tremor (Supplementary Figure 3B)
ON and OFF medication. For postural tremor, a repeated-measures ANOVA performed on
EMG tremor power showed no significant main effect of Time (F1, 17 = 1.47, P = 0.242, ηp2 =
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0.08), no significant main effect of Medication (F1, 17 = 0.75, P = 0.399, ηp2 = 0.04), no
significant main effect of Muscle (F2,34 = 1.29, P =0.273, ηp2 = 0.07), and no significant
interactions (all F < 1.85, all P > 0.191, all ηp2 <0.10). Similarly, for action tremor, a
repeated-measures ANOVA performed on EMG tremor power showed no significant main
effect of Time (F1,17 = 2.30, P = 0.147, ηp2 = 0.12), no significant main effect of Medication
(F17 = 0.28, P = 0.601, ηp2 = 0.02), no significant main effect of Muscle (F2,34 = 1.68, P =
0.201, ηp2 = 0.09), and no significant interactions (all F< 2.31, all P > 0.115, all ηp2 <0.12).

S3.2.3 Acceleration measures of postural and action tremor.
Supplementary Figures 2 and 3 show column scatter plots of acceleration tremor power (g2)
for postural tremor (Supplementary Figure 2C) and action tremor (Supplementary Figure 3C)
ON and OFF medication. For postural tremor, a repeated-measures ANOVA performed on
acceleration tremor power showed no significant main effect of Time (F1,15 = 0.43, P = 0.522,
ηp2 = 0.03), no significant main effect of Medication (F1,15 = 0.19, P = 0.077, ηp2 = 0.19), and
no significant Time*Medication interaction (F1,15 = 0.04, P = 0.853, ηp2 = 0.00). For action
tremor, a repeated-measures ANOVA performed on acceleration tremor power showed no
significant main effect of Medication (F1,15 = 0.21, P = 0.650, ηp2 = 0.01), no significant main
effect of Time (F1,15 = 1.39, P = 0.256, ηp2 = 0.08), and no significant Time*Medication
interaction (F1,15 = 0.01, P = 0.924, ηp2 = 0.00).

S4. Relationship between postural and action tremor and SMA-M1 connectivity
S4.1 Data analysis
As described in the main manuscript (see SMA-M1 connectivity), MEPs were simultaneously
elicited from both FDI and ECR and, therefore, SMA-M1 connectivity was quantified
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separately from FDI and ECR MEPs. Exploratory Pearson’s product-moment correlation
coefficients were performed to examine the relationship between SMA-M1 connectivity and
tremor measures (EMG, acceleration). Separate analyses were performed for ON and OFF
medication, and tremor measures obtained before and after TMS. Correlations were
performed between SMA-M1 connectivity recorded from FDI and EMG recorded from FDI,
and SMA-M1 connectivity recorded from ECR, and EMG recorded from the ECR.

S4.2 Results
Supplementary Table 2 shows results for correlations between SMA-M1 connectivity (FDI,
ECR) and postural and action tremor severity (EMG, acceleration). No significant
correlations were found between SMA-M1 connectivity (FDI or ECR) and tremor severity,
suggesting that it is unlikely that SMA-M1 connectivity is implicated in postural or action
tremor.
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Supplementary Table 2.
Results of correlations between SMA-M1 connectivity and postural and action tremor
severity measured using EMG and acceleration. For EMG measures of tremors, correlations
were performed between FDI SMA-M1 and EMG recorded from FDI, and ECR SMA-M1
connectivity and EMG recorded from the ECR.
Pearson’s product-moment correlation coefficients
r-value (P-value)
Tremor
EMG
ON

Acceleration
OFF

ON

OFF

Before

After

Before

After

Before

After

Before

After

FDI
SMA-M1
connectivity

-0.19
(0.457)

-0.25
(0.323)

0.21
(0.397)

0.19
(0.456)

-0.34
(0.200)

-0.38
(0.152)

-0.21
(0.443)

0.11
(0.676)

ECR
SMA-M1
connectivity

-0.39
(0.106)

-0.21
(0.409)

0.32
(0.203)

0.10
(0.684)

-0.05
(0.841)

-0.09
(0.735)

0.17
(0.529)

0.03
(0.924)

FDI
SMA-M1
connectivity

-0.13
(0.615)

-0.18
(0.474)

0.08
(0.764)

0.07
(0.977)

0.42
(0.109)

0.01
(0.986)

-0.37
(0.159)

-0.15
(0.570)

ECR
SMA-M1
connectivity

-0.12
(0.650)

0.05
(0.848)

-0.06
(0.807)

-0.03
(0.919)

-0.15
(0.579)

-0.02
(0.933)

0.29
(0.285)

-0.25
(0.343)

Postural tremor

Action tremor

EMG, electromyography; FDI, first dorsal interosseous; ECR, extensor carpi radialis;
Recordings of resting tremor using EMG and acceleration were performed immediately
before and after TMS measures.

S5. Relationship between resting tremor and ECR SMA-M1 connectivity
S5.1 Data analysis
Correlational results showing the associations between ECR SMA-M1 connectivity and
resting tremor (EMG recorded from the ECR and acceleration) are reported in the main
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manuscript (see Table 2: SMA-M1 connectivity and tremor), but figures showing scatterplots
of the relationship between ECR SMA-M1 connectivity and resting tremor severity are
reported below (Supplementary Figures 4 and 5).

Supplementary Figure 4. Scatterplots show the relationship between the magnitude of ECR
SMA-M1 connectivity ratios and ECR resting tremor power (mV2) ON medication (A; black
circles) and OFF medication (B; grey circles). This figure shows EMG recordings before but
not after TMS as there was no significant difference in tremor power between the two-time
points. *P < 0.05.
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Supplementary Figure 5. Scatterplots show the relationship between the magnitude of ECR
SMA-M1 connectivity ratios and resting tremor power (g2) ON medication (A; black circles)
and OFF medication (B; grey circles). This figure shows acceleration recordings before but
not after TMS as there was no significant difference in tremor power between the two time
points.

S6. Relationship between depressive scores and resting, postural, and action tremor
S6.1 Methods
Depressive symptoms are commonly experienced in individuals with Parkinson’s disease
(Reijnders et al., 2008; Sagna et al., 2014; van der Hoek et al., 2011). The self-report Beck
Depression Inventory-II (BDI) and Patient Health Questionnaire-9 (PHQ) were used to assess
depressive symptoms: a high score reflects stronger depressive symptoms (Beck et al., 1996b;
Kroenke et al., 2001). The self-reported questionnaires were completed in both experimental
sessions, and participants were asked to document depressive symptoms in the previous 14
days.
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S6.2 Data analysis
Paired-sample t-tests were performed to examine differences in depression severity scores
measured using the BDI and PHQ ON and OFF medication. Exploratory Pearson’s productmoment correlation coefficients were performed to examine the relationship between tremor
severity (EMG, acceleration) and mean depressive scores (BDI, PHQ). Separate correlations
were performed for medication state (ON, OFF), time of tremor recordings (before TMS,
after TMS) and tremor type (resting, postural, action). Exploratory Pearson’s productmoment correlation coefficients were also performed to examine the relationship between
depression severity scores and SMA-M1 connectivity (FDI, ECR) ON and OFF medication.

S6.3 Results
A paired-samples t-test showed no significant difference between mean BDI depressive
scores ON (Mean = 6.94, SD = 6.79) and OFF medication (Mean = 7.67, SD = 7.04) (t17 =
0.89, P = 0.388, d = 0.21), and no significant difference between mean PHQ depressive
scores ON (Mean = 3.17, SD = 3.20) and OFF medication (Mean = 4.33, SD = 6.56) (t17 =
1.07, P = 0.301, d = 0.25). No significant associations were found between any of the tremor
types and depressive mean scores on the BDI or PHQ (all r < 0.41, all P > 0.094).
Supplementary Figures 5 and 6 show the relationship between SMA-M1 connectivity
recorded from FDI (Supplementary Figure 6) and ECR (Supplementary Figure 7) and
depressive scores. There were no significant associations between SMA-M1 ON medication
(FDI, ECR) and depressive scores (all r < 0.14, all P > 0.578), but greater FDI SMA-M1
connectivity OFF medication was significantly associated with low depression scores on both
the BDI (r = -0.58, P = 0.012) and PHQ (r = -0.52, P = 0.028); greater ECR SMA-M1
connectivity was significantly associated with low depression scores on the PHQ (r = -0.51,
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P = 0.031), but just failed to reach statistical significance for depressive scores on the BDI (r
= -0.47, P = 0.051).

Supplementary Figure 6. Scatterplots show the relationship between the magnitude of FDI
SMA-M1 connectivity ratios and depressive scores recorded from the BDI (A-B) and PHQ
(C-D) ON (black circles) and OFF medication (grey circles).
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Supplementary Figure 7. Scatterplots show the relationship between the magnitude of ECR
SMA-M1 connectivity ratios and depressive scores recorded from the Beck Depression Index
(BDI; A-B) and Patient Health Questionnaire (PHQ; C-D) ON (black circles) and OFF
medication (grey circles).

S6.4 Discussion
Self-reported psychological depression scores from the BDI and PHQ were not significantly
different ON and OFF medication, suggesting that the minimal depression experienced in the
current sample was similar both ON and OFF medication. There were no significant
associations between depression (BDI, PHQ) and tremor recorded using EMG (FDI, ECR) or
the accelerometer, suggesting that depressive symptoms were not associated with tremor.
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Previous research suggests that higher levels of depression was associated with greater
severity in motor symptoms measured as the sum of UPDRS scores (Weintraub et al., 2004),
but less is known about the influence of depression on resting tremor severity. In the current
study, mean depressive scores recorded from both self-report questionnaires indicated that at
the group level, there was minimal depression. However, two individuals reported moderate
or severe depressive scores, and these individuals presented with some of the strongest tremor
recorded using EMG and acceleration. It is possible that tremor severity would be associated
with clinically diagnosed depression. However, this is speculative, and future research should
examine a broader range of resting tremor severity and depression levels to comprehensively
examine the relationship between the two factors.

S7. Relationship between depressive scores and ECR SMA-M1 connectivity
OFF medication, SMA-M1 connectivity quantified from FDI MEPs was negatively
associated with depressive scores on both the BDI and PHQ. These findings were, in part,
replicated for SMA-M1 connectivity quantified from ECR MEPs: SMA-M1 connectivity was
negatively associated with depressive scores on PHQ, but not on BDI, which just failed to
reach statistical significance (P = 0.051). This is the first report showing that strong inhibition
of SMA on M1 was associated with high depressive scores in people with Parkinson’s
disease. It is not clear why SMA-M1 inhibition was associated with depression, but it is
tempting to speculate that this might be due to the progressive decline of serotonin neurons in
the raphe nuclei (Delaville et al., 2011; Doder et al., 2003; Mercuri & Bernardi, 2005;
Qamhawi et al., 2015; Riekkinen et al., 1998). These neurons have strong connections with
the frontal cortex and the basal-ganglia-thalamo-cortical circuit via the striatum (Politis &
Loane, 2011; Tork, 1990). Although speculative, a decline of serotonin neurons might
contribute to SMA-M1 inhibition and increase depressive symptoms. It is worth noting that
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most individuals in the current study presented with minimal depression OFF medication, but
two individuals presented with either moderate or severe depression, and these individuals
showed the strongest SMA-M1 inhibition. Indeed, these two individuals were driving
significant associations between SMA-M1 connectivity and depression and, therefore, these
results should be interpreted with caution. Future research should examine SMA-M1
connectivity using dual-site TMS in people with tremor-dominant Parkinson’s disease with
and without clinically diagnosed depression to better understand the role of depression in
cortico-cortical connectivity.

Depression scores were not associated with SMA-M1 connectivity ON medication.
Parkinson’s disease depression has been shown to be modulated by dopaminergic medication,
with stronger depressive symptoms occurring OFF than ON medication (Maricle et al.,
1995). Short-term changes in anxiety and depressive symptoms can occur, termed non-motor
fluctuations, with emergence during OFF periods and resolution or improvement during ON
periods (Maricle et al., 1995). In the current study, it is possible that dopamine medication
restored serotonin mechanisms underpinning SMA-M1 connectivity and depression, leading
to no associations between SMA-M1 connectivity and depression. However, as this is
speculative, future research should use positron emission tomography to examine the
influence of reduced serotonin on the basal ganglia-thalamo-SMA-M1 network ON and OFF
medication, and any association with depression.
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Chapter 6. Thesis Discussion

Dual-site TMS was used to examine the pathophysiology of PD resting tremor. Specifically,
dual-site TMS was used to examine interactions between regions within the cortical motor
network, defined as effective connectivity, including interactions between cerebellum-M1
and SMA-M1 in aging and PD. The work presented in this thesis follows a systematic
approach. First, a reliable tool was established to non-invasively examine effective
connectivity between brain regions suggested to be implicated in PD resting tremor. Second,
dual-site TMS was used to establish a baseline of effective connectivity in normal aging,
defined as older aging without disease (60-85 years), and in tremor-dominant PD ON and
OFF levodopa medication. Third, the functional role of effective connectivity in normal aging
and PD was examined to offer a basis for the development of evidence-based interventions to
improve motor control. In the following discussion, the principal results and conclusions
from Chapters 2-5 will be summarised and integrated with the current literature. Furthermore,
the clinical and scientific relevance of the findings will be discussed with suggestions for
future research to better understand the pathophysiology of resting tremor in PD.

6.1. Summary of findings
In Chapters 2 and 3, the aim was to establish test re-test reliability of dual-site TMS measures
of effective connectivity between cerebellum-M1 (i.e., CBI) and SMA-M1 in younger and
older adults in two identical sessions. In younger adults, dual-site TMS measures were
moderately reliable for CBI and SMA-M1 connectivity. In older adults, dual-site TMS
measures were moderately reliable for SMA-M1 connectivity but showed poor reliability for
CBI. As measures of CBI were obtained in two sessions to examine both test re-test
reliability and age-related differences in CBI using dual-site TMS, age-related differences in
CBI were examined before knowing there was poor reliability of this measure. Due to poor
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reliability found in older adults, dual-site TMS measures of CBI were not examined in PD.
These findings offer the first report of reliability for dual-site TMS, which provided the
methodological basis for the following Chapters to use dual-site TMS to examine CBI and
SMA-M1 connectivity in older adults, and SMA-M1 connectivity in PD.

In Chapters 2, 4 and 5, the aim was to characterise effective connectivity between cortical
motor areas thought to be implicated in motor control in aging and PD using the reliable dualsite TMS measures. CBI was reduced in older than younger adults, suggesting cerebellar
stimulation had an inhibitory influence on M1 excitability, which was weaker in older than
younger adults (Chapter 2). To replicate and extend previous literature, age-related
differences in SMA-M1 connectivity using dual-site TMS were examined using continuous
ISIs of 6 ms, 7 ms and 8 ms (Chapter 4): SMA-M1 connectivity was reduced in older than
younger adults, suggesting the direct facilitatory influence of SMA stimulation on M1
excitability was weaker in older than younger adults. As SMA-M1 connectivity was most
reliable at an ISI of 7 ms (compared to 6 ms and 8 ms; Chapter 3), and age-related differences
in SMA-M1 connectivity were identified at an ISI of 7 ms (Chapter 4), SMA-M1
connectivity measured using dual-site TMS was examined in PD using an ISI of 7 ms
(Chapter 5): SMA stimulation had an inhibitory influence on M1 excitability OFF but not ON
medication, suggesting that levodopa medication normalised SMA-M1 connectivity.
Together, these findings contribute to our understanding of neural mechanisms underpinning
effective connectivity between cerebellar-M1 and SMA-M1 measured using dual-site TMS in
normal aging and PD.
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In Chapters 4 and 5, exploratory correlational analyses were performed to examine whether
SMA-M1 connectivity had a functional role in the age- and PD-related decline of motor
control. In older adults, greater SMA-M1 facilitation was associated with better bimanual
motor performance measured using the Purdue Pegboard assembly task (Chapter 4). In PD,
greater SMA-M1 connectivity ON medication was associated with less severe tremor
measured using EMG (Chapter 5). Together, these findings indicate that reduced SMA-M1
connectivity measured using dual-site TMS might be implicated in both aging and PD motor
control. These findings offer a neurophysiological basis for the development of interventions
to improve movement in older adults and resting tremor severity in PD.

6.2. Reliability of dual-site TMS measures of effective connectivity
Dual-site TMS protocols have been developed to measure effective connectivity between
cerebellum-M1 (i.e., CBI) and SMA-M1 (Arai et al., 2012; Arai et al., 2011; Daskalakis et
al., 2004; Green et al., 2018; Ugawa et al., 1995) but, until recently, the reliability of these
measures had not been established. Reliability establishes whether any changes observed in
the measure are due to physiological changes within the individual and not due to
measurement variability (Atkinson & Nevill, 1998; Koo & Li, 2016; Weir, 2005). Without
establishing the reliability, it is difficult to establish whether effective connectivity between
cortical regions reflects a physiological response to dual-site TMS. While test re-test
reliability of dual-site TMS protocols had not been studied before, varying degrees of test retest reliability (quantified using intraclass correlation coefficients; ICCs) have previously
been reported for paired-pulse TMS measures of intracortical circuits in M1 in younger
(poor-to-good reliability; Biabani et al., 2018; de Goede & van Putten, 2017; Du et al., 2014;
Fleming et al., 2012; Hermsen et al., 2016; Qasem et al., 2020) and older adults (poor and
excellent reliability; Houde et al., 2018; Schambra et al., 2015). Findings reported in Chapters
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2 and 3 extend this research by showing for the first time that dual-site TMS measures of CBI
and SMA-M1 connectivity are moderately reliable in younger adults, and, in older adults,
SMA-M1 connectivity was moderately reliable for SMA-M1 connectivity, but poor
reliability was found for CBI.

It is unclear why a similar degree of reliability was found for both dual-site TMS measures of
CBI and SMA-M1 connectivity in younger adults but not in older adults. In older adults, poor
reliability for dual-site TMS measures of CBI compared to moderate reliability for dual-site
TMS measures of SMA-M1 connectivity might be due to the figure-of-eight coil used to
measure CBI. The figure-of-eight coil has an electrical stimulation depth range of ~2-3 cm
from the surface of the head and, therefore, is thought to be more suitable for superficial
cortical targets, such as SMA and M1, than deeper structures, such as the cerebellum (Deng
et al., 2013). Nonetheless, previous dual-site TMS research indicates that the figure-of-eight
coil can sufficiently elicit CBI in younger adults (Hardwick et al., 2014) and PD (Carrillo et
al., 2013). A more suitable coil for cerebellar stimulation is the double-cone coil, which
provides an electrical stimulation depth range of ~3-4 cm from the surface of the head (Deng
et al., 2013; Lontis et al., 2006; Lu & Ueno, 2017). Previous dual-site TMS research suggests
that CBI variability is reduced when measured using a double-cone than figure-of-eight coil
in younger adults (Hardwick et al., 2014), with no reports in older adults. The greater
stimulation depth from the double-cone compared to figure-of-eight coil is thought to elicit a
larger pool of cerebellar Purkinje cells and, subsequently, reduce variability in M1
excitability (Hardwick et al., 2014). However, CBI using a double-cone coil was examined in
a sub-sample of older adults (n = 21; presented in Chapter 2, see Supplementary Materials),
which also showed poor reliability of dual-site TMS measures of CBI.
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Differences in the degree of reliability for dual-site TMS measures of CBI and SMA-M1
connectivity in older adults might be influenced by sample heterogeneity (Beaulieu et al.,
2017; Schambra et al., 2015; Weir, 2005). Reliability, quantified using ICCs, reflects the
between-subject variance as a ratio of the total variability in the data (Koo & Li, 2016; Weir,
2005). A limitation of ICC is that if there is a small between-subject variance within the
selected sample, this can influence the ICC ratio and result in poor reliability (Beaulieu et al.,
2017; Schambra et al., 2015; Weir, 2005). In older adults, sample heterogeneity might be
influenced by age-related factors, such as brain atrophy (Damoiseaux, 2017; Houde et al.,
2018; MacDonald et al., 2006; Seidler et al., 2010). Brain atrophy in aging is suggested to
follow an anterior to posterior decline, which starts in the prefrontal brain region (Bernard &
Seidler, 2014; Fling et al., 2012; Sullivan & Pfefferbaum, 2006). Although speculative, there
may be a gradual increase in between-subject variability, which starts in the more affected
frontal brain areas, such as SMA, and moves towards the hindbrain areas, such as the
cerebellum. This might have resulted in greater between-subject variability for dual-site TMS
measures of SMA-M1 connectivity underpinning moderate reliability, but lower betweensubject variability for dual-site TMS measures of CBI underpinning poor reliability.
However, this is unlikely as a recent fMRI study showed high inter-individual variability
across the cerebral cortex in BOLD activity, with the highest inter-individual variability
identified in the cerebellum of older adults (Li et al., 2017). Nonetheless, this highlights the
importance of examining factors that might underpin age-related variability both in CBI and
SMA-M1 connectivity. It would be interesting for future research to measure the skull-cortex
distance of the targeted stimulation brain sites using anatomical MRI combined with TMS
modelling. It might be hypothesised that greater skull-cerebellar cortex distance underpins
less between-subject variability in CBI, resulting in a less optimal measure in aging. It would
be worth examining test re-test reliability of dual-site TMS measures of effective connectivity
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(CBI and SMA-M1) controlling for skull-cortex distance to see whether this is the source of
variability in dual-site TMS measures reported in Chapters 2 and 3.

For both CBI and SMA-M1 connectivity, ratios varied to some extent both between and
within individuals, suggesting that a conditioning stimulus to cerebellum and SMA can elicit
both an inhibitory and facilitatory influence on M1 excitability. One dual-site TMS study
examined CBI using a double-cone coil, which showed that a subthreshold conditioning
stimulus to the cerebellum (40% MSO) facilitated M1 excitability, whereas suprathreshold
conditioning stimuli to the cerebellum (50%, 60%, 70%, 80% MSO) inhibited M1
excitability in younger adults (Fernandez et al., 2018b). Dual-site TMS studies examining
SMA-M1 connectivity have shown that a subthreshold conditioning stimulus to SMA (90%
AMT) inhibited M1 excitability, whereas a suprathreshold conditioning stimulus to SMA
(140% AMT) facilitated M1 excitability in younger adults (Arai et al., 2012; Arai et al.,
2011; Green et al., 2018), but had a neither facilitatory nor inhibitory influence on M1
excitability in older adults (Green et al., 2018). Together, these findings suggest that the
conditioning stimulus intensity can affect CBI and SMA-M1 connectivity in younger adults,
with less known in older adults.

Activation thresholds for the neuronal circuits that underpin the inhibitory and facilitatory
interactions between cerebellum-M1 and SMA-M1 may differ between individuals and might
be affected by age. Evidence from previous TMS studies suggests that stimulation intensity
thresholds increase with age due to a decline in the structural and functional integrity of
cortical motor areas and the corticospinal tract (Cuypers et al., 2013; Levin et al., 2011;
Oliviero et al., 2006; Peinemann et al., 2001; Rossini et al., 1992; Silbert et al., 2006). Hence,
the conditioning intensities used in Chapters 2 and 3 might not have stimulated the
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cerebellum and SMA comparably in both age groups, which likely caused some variability in
our reliability results. Future research should systematically examine the effects of
subthreshold and suprathreshold cerebellar and SMA conditioning stimulus intensities on M1
excitability both in younger and older adults. For cerebellar stimulation, a similar
conditioning stimulus range as those previously reported in younger adults should be
examined and compared in younger and older adults: 40%-80% MSO (10% increments). For
SMA stimulation, a broader range of conditioning stimuli than those previously used should
be examined and compared in younger and older adults, such as 80%-160% AMT (10%
increments). It is important to further investigate variability in dual-site TMS measures of
CBI and SMA-M1 connectivity, as dual-site TMS has the potential to be translated into
clinical practice.

6.3. Neural mechanisms of effective connectivity measured using dual-site TMS
CBI in normal aging
Findings from Chapter 2 showed, for the first time, age-related differences in CBI measured
using dual-site TMS with a figure-of-eight coil. Most younger adults showed CBI ratios less
than 1.0 (using a conditioning stimulus of 90% RMT), which is consistent with previous
dual-site TMS research showing that cerebellar stimulation had an inhibitory influence on M1
at an ISI of 5 ms (Daskalakis et al., 2004; Fernandez et al., 2018a; Grimaldi et al., 2014;
Hardwick et al., 2014; Ugawa et al., 1995). Findings from Chapter 2 extend this finding by
showing that cerebellar stimulation also had an inhibitory influence on M1 in older adults,
but this CBI was significantly smaller in older compared to younger adults. The inhibition of
M1 by cerebellar stimulation is thought to reflect the activation of cerebellar Purkinje cells
that inhibit M1 via the cerebellar dentate nucleus and ventrolateral thalamus (Allen &
Tsukahara, 1974; Daskalakis et al., 2004; Dum & Strick, 2003; Pinto & Chen, 2001; Ugawa
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et al., 1995), suggesting that CBI found in younger and older adults is likely mediated by this
pathway.

Despite showing an inhibitory influence of cerebellar stimulation on M1 excitability at the
group level in older adults, some older adults showed a facilitatory influence of cerebellar
stimulation on M1 excitability. To date, there are no reports of a facilitatory influence of
cerebellar stimulation on M1 excitability measured using a figure-of-eight coil and an ISI of 5
ms (Fernandez et al., 2018a). One dual-site TMS study using a double-cone coil showed a
facilitatory influence of cerebellar stimulation on M1 excitability at an ISI of 4 ms, with net
facilitation observed in most participants (CBI ratio range: 1.0-1.3; N = 8; Ugawa et al.,
1995). Electrical stimulation studies have also shown a facilitatory influence of cerebellar
stimulation on M1 excitability at ISIs of 3 ms and 4 ms (Iwata et al., 2004; Iwata & Ugawa,
2005). It is not known what mechanisms mediate this facilitatory influence of cerebellar
stimulation on M1 excitability. Projections from cerebellar nuclei to M1 are excitatory
through the ventral thalamus, but these networks are suppressed by the activation of
inhibitory cerebellar Purkinje cells (Allen & Tsukahara, 1974; Dum & Strick, 2003). There
may be individual differences in the optimal ISI to measure facilitatory (and inhibitory)
interactions between the cerebellum and M1, which might change with age. Cerebellar
stimulation does not facilitate nor inhibit M1 excitability at short ISIs (e.g., ISI of 3 ms or
less), whereas higher ISIs (e.g., ISIs of 8 ms and 9 ms) may reflect the activation of
peripheral nerve fibres in the brachial plexus, which is a network of nerve roots in the neck
(Pinto & Chen, 2001; Werhahn et al., 1996). Therefore, future research should use ISIs
ranging between 4-7 ms with small increments (e.g., 0.2) to systematically examine CBI in
aging.
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As mentioned, dual-site TMS measures of CBI were significantly smaller in older than
younger adults in both sessions, which is thought to reflect an age-related decline in
cerebellar volume (Chapter 2). Evidence from fMRI and diffusion MRI research has shown
an age-related decline in cerebellar white matter integrity and a loss of Purkinje cells
(Andersen et al., 2003; Zhang et al., 2010), which is associated with less activity in cerebellar
output cells connecting with the ventrolateral thalamus, and cortical regions (Cavallari et al.,
2013; Kafri et al., 2013; Sullivan & Pfefferbaum, 2006). Therefore, weaker CBI in older
adults than younger adults can be explained physiologically: loss of inhibitory Purkinje cells
and connectivity along the cerebello-thalamic-M1 tract might underpin less CBI in older
adults. However, as outlined above (see Reliability of dual-site TMS measures of effective
connectivity), poor reliability was found for dual-site TMS measures of CBI in older adults
(Chapter 2), suggesting an unstable measure of CBI with some variability. Therefore, it is
unclear whether measures of CBI in older adults reflect an intrinsic physiological response of
aging or variability in response to dual-site TMS measures, highlighting the importance of
establishing a more reliable dual-site TMS measure of CBI than that reported in Chapter 2
(see above for suggestions of enhancing reliability: Reliability of dual-site TMS measures of
effective connectivity).

SMA-M1 connectivity in normal aging
In Chapter 4, most younger adults showed SMA-M1 ratios greater than 1.0 (conditioning
stimulus of 140% AMT), which is consistent with previous dual-site TMS research showing
SMA stimulation had a facilitatory influence on M1 excitability (Arai et al., 2012; Green et
al., 2018). Findings from Chapter 4 extended this finding by showing, for the first time, SMA
stimulation had an inhibitory influence on M1 excitability at an ISI of 7 ms in older adults.
The facilitation of M1 by SMA stimulation is thought to reflect direct excitatory connections

Chapter 6. General Discussion

253

acting between SMA and M1, likely mediated by direct glutamatergic activity (Arai et al.,
2012; Arai et al., 2011; Luppino et al., 1993; Muakkassa & Strick, 1979; Shima & Tanji,
1998). There is some evidence for an inhibitory influence of SMA stimulation on M1
excitability: previous electrical stimulation research has shown that stimulating SMA
inhibited M1 excitability at an ISI of 5 ms in non-human primates (Cote et al., 2020), and
previous TMS research has shown that stimulating SMA inhibited M1 excitability at an ISI of
40 ms in humans (Fiori et al., 2017). However, it is not known what mechanisms mediate this
inhibitory influence of SMA stimulation on M1 excitability. SMA-M1 inhibition found in
older adults might reflect an age-related decline in subcortical regions. Evidence from
positron emission tomography and single-photon emission computed tomography indicates
an age-related decline in dopamine neurons of the basal ganglia, particularly affecting the
dorsal striatum (Kaasinen & Rinne, 2002; Shin et al., 2021; Vandyck et al., 1995; Zelnik et
al., 1986). As described in the experimental Chapter examining SMA-M1 connectivity in PD
(Chapter 5), it is thought that a loss of dopamine neurons in the basal ganglia elicits net
inhibition of the motor thalamic nuclei and decreases cerebral cortex excitability (Albin et al.,
1995; Graybiel, 1990). The inhibitory drive from the motor thalamic nuclei might reduce
SMA excitability and underpin the SMA-M1 inhibition found in older adults.

In experimental Chapters 3 and 4, results suggest that dual-site TMS measures of SMA-M1
connectivity were moderately reliable in younger and older adults (Chapter 3), and SMA-M1
connectivity was significantly smaller in older than younger adults in both sessions (Chapter
4). This offers some certainty that weaker SMA-M1 connectivity in older than younger adults
reflect physiological rather than methodological differences between the groups. In Chapter
4, it was speculated that weaker SMA-M1 connectivity in older than younger adults reflect an
age-related decline in white matter integrity, which plays an important role in effectively
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relaying information between areas of the brain (Serbruyns et al., 2015; Sullivan et al., 2010).
With advancing age comes a decline in white matter integrity due to the loss of myelinated
fibres and reduced axonal integrity (Bartzokis et al., 2004; Marner et al., 2003; Meierruge et
al., 1992; Peters, 2002; Seidler et al., 2010). One study has shown that reduced white matter
integrity between the dorsal premotor cortex and M1 using diffusion tensor imaging was
associated with reduced effective connectivity between these motor brain areas measured
using dual-site TMS (Fujiyama et al., 2016). This provides a basis for future research to
examine whether the reduction in SMA-M1 connectivity measured using dual-site TMS is
underpinned by a decline in white matter integrity measured using diffusion tensor imaging.
Furthermore, combining dual-site TMS and diffusion tensor imaging to examine SMA-M1
connectivity might reduce some of the variability found in dual-site TMS measures and
optimise measures of dual-site TMS measures of SMA-M1 connectivity to track brain
changes relevant to the age- and PD-related decline of motor control.

SMA-M1 connectivity in tremor-dominant PD
Considering the reliability (Chapters 3) and aging results (Chapters 4), SMA-M1 connectivity
was examined using dual-site TMS with an ISI of 7 ms in people with PD (Chapter 5). As a
first step to characterise the pathophysiology of resting tremor in PD, SMA-M1 connectivity
was examined ON and OFF levodopa medication. OFF medication, SMA-M1 ratios were less
than 1.0, suggesting a significant inhibitory influence of SMA stimulation on M1 excitability.
In Chapter 5, the inhibitory influence of SMA stimulation on M1 excitability in PD
participants OFF medication was suggested to reflect functional alterations in the basal
ganglia-thalamo-cortical circuit as a result of a loss of dopaminergic cells. Anatomical studies
of non-human primates indicate that the internal globus pallidus indirectly connects to SMA
(Akkal et al., 2007). A combined EMG-fMRI study showed that tremor amplitude in tremor-
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dominant PD OFF medication was associated with greater global pallidus activity, suggesting
the internal global pallidus is implicated in tremor-dominant PD (Dirkx et al., 2016). Hence,
the inhibitory drive from the internal globus pallidus and/or motor thalamic nuclei might
reduce SMA excitability and underpin the SMA-M1 inhibition reported in Chapter 5.

Non-dopaminergic mechanisms might also underpin SMA-M1 inhibition. In PD, there is a
progressive decline of serotonergic neurons in the raphe nuclei (Delaville et al., 2011; Doder
et al., 2003; Mercuri & Bernardi, 2005; Qamhawi et al., 2015; Riekkinen et al., 1998). These
neurons have strong connections with the frontal cortex and the basal-ganglia-thalamocortical circuit via the striatum (Politis & Loane, 2011; Tork, 1990) and are thought to
modulate levels of striatal dopamine (Bara-Jimenez et al., 2005; Di Matteo et al., 2008;
Politis & Niccolini, 2015). Evidence from positron emission tomography suggests a greater
loss of serotonin projections to the striatum, thalamus, and Brodmann areas 4 and 10 in
tremor-dominant PD compared with akinetic-rigid PD (Loane et al., 2013), suggesting that
serotonin might play a specific role in tremor-dominant PD. As Brodmann area 4 involves
both SMA and M1, a loss of serotonin might contribute to SMA-M1 inhibition. The loss of
serotonin influencing Brodmann area 10 is an interesting finding (Loane et al., 2013), as this
area involves the medial prefrontal cortex, which is thought to play a role in depressive
symptoms (Bludau et al., 2016). In Chapter 5, strong SMA-M1 inhibition was associated with
high depressive scores in PD; it is possible that the association we observed might be
underpinned by a decline of serotonergic neurons in tremor-dominant PD. Future research
should investigate the inter-play between serotonin, SMA-M1 inhibition measured using
dual-site TMS, and depression, as it is conceivable that other forms of treatment (i.e., which
modulate serotoninergic activity in the brain) might prove to be useful in tremor-dominant
PD.
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Findings from Chapter 5 offered the first report of differences in SMA-M1 connectivity ON
versus OFF medication: SMA-M1 inhibition OFF medication was reduced ON medication.
Previous fMRI and photon emission tomography research has shown an increase in SMA and
M1 BOLD activity ON compared to OFF medication while performing simple motor tasks
(Buhmann et al., 2003; Haslinger et al., 2001; Jenkins et al., 1992; Rascol et al., 1992). This
is thought to be due to levodopa ‘normalising’ cortical activity: levodopa increases dopamine
levels in the basal ganglia, which reduces net inhibition of the motor thalamic nuclei, and
increases excitation of the cerebral cortex (Albin et al., 1995; Graybiel, 1990). Indeed,
findings reported in Chapter 5 showed a similar trend to neuroimaging research, such that the
inhibitory influence of SMA stimulation on M1 excitability was normalised ON compared to
OFF medication. However, it is difficult to make direct comparisons with previous
neuroimaging research as these studies investigated non-tremor-dominant PD (i.e., akinetic).
It would be interesting in future research to examine SMA-M1 connectivity in tremordominant PD compared to other PD conditions, such as bradykinesia and levodopa-induced
dyskinesia, using the sensitive dual-site TMS measure of SMA-M1 connectivity.

SMA BOLD hyperactivity recorded using fMRI has been thought to underpin the
development and severity of levodopa-induced dyskinesia (Bezard et al., 2003; Herz et al.,
2014). Support for this notion comes from previous studies showing that low-frequency
repetitive TMS reduces SMA excitability, which was associated with an improvement in
involuntary movements for levodopa-induced dyskinesia (Koch et al., 2005). Furthermore,
SMA BOLD hypoactivity recorded using fMRI may be associated with the pathogenesis of
bradykinesia (Berardelli et al., 2001). Previous high-frequency repeated TMS research has
shown an increase in SMA excitability, which was associated with bradykinesia symptoms
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measured using the UPDRS (Hamada et al., 2009). Together, these findings suggest that
SMA excitability might be implicated in different ways in different PD conditions. SMA
faciliatory and/or inhibitory interactions with M1 might be functionally important for
different PD conditions. If this is the case, dual-site TMS could potentially be used as a tool
to differentiate PD conditions or be a specific tool for understanding the pathophysiology of
PD tremor. As SMA stimulation had an inhibitory influence on M1 excitability in tremordominant PD (Chapter 5), future research should apply high frequency repeated TMS to
SMA to examine whether this is associated with reduced resting tremor severity. Specifically,
using cortical paired associated TMS, which involves repetitive dual-site TMS, might provide
further support for the notion that the interaction between SMA and M1 is functionally
important for PD tremor. Identifying the specific neural networks involved in PD tremor will
optimise treatment for PD tremor, which is currently lacking for this motor symptom.

6.4. Functional role of effective connectivity in motor control
Older adults
In older adults, SMA-M1 connectivity was associated with bimanual motor performance
measured using the Purdue Pegboard assembly task: SMA-M1 facilitation was associated
with better bimanual performance, whereas SMA-M1 inhibition was associated with poorer
bimanual performance (Chapter 4). This finding suggests that the influence of SMA
stimulation on M1 excitability might play a role in bimanual motor control in older adults.
One study examined the relationship between SMA-M1 connectivity and Purdue Pegboard
assembly performance, but this study performed correlational analysis on data from younger
and older adults pooled together (Green et al., 2018). Findings reported in Chapter 4 extend
this research by showing an association between SMA-M1 connectivity and bimanual motor
performance in a heterogeneous sample of older adults. Furthermore, this extends previous
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fMRI research showing that greater simultaneous SMA and M1 BOLD activity was
associated with faster performance on a simple reaction task in older adults (Michely et al.,
2018). Previous research indicates that an age-related decline of manual dexterity can be
improved by engaging in physical activity, such as engaging in strength training or aerobic
exercises (Hübner & Voelcker-Rehage, 2017; Olafsdottir et al., 2008; Zisi et al., 2001). It
would be interesting for future research to monitor SMA-M1 connectivity using dual-site
TMS during physical activity interventions to examine whether bilateral motor control and
SMA-M1 facilitation increases in older adults.

Tremor-dominant PD
ON medication, SMA-M1 connectivity was associated with tremor severity recorded using
EMG: SMA-M1 facilitation was associated with less severe tremor, whereas SMA-M1
inhibition was associated with severe tremor (Chapter 5). Both SMA and M1 are implicated
in PD resting tremor: delivering single-pulse TMS to SMA and M1 interrupts ongoing resting
tremor activity and resets tremor to a new point in its tremor cycle (Lu et al., 2015).
However, these previous findings reflect both SMA and M1 activity OFF medication; less is
known about the role of SMA or M1 activity ON medication in resting tremor, with the
majority of neuroimaging and TMS research focusing on neural activity OFF medication. No
significant associations were found between SMA-M1 connectivity and tremor severity OFF
medication. A previous fMRI study showed increased functional connectivity in both SMA
and M1 activity in tremor-dominant PD OFF medication compared to healthy controls, and
the increase in M1 but not SMA activity was associated with increased clinical resting tremor
scores (Zhang et al., 2015). These findings suggest that alterations in SMA activity OFF
medication do not influence resting tremor severity. Results reported in Chapter 5 (in part)
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extend this previous research by showing that the excitatory influence of SMA stimulation on
M1 excitability OFF medication was not associated with PD resting tremor severity.

The absence of an association between SMA-M1 connectivity and resting tremor severity
OFF medication was an unexpected finding, but this might suggest that SMA-M1
connectivity ON and OFF medication have different roles in resting tremor. The negative
association between SMA-M1 connectivity and resting tremor ON medication suggests that
the magnitude of SMA-M1 facilitation might be implicated in tremor power. A combined
EMG-fMRI study used dynamic modelling to examine altered cerebral activity during
changes in tremor amplitude and suggested that an increase in cerebello-thalamo-cortical
circuit activity was associated with greater tremor amplitude (Dirkx et al., 2016; Helmich et
al., 2012). Both SMA and M1 receive input from the cerebello-thalamo-cortical circuit and,
therefore, are likely both involved in tremor amplitude (Akkal et al., 2007; Wiesendanger &
Wiesendanger, 1985). Although speculative, alterations in the cerebello-thalamo-SMA-M1
circuit might underpin SMA-M1 inhibition and PD tremor. That is SMA-M1 inhibition OFF
medication might be important for PD tremor, but SMA-M1 inhibition alone does not predict
PD tremor as other circuitries play a role in tremor.

It has previously been proposed that altered SMA activity might be a compensatory response
to a decline in cerebellum integrity in people with Essential Tremor (ET; Gallea et al., 2015).
One neuroimaging study showed that greater SMA grey matter volume was associated with
smaller cerebellar grey matter volume in ET (Gallea et al., 2015). Greater SMA grey matter
volume was associated with lower tremor frequency (Hz) in ET(Gallea et al., 2015).
Furthermore, reduced SMA activity quantified as the amplitude of low frequency fluctuations
(indicating spontaneous neural activity) was associated with greater SMA grey matter volume

Chapter 6. General Discussion

260

and lower tremor frequency (Gallea et al., 2015). From this, it was suggested that structural
changes in the cerebellum (i.e., reduced grey matter volume) affect both the structure and
function of SMA and that the changes in SMA are compensatory in nature such that they
reduce tremor severity (Hz) in ET (Gallea et al., 2015). In PD, fMRI research has shown
increased cerebellar blood-oxygen-level-dependent activity at rest and during movement
when compared to healthy controls (Jahanshahi et al., 2010; Rascol et al., 1997; Wu &
Hallett, 2013; Yu et al., 2007). Furthermore, diffusion tensor MRI research suggests an
increase in diffusion along the cerebello-thalamo-cortical white matter tract in tremordominant PD compared to controls (Luo et al., 2017). Like in ET, it is possible that the
altered cerebellar activity in PD affects SMA activity and, subsequently, tremor severity. If
so, the increased SMA-M1 connectivity ON compared to OFF medication reported in the
current study might act to reduce tremor via compensatory processes triggered by diseaserelated changes in the cerebellum. However, this is speculative and requires further
investigation.

Previous research has shown that single-pulse TMS delivered to SMA interrupts the ongoing
resting tremor activity and resets tremor to a new point in the tremor cycle, indicating SMA is
implicated in resting tremor (Lu et al., 2015). However, this study delivered single-pulse
TMS using a double-cone coil, which might have caused current spread from the SMA
stimulation site to M1(Lu et al., 2015). Hence, it is unclear whether stimulation delivered to
SMA-alone (without influencing M1) is implicated in resting tremor. In the current study, the
role of single-pulse TMS delivered to SMA in ongoing resting tremor was not examined, but
the methodological limitations of this single-pulse TMS study were considered. In the current
study, a figure-of-eight coil was used to provide a relatively focal magnetic field to limit
current spread from SMA to M1. Furthermore, a CS intensity of 140% AMT was used,
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consistent with previous research showing a facilitatory influence of SMA stimulation on M1
excitability (Arai et al., 2012; Arai et al., 2011; Green et al., 2018). Nonetheless, the SMAM1 facilitation observed in the current study might have been due to current spread from the
CS (140% AMT) to M1 rather than through synaptic connections between SMA and M1. In
turn, M1, rather than SMA-M1 connectivity, might be implicated in resting tremor. Previous
research has shown SMA-M1 facilitation when using a lateral coil orientation, which induces
current flow directed from the midline towards SMA, but not a posterior-lateral coil
orientation, which induces current flow directed from the midline towards M1 (Arai et al.,
2012). Given that a posterior-lateral coil orientation is more likely than a lateral coil
orientation to directly influence M1 excitability, it is unlikely that SMA-M1 facilitation
observed using lateral coil orientation was due to current spread from CS to M1. SMA-M1
facilitation might also have been due to current spread from the CS to the dorsal premotor
cortex, which is densely connected to M1. However, previous dual-site TMS research shows
an excitatory influence of dorsal premotor cortex on M1 at ISIs of 2.4-2.8 ms but not at an ISI
of 5.2 ms (Groppa, Schlaak, et al., 2012). Therefore, it is unlikely that the SMA-M1
facilitation observed at an ISI of 7 ms in the current study was due to an excitatory influence
of dorsal premotor cortex on M1. However, we cannot entirely rule out the possibility of an
influence of current spread to other motor regions on SMA-M1 facilitation, and the
relationship between these networks and resting tremor. This could be investigated in future
research using computational electric field modelling (e.g. Janssen et al., 2015; Opitz et al.,
2014; Thielscher et al., 2011).

Together, these findings have important implications for understanding the pathophysiology
of tremor and for treating PD tremor, such as using deep brain stimulation, which is a
common treatment for advanced PD tremor. For example, there is growing interest in
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developing deep brain stimulation protocols that involve targeting multiple brain regions
implicated in PD (Rama Raju et al., 2021; Rosin et al., 2011). Indeed, more research needs to
be conducted, but there is potential that SMA-M1 could be targeted in invasive brain
stimulation to reduce PD tremor.

6.5. Future research
It is possible that SMA-M1 inhibition observed both in older adults and PD is mediated by a
decline of dopamine neurons in the basal ganglia. However, the magnitude and rate of
dopamine loss are greater in PD than in older adults (Nurmi et al., 2000), which would likely
differentially influence the motor thalamic nuclei inhibitory drive to SMA. Furthermore, the
dopamine loss seems to differentially affect the striatum in older adults compared to PD. In
older adults, dopamine loss affects the dorsal striatum, whereas, in PD, dopamine loss is
thought to predominantly affect the posterior putamen and caudate (Bohnen et al., 2006;
Gharibkandi & Hosseinimehr, 2019; Hsiao et al., 2014; Kaasinen & Rinne, 2002). Finally,
dopamine loss is different between other PD symptoms (e.g., bradykinesia) compared to PD
tremor. A nuclear imaging study has shown that dopamine transporter density in the
pallidum, rather than in the striatum, correlates with PD tremor (Helmich et al., 2011).
Furthermore, dopamine loss has been shown in the retrorubral area of the midbrain, which
projects to the pallidum in PD tremor compared to other PD symptoms (Jellinger, 2012). As a
first step, future research should examine SMA-M1 connectivity using dual-site TMS in a
large sample of older adults and PD to examine whether SMA-M1 inhibition is significantly
different between the groups. If SMA-M1 inhibition is not significantly different between
older adults and PD, this will provide the foundation for examining the role of dopamine
neuron loss in SMA-M1 connectivity. It might be hypothesised that SMA-M1 inhibition is

Chapter 6. General Discussion

263

mediated by a decline in dopamine neurons, and dual-site TMS might be an important tool to
monitor changes in SMA-M1 connectivity and, indirectly, dopamine neurons.

6.6. Clinical implications
At present, there is no adequate clinical tool for monitoring and/or tracking
neurophysiological progression in aging or PD. Findings from Chapters 4 and 5 provide
evidence for neural mechanisms affected both by aging and PD and neural substrates
implicated in the decline of motor control in aging and PD. The reliable dual-site TMS
measure of SMA-M1 connectivity (Chapter 3) could be used to track the progressive decline
of SMA-M1 connectivity in aging and PD, which might provide a biomarker for the
functional motor decline seen in aging and PD. Specifically, dual-site TMS could be used to
monitor the shift from SMA-M1 facilitation to inhibition and whether this modulates the ageand PD-related decline in motor control. Cortical paired associative stimulation is a
promising tool, involving repetitive application of dual-site TMS, that could be implemented
in clinical practice to modulate SMA-M1 connectivity to reduce the age-related decline in
motor control and PD resting tremor. It is too early for cortical paired associative stimulation
to be translated directly into clinical practice, but other repetitive TMS protocols are currently
used in public and private clinics in Australia as an effective treatment tool to treat
individuals with clinical conditions who are not responsive to medication for treatment. The
first step to translate non-invasive brain stimulation from research to clinical practice is to
establish the reliability of dual-site TMS (Chapters 2 and 3) and identify neural substrates
implicated in PD resting tremor (Chapter 5). The next step is to conduct large randomised
controlled trials to develop a cost-effective treatment for resting tremor in PD; results
presented in this thesis can be used to inform the study design.
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6.7. Conclusion
The results presented in this thesis showed a functional role of altered SMA-M1 connectivity
measured using dual-site TMS in older adults and tremor-dominant PD. SMA-M1 facilitation
seems to be an important neural mechanism both in aging and PD: individuals with younglike SMA-M1 facilitation showed the fastest bimanual motor performance in the older adult
sample, and less severe tremor in the PD sample. Using dual-site TMS to monitor the shift
from SMA-M1 facilitation to inhibition and the role of this shift in motor control will offer
further insight into the pathophysiology of PD tremor. Targeting SMA-M1 connectivity using
cortical paired associated TMS might be a useful therapeutic tool to manage or prevent the
progression of severe resting tremor in PD.
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