Edith Cowan University
Research Online

Research outputs 2022 to 2026

2-1-2023

Motor cortical excitability and pre-supplementary motor area
neurochemistry in healthy adults with substantia nigra
hyperechogenicity

Gabrielle Todd
Caroline D. Rae

Janet L. Taylor
Edith Cowan University, janet.taylor@ecu.edu.au

Nigel C. Rogasch

Jane E. Butler

See next page for additional authors

Follow this and additional works at: https://ro.ecu.edu.au/ecuworks2022-2026

b Part of the Neurosciences Commons

10.1002/jnr.25145

Todd, G., Rae, C. D., Taylor, J. L., Rogasch, N. C., Butler, J. E., Hayes, M,, ... & Double, K. L. (2023). Motor cortical
excitability and pre-supplementary motor area neurochemistry in healthy adults with substantia nigra
hyperechogenicity. Journal of Neuroscience Research, 101(2), 263-277. https://doi.org/10.1002/jnr.25145
This Journal Article is posted at Research Online.

https://ro.ecu.edu.au/ecuworks2022-2026/1597


https://ro.ecu.edu.au/
https://ro.ecu.edu.au/ecuworks2022-2026
https://ro.ecu.edu.au/ecuworks2022-2026?utm_source=ro.ecu.edu.au%2Fecuworks2022-2026%2F1597&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/1010?utm_source=ro.ecu.edu.au%2Fecuworks2022-2026%2F1597&utm_medium=PDF&utm_campaign=PDFCoverPages
http://dx.doi.org/10.1002/jnr.25145
https://doi.org/10.1002/jnr.25145

Authors

Gabrielle Todd, Caroline D. Rae, Janet L. Taylor, Nigel C. Rogasch, Jane E. Butler, Michael Hayes, Robert A.
Wilcox, Simon C. Gandevia, Karl Aoun, Adrian Esterman, Simon J. G. Lewis, Julie M. Hall, Elie Matar, Jana
Godau, Daniela Berg, Christian Plewnia, Anna-Katharina von Thaler, Clarence Chiang, and Kay L. Double

This journal article is available at Research Online: https://ro.ecu.edu.au/ecuworks2022-2026/1597


https://ro.ecu.edu.au/ecuworks2022-2026/1597

'.) Check for updates

Received: 24 May 2022 | Revised: 8 October 2022 Accepted: 26 October 2022

DOI: 10.1002/jnr.25145

JOURNAL OF

RESEARCH ARTICLE Neuroscience Research

Motor cortical excitability and pre-supplementary motor
area neurochemistry in healthy adults with substantia nigra
hyperechogenicity

Gabrielle Todd® | Caroline D. Rae?*® | Janet L. Taylor>®>* | Nigel C. Rogasch>®’ |

Jane E. Butler®® | Michael Hayes® | Robert A. Wilcox™>° | Simon C. Gandevia®® |
Karl Aoun'! | Adrian Esterman® | SimonJ.G. Lewis'® | Julie M. Hall*®* | Elie Matar!? |
Jana Godau'* | Daniela Berg!® | Christian Plewnia’® | Anna-Katharina von Thaler' |
Clarence Chiang®® | Kay L. Double?!!

1UniSA Clinical & Health Sciences and Alliance for Research in Exercise, Nutrition and Activity (ARENA), University of South Australia, Adelaide, South
Australia, Australia

2Neuroscience Research Australia, Randwick, New South Wales, Australia

3Faculty of Medicine, University of New South Wales, Kensington, New South Wales, Australia

4School of Medical and Health Sciences, Edith Cowan University, Joondalup, Western Australia, Australia

SHopwood Centre for Neurobiology, South Australian Health and Medical Research Institute, Adelaide, South Australia, Australia
SFaculty of Health and Medical Sciences, The University of Adelaide, Adelaide, South Australia, Australia

’School of Psychological Sciences and Turner Institute for Brain and Mental Health, Monash University, Melbourne, Victoria, Australia
8Department of Neurology, Concord Repatriation General Hospital, Concord, New South Wales, Australia

9Department of Neurology, Flinders Medical Centre, Bedford Park, South Australia, Australia

10College of Medicine and Public Health, Flinders University, Bedford Park, South Australia, Australia

Brain and Mind Centre and School of Medical Sciences (Neuroscience), The University of Sydney, Sydney, New South Wales, Australia

12ForeFront Parkinson's Disease Research Clinic, Brain and Mind Centre, Faculty of Medicine and Health, The University of Sydney, Camperdown, New South
Wales, Australia

13Department of Experimental Psychology, Ghent University, Ghent, Belgium

Department of Neurology, Klinikum Kassel GmbH, Kassel, Germany

15Department of Neurology, UKSH, Campus Kiel, Christian-Albrechts-University, Kiel, Germany

1$Department of Psychiatry and Psychotherapy, Neurophysiology & Interventional Neuropsychiatry, University of Tiibingen, Tiibingen, Germany

17Zentrum fiir Neurologie, Abteilung Neurodegeneration, Universitatsklinikum Tiibingen, Tiibingen, Germany

Correspondence
Gabrielle Todd, UniSA Clinical & Health Abstract
Sciences, University of South Australia,
GPO Box 2471, Adelaide, SA 5001,

Australia. risk marker for Parkinson's disease. We hypothesized that SN hyperechogenicity in
Email: gabrielle.todd@unisa.edu.au

Substantia nigra (SN) hyperechogenicity, viewed with transcranial ultrasound, is a

healthy adults aged 50-70years is associated with reduced short-interval intracorti-

Funding information cal inhibition in primary motor cortex, and that the reduced intracortical inhibition is
Coopers Brewery Foundation

Incorporated Trust; National Health and
Medical Research Council of Australia; area (pre-SMA). Short-interval intracortical inhibition and intracortical facilitation in

associated with neurochemical markers of activity in the pre-supplementary motor

Edited by Junie Paula Warrington and Carlos Cepeda. Reviewed by Vishal Rawji and Yaoying Ma.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction
in any medium, provided the original work is properly cited and is not used for commercial purposes.

© 2022 The Authors. Journal of Neuroscience Research published by Wiley Periodicals LLC.

J Neurosci Res. 2023;101:263-277. wileyonlinelibrary.com/journal/jnr 263

85UB017 SUOWIWOD SA 81D 3deot[dde aup Ag peusencb a.e s9jole YO ‘9SN JO So|ni o} AkeuqiT8UIIUQ AB]I/M UO (SUONIPUOD-PUe-SWB /Lo A3 1M AreIq iUl Juo//SAny) SUONIPUOD Pue SwiS 1 81 88S *[£202/T0/80] Uo AkidiTauljuo A1 ‘AISIBAIUN UemoD YipT Ag GyTSZ AUl/Z00T 0T/I0p/W00 A8 | Aleiq 1 uuoy/Sdny Wwolj pepeojumod ‘Z ‘€202 ‘LiS260T


www.wileyonlinelibrary.com/journal/jnr
mailto:﻿
mailto:gabrielle.todd@unisa.edu.au
http://creativecommons.org/licenses/by-nc/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fjnr.25145&domain=pdf&date_stamp=2022-11-10

264

JOURNAL OF

TODD ET AL.

Neuroscience Research

Parkinson's South Australia; Rebecca L.
Cooper Medical Research Foundation;
University of South Australia; University
of Sydney; Australian Research Council,
Grant/Award Number: DE180100741

primary motor cortex was assessed with paired-pulse transcranial magnetic stimu-
lation in 23 healthy adults with normal (n = 14; 61 +7 yrs) or abnormally enlarged
(hyperechogenic; n = 9; 60+ 6 yrs) area of SN echogenicity. Thirteen of these par-
ticipants (7 SN- and 6 SN+) also underwent brain magnetic resonance spectroscopy
to investigate pre-SMA neurochemistry. There was no relationship between area of
SN echogenicity and short-interval intracortical inhibition in the ipsilateral primary
motor cortex. There was a significant positive relationship, however, between area
of echogenicity in the right SN and the magnitude of intracortical facilitation in the
right (ipsilateral) primary motor cortex (p = .005; multivariate regression), evidenced
by the amplitude of the conditioned motor evoked potential (MEP) at the 10-12ms
interstimulus interval. This relationship was not present on the left side. Pre-SMA
glutamate did not predict primary motor cortex inhibition or facilitation. The results
suggest that SN hyperechogenicity in healthy older adults may be associated with

changes in excitability of motor cortical circuitry. The results advance understanding

KEYWORDS

stimulation

1 | INTRODUCTION

Parkinson's disease is a neurodegenerative disease that affects
many parts of the brain, particularly the structure and/or function
of movement-related circuitry. The latter includes the death of sig-
nificant numbers of dopaminergic neurons in the substantia nigra
pars compacta (e.g., Fearnley & Lees, 1991) and also of cortico-
cortical projecting pyramidal neurons in the pre-supplementary
motor area (pre-SMA; MacDonald & Halliday, 2002). The number,
and morphological appearance, of pyramidal neurons and interneu-
rons in other motor cortices, such as the primary motor cortex and
dorsolateral premotor cortex, appear to be preserved (MacDonald
& Halliday, 2002) but changes in motor cortical function are evi-
dent. For example, paired-pulse transcranial magnetic stimulation
(TMS) over the primary motor cortex shows reduced short-interval
(GABA ,-mediated) intracortical inhibition within the motor cortex
in de novo patients (e.g.,, Ammann et al., 2020) and patients OFF
medication (e.g., Ammann et al., 2020; Bologna et al., 2018; Ridding
et al., 1995). The role of such changes in disease etiology, onset, and
progression, and treatment efficacy is not fully understood.

The current study explored potential relationships between
changes in the structure and function of the substantia nigra, pre-
SMA, and primary motor cortex in conscious humans. Investigation
and interpretation of such relationships in patients diagnosed with
Parkinson's disease is complicated because of uncertainty re-
garding variability between patients in the extent and diversity
of disease-related processes occurring in brain regions that have

secondary roles in movement conception and control, such as the

of brain changes in healthy older adults at risk of Parkinson's disease.

motor cortex, pre-supplementary motor area, substantia nigra, transcranial magnetic

Significance

The primary brain region which degenerates in Parkinson's
disease is the substantia nigra. This brain region is also
changed in a proportion of healthy older adults who are
more likely to be later diagnosed with Parkinson's disease.
Here, we show that healthy adults with an altered substan-
tia nigra also exhibit changes in the function of the primary
motor cortex. Our study reveals brain changes in healthy
persons at risk of Parkinson's disease are not restricted
to the substantia nigra but also occur in other movement-
associated brain regions. This work increases our under-

standing of brain changes and risk of Parkinson's disease.

prefrontal cortex which has connections with the substantia nigra
(e.g., Cacciola et al., 2016). These processes include, for example,
the increased and variable presence of Lewy bodies in cortical and
subcortical areas (for review, see Surmeier et al., 2017). A potentially
less-complicated model for exploring such relationships involves
healthy adults with a significant risk marker for Parkinson's disease.
The risk marker of interest is an abnormal echogenic appearance of
the substantia nigra when viewed with transcranial ultrasound (e.g.,
Berg et al., 2013, 2015).

The area of echogenic signal in the substantia nigra is ab-
normally large (termed “hyperechogenicity”) in up to 90% of pa-

tients with Parkinson's disease (e.g., Doepp et al., 2008; Spiegel
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et al., 2006; Tsai et al., 2007) and this abnormality has a high sen-
sitivity (83%-84%) and specificity (85%-87%) for the disease (Li
et al., 2016; Prestel et al., 2006; Tao et al., 2019). Substantia nigra
hyperechogenicity is an acknowledged risk marker for Parkinson's
disease (Berg et al., 2015). Healthy older adults with this abnor-
mality are 17 times more likely to be diagnosed with Parkinson's
disease over a 3- year period (Berg et al., 2011) and the abnor-
mality is associated with changes in hand function that resemble
those observed in Parkinson's disease patients (Todd et al., 2014).
The pathophysiological processes that underlie substantia nigra
hyperechogenicity are not fully understood but likely involve local
activation of microglia (Berg et al., 2010), decreased neuromelanin
(Zecca et al., 2005), and increased tissue iron (Berg et al., 2002)
and H- and L-ferritin (Zecca et al., 2005). Impairment of the ni-
grostriatal pathway, evidenced by reduced 18F—Dopa uptake in
the striatum, has also been observed in conjunction with these
changes (Behnke et al., 2009; Berg et al., 1999, 2002). Healthy
older adults with substantia nigra hyperechogenicity also exhibit
changes in the excitability and/or function of circuitry within the
primary motor cortex, specifically reduced short-interval (GABA ,-
mediated) intracortical inhibition (Todd et al.,, 2010), similar to
that observed in patients with Parkinson's disease (e.g., Ammann
et al., 2020; Bologna et al., 2018; Ridding et al., 1995).

The aim of this exploratory study was to investigate the re-
lationship between substantia nigra hyperechogenicity, reduced
short-interval intracortical inhibition within the primary motor
cortex, and neurochemical markers of activity in the pre-SMA
obtained using magnetic resonance spectroscopy. A second-
ary aim was to determine whether the previously documented
relationship between substantia nigra hyperechogenicity and
reduced short-interval intracortical inhibition within primary
motor cortex of healthy adults aged 72-84 years is also evident
in healthy adults spanning (aged 50-70years) the average di-
agnostic age for Parkinson's disease (60years, for review see
de Lau & Breteler, 2006). We hypothesized that substantia
nigra hyperechogenicity in healthy adults aged 50-70years
is associated with reduced short-interval intracortical inhibi-
tion in the primary motor cortex and that the reduced intra-
cortical inhibition is associated with neurochemical markers of
activity in the pre-SMA. The pre-SMA receives input from the
basal ganglia via the ventral anterior thalamus (for review, see
Nachev et al., 2008) and the pre-SMA is connected to the pri-
mary motor cortex via projections to the caudal supplementary
motor area or “SMA proper” (for review, see Tanji, 1994). The
pre-SMA is involved in movement preparation, arm reaching and
grasping movements, and visually cued movement (e.g., Hoshi
& Tanji, 2004; for review see Nachev et al.,, 2008) and lesions
affecting the SMA are associated with a rapidly progressive
parkinsonism that is unresponsive to dopaminergic therapies
(Haussermann et al., 2001). The results of the current study fur-
ther understanding of substantia nigra hyperechogenicity and
concomitant changes in other brain regions involved in move-

ment control.
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2 | MATERIALS AND METHODS
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2.1 | Experimental subjects

The prevalence of substantia nigra hyperechogenicity in healthy
adults in the community is reported to be 8.6% (Berg et al., 1999);
in the current study, we used strict and extensive inclusion and ex-
clusion criteria to minimize the effect of confounding variables on
the primary outcome measures and analysis. Together, this meant
that the proportion of potential participants (healthy older adults
with substantia nigra hyperechogenicity) meeting our study crite-
ria comprised only a very small percentage of the community (much
less than 8.6%). We screened hundreds of potential participants
across two test sites (Sydney, Australia and Tibingen, Germany) to
identify healthy individuals aged 50-70years with substantia nigra
hyperechogenicity who also (i) met the health, neuropsychological,
and medication eligibility criteria (see below for details), (ii) had a
sufficient bone window for performing transcranial ultrasound of
the substantia nigra, (iii) had no contraindications for TMS (e.g.,
pacemaker, use of certain medications, or history of head injury),
and (iv) had no contraindications for brain or brainstem MRI (e.g.,
dental implants). Sydney participants were recruited via community
advertisement and Tibingen participants were recruited from a lon-
gitudinal study. The final study sample included 23 healthy older
adults known to have an abnormally large area of substantia nigra
echogenicity (i.e., hyperechogenicity; n = 9, aged 60.0+ 6.1 yrs, 6 M,
3F; “SN+" group) or a normal area of substantia nigra echogenicity
(=14, aged 61.4+ 6.6 yrs,7 M, 7F, “SN-" group). Figure 1 illustrates
how the final sample was obtained. We aimed to include more than 9
SN+ individuals in the current study. However, the final study sam-
ple size (n =9 SN+ and n = 14 SN-) was comparable to our previous
published study (n = 10 SN+ and n = 10 SN-) that demonstrated
significantly reduced intracortical inhibition in older healthy adults
(aged 72-84yrs) with substantia nigra hyperechogenicity (Todd
etal., 2010).

2.2 | Experimental design and procedures
2.21 | Screening tests

Each participant completed a brief medical history questionnaire,
MRI safety screen, and TMS safety screen (Rossi et al., 2009).
Exclusion criteria that related to these questionnaires were con-
traindications for brain or brainstem MRI (e.g., dental implants),
contraindications for TMS (e.g., metal objects in the skull, cardiac
pacemaker, use of medications that affect cortical excitability; Rossi
et al., 2009), history of neurological damage and/or illness, history
of diagnosed medicated mental/psychiatric disease or disorder, and/
or self-reported prior or current use of antipsychotic medications
(due to uncertainty about whether there is a causal relationship
between use of antipsychotic medications and area of substantia
nigra echogenicity). Additional exclusion criteria were insufficient
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Sydney test site

146 participants completed Stage 1 screening

1 lost contact
v
58 participants completed Stage 2 screening

20 were not SN+ °
v

24 participants completed Stage 3 screening

— 2 lost contact
4 withdrew

v

15 participants (8 SN- and 7 SN+)
completed TMS

2 participants not

available for MRI

v

13 participants (7 SN- and 6 SN+) completed MRI

l

Total MRI sample n=13
(7 SN- and 6 SN+)

87 excluded medical history® and/or
— contraindications for TMS or MRI

14 excluded poor bone window

3 excluded neurological examination °

Tubingen test site

1200 participants in longitudinal study

v

9 eligible participants who lived nearby
invited to participate (complete TMS)

1 excluded (provided
—> consent but did not
attend appointment)

v
8 participants (6 SN- and 2 SN+)
completed TMS

l

Total TMS sample n=23
(14 SN- and 9 SN+)

FIGURE 1 Flowchartillustrating the inclusion/exclusion criteria and participants in each group. Stage 1 screening includes medical
history questionnaire, magnetic resonance imaging (MRI) safety screen, and transcranial magnetic stimulation (TMS) safety screen. Stage 2
screening includes neuropsychological assessment and transcranial ultrasound of the substantia nigra. Stage 3 screening is the neurological
examination performed by a neurologist that specializes in movement disorders. °History of neurological damage and/or illness, history of
diagnosed medicated mental/psychiatric disease or disorder, and/or self-reported prior or current use of antipsychotic medications. PTested
late in study and excluded due to oversupply of SN- participants. “Participant disclosed disease/disorder that was not reported on medical
history questionnaire, or neurologist identified potential undiagnosed neurological disease/disorder. Abbreviations: SN- group, normal area
of substantia nigra echogenicity on the right and left side; SN+ group, abnormally large area of substantia nigra echogenicity on the right

and/or left side.

bone window for transcranial ultrasound (determined during a so-
nographic examination) and poor neuropsychological performance.
Details about the transcranial ultrasound and neuropsychological
test procedure and exclusion criteria are provided in the following
paragraphs.

Transcranial sonography was performed with the participant in
a supine position. The 15 Sydney participants (8 SN- and 7 SN+)
were examined with a Philips iU22 ultrasound system equipped
with a 1-5 MHz transducer (s5-1; Philips Healthcare, Best, the
Netherlands). The eight Tiibingen participants (six SN- and two SN+)
were examined with a Siemens Sonoline Antares ultrasound system
equipped with a 1-4 MHz transducer (Siemens, Erlangen, Germany).
The transducer was positioned over the pre-auricular acoustic bone
window located above the ear. The penetration depth was set at
14-16.cm and the dynamic range was 50-60dB. A qualitative rating
of the bone window was made (1-excellent, 2-good, 3-poor, 4-very
poor). Participants with a bone window rating of 4 (very poor) on
the right and/or left side were excluded from the study. The area of

echogenicity at the anatomical site of the substantia nigra was mea-
sured at its greatest extent (e.g., Figure 2a), in line with established
guidelines (for review, see Berg et al., 2008). Two additional param-
eters were also measured: minimum internal diameter of the third
ventricle and qualitative rating of the mesencephalic raphe (normal,
abnormal-interrupted, abnormal-absent) on one (clearest) side. The
examinations were performed by operators experienced with the
procedure. The operators were trained by the pioneer of the tech-
nique, Prof Daniela Berg. Measurements were made in the B-mode
setting. Normal substantia nigra echogenicity was defined as an area
of echogenic signal <.22 cm? and abnormal substantia nigra echoge-
nicity was defined as an area of echogenic signal 2.22cm? (termed
“hyperechogenicity”).

Participants completed a neuropsychological assessment to
ensure that only participants with normal memory and cognition
were included in the study. Participants were assessed with the
Wechsler Memory Scale-Revised Logical Memory subtests | and
Il (Wechsler, 1987), Verbal Trails (Grigsby & Kaye, 1995), Verbal
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4.0 3.0 2.0 1.0
Chemical shift (5,ppm)

FIGURE 2 Datafrom two representative participants. (a)

and (b) Echomorphology of the mesencephalic brainstem in one
participant with normal substantia nigra echogenicity (a) and

one participant with abnormal substantia nigra echogenicity (i.e.,
hyperechogenicity; b). Solid white line represents the outer edge
of the mesencephalic brainstem. The substantia nigra ipsilateral

to the probe (the side at which the planimetric measurement is
collected) is encircled with a dotted line. (c) Section of *H MRS
spectrum obtained from the pre-supplementary motor cortex from
the participant shown in panel a. Spectrum was obtained at 3T
(Philips Achieva TX, Best, the Netherlands) using an eight channel
head coil and the PRESS sequence (TE = 32, TR =2 s, 1024 data
points, 32 transients, VOI 2 cm3). Spectrum shown transformed
with no apodization. The placement of the VOI (yellow cube) over
the dorsomedial aspect of the superior frontal gyrus, at the level of
Brodmann's area 6, is also displayed along the coronal (top panel),
transverse (middle panel), and sagittal (lower panel) planes.

Fluency (Benton & Hamsher, 1983), Digit Span forwards and back-
wards (Wechsler, 1981), Mini-Mental State Examination (Folstein
et al., 1975), and/or the Consortium to Establish a Registry for
Alzheimer's Disease (CERAD) Neuropsychological Test Battery
(Morris et al., 1989). Performance on each test was compared to
published normative data matched for age and years of education.
Participants were excluded if poor performance was observed on

267
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two or more of the cognitive domains tested. Poor performance

Neuroscience

was defined as greater than two standard deviations below the
mean of published normative data for Digit Span forwards and
backwards (Anstey et al., 2000; Kear-Colwell & Heller, 1978), Verbal
Fluency (Tombaugh et al., 1999), Logical Memory | and Il (Abikoff
et al., 1987), and Mini-Mental State Examination (Kenny et al., 2013)
and performance greater than two standard deviations above the
mean for Verbal Trails (Mrazik et al., 2010) and Trail Making Task
A and B (Nielsen et al., 1995). Depression can influence motor cor-
tical excitability (e.g., Loo et al., 2008; Maeda et al., 2000). Thus,
negative emotional states (depression, anxiety, and/or stress) were
also assessed (over the past 7-14 days) with a self-report rating scale
(Beck Depression Inventory-II; Beck et al., 1996; Depression Anxiety
Stress Scales; Lovibond & Lovibond, 1995).

Lastly, all participants underwent a neurological examination of
movement performed by a neurologist with expertise in movement
disorders. The third (motor) part of the Unified Parkinson's Disease
Rating Scale (UPDRS Ill, Fahn & Elton, 1987) was also performed
during this examination. The UPDRS Il is a subjective rating scale
comprising 13 items that are rated O (normal) to 4 (severe/can barely
perform the task). The neurologist excluded participants with poten-
tial undiagnosed neurological diseases/disorders. Hand dominance
was also confirmed with the Edinburgh Handedness Questionnaire
(Oldfield, 1971).

The rigorous screening procedure and inclusion and exclusion
criteria resulted in exclusion of over 100 participants at the Sydney

test site alone (see Figure 1).

2.2.2 | Experimental protocol

Transcranial magnetic stimulation (TMS) was used to assess in-
tracortical inhibition within the motor cortex, and other indices
of excitability of the motor cortex and the pathway between
the motor cortex and the contralateral first dorsal interosseous
muscle. The motor cortex in the left and right hemispheres were
tested separately and in a pseudorandom order. The protocol was
similar to that used previously by our group (Flavel et al., 2012;
Todd et al., 2010). For each hemisphere, single- and paired-pulses
were applied to the motor cortex, over the first dorsal interosse-
ous motor area. Stimuli were delivered using two Magstim 2002
stimulators (part number: 3010-00), a BiStim? Ul Controller and
Connecting Module (part numbers: 3021-00 and 3333-00), and
a figure-of-eight coil (part number: 3281-00, 90 mm external di-
ameter of wings, Magstim, Whitland, UK). A posterior-to-anterior
current was induced in the brain by positioning the handle of
the stimulating coil posteriorly, at approximately 45 degrees to
the midline and tangentially to the skull. The electromyographic
(EMG) response evoked by stimulation (motor evoked potential
or MEP) was recorded from the contralateral first dorsal interos-
seous muscle. EMG activity was recorded via two surface elec-
trodes (Ag-AgCl, 10mm diameter) positioned over the muscle
belly and tendon (inter-electrode distance: ~3 cm). EMG activity
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was amplified (x300-1000), filtered (2nd order Butterworth; high-
pass: 16 or 20Hz; low-pass: 1000Hz), and sampled at 2000 Hz
using a data acquisition system (1902 with Power 1401 Interface
and Signal software, Cambridge Electronic Design, Cambridge,
UK).

Single stimuli were applied at a rate of ~.2 Hz to determine
resting motor threshold. The intensity of stimulation was initially
set well above threshold and then reduced in steps of 1%-3% of
stimulator output until the intensity was below threshold. Resting
motor threshold was defined as the stimulus intensity that pro-
duced a MEP greater than 50 pV in amplitude in five out of 10 con-
secutive stimuli. The intensity of stimulation was then increased to
130% of resting motor threshold and 15 stimuli were delivered at
this intensity to assess resting excitability in the motor cortex and
the pathway that descends to the contralateral first dorsal interos-
seous. A further 15 stimuli (at the same intensity) were delivered
during weak abduction of the target index finger for assessment
of facilitation of excitability during movement and the strength
of GABAg-mediated intracortical inhibition in the motor cortex
(duration of silent period) (Ziemann, 2004). The contraction was
performed with the wrist semi-supinated and the index finger ex-
tended. A 53 g weight was positioned at the distal interphalangeal
joint, and participants were instructed to hold the weight using
index finger abduction. The weight was then removed and partici-
pants were instructed to relax.

Participants then received paired-pulse stimulation for assess-
ment of short-interval intracortical inhibition and intracortical facili-
tation (Kujirai et al., 1993). The intensity of the test pulse was set to
produce a resting MEP of ~1 mV in amplitude and the intensity of the
conditioning pulse was set at 70% of resting motor threshold. The
conditioning pulse preceded the test pulse by 2, 3, 10, or 12ms. Ten
pairs of stimuli were applied at each interstimulus interval and 10-
20 single test pulses were also delivered (~.2 Hz). The paired-pulse
protocol was then repeated with a higher intensity of conditioning
stimulation (90% of resting motor threshold) because the previously
observed relationship between area of substantia nigra echogenicity
and short-interval intracortical inhibition was dependent on the in-
tensity of the conditioning stimulus in healthy adults aged >70years
(Todd et al., 2010). The reduced intracortical inhibition in healthy
adults aged >70years with substantia nigra hyperechogenicity was
more apparent at the 70% conditioning intensity than at the 90%
conditioning intensity (Todd et al., 2010). Higher intensities of con-
ditioning stimulation can result in short-interval intracortical facilita-
tion interfering with the measurement of short-interval intracortical
inhibition in healthy adults aged 30-43years (Peurala et al., 2008).
The existence and magnitude of this potential source of interference
in older adults is unknown. Thus, the two intensities of condition-
ing stimulation (70% and 90% of resting motor threshold) were re-
tained in the current study to widen understanding and strengthen
interpretation of the results. Comparison of the conditioned MEP
amplitude evoked by the lower (70% resting motor threshold) and
higher (90% resting motor threshold) conditioning intensities, at
the 2 and 3 ms interstimulus intervals, in the current study enabled

determination of whether this potential source of interference is ev-
ident in the data.

Participants at the Sydney test site that did not exhibit contrain-
dications for MRI (7 SN- and 6 SN+) underwent magnetic resonance
imaging and spectroscopy to assess neurochemistry in the pre-SMA.
All scanning was undertaken at Neuroscience Research Australia
using a 3T MRI scanner with an 8 channel SENSE head coil (Achieva
TX, Philips, Best, The Netherlands). Following acquisition of a vol-
umetric T1 weighted scan (FFE, 1 mm isotropic resolution), a 2 cm®
volume of interest was placed in the left pre-SMA (e.g., Figure 2c),
as the majority of participants were right-handed. A spectrum was
acquired using the PRESS sequence (TE = 32ms, TR = 25, 32 tran-
sients acquired across 1024 data point) along with a water refer-
ence spectrum (Figure 2c). These spectra were processed using the
time-domain fitting program jMRUI (http://sermn02.uab.es/mrui/
mrui_Overview.shtml; V3.0) (Naressi et al., 2001). Quantification of
the reconstructed signals was performed in the time-domain. The
residual water resonance was filtered using Hankel-Lanczos sin-
gular values decomposition. The AMARES algorithm (Vanhamme
et al., 1997) was used to fit decaying sinusoids, corresponding to
Lorentzian line shapes in the frequency domain, to the resonances
arising from N-acetylaspartate (NAA), choline containing compounds
(Cho), creatine-containing compounds (Cre), myo-inositol, glutamate,
and glutamine using an existing basis set (Singh et al., 2009). Values
for glutamate (Glu) and glutamine (GIn) were estimated from indi-
vidual fits of resonances contributing to the partially resolved y-
CH, resonances, while combined glutamate + glutamine (Glx) was
determined from the pCH, resonances (Singh et al., 2009). Values
obtained for these metabolites were expressed relative to that of
the unsuppressed reference water signal (assumed to be 80M).
Spectroscopy ROls were assessed for relative contributions of gray
and white matter using a tool developed by Dr. Nia Goulden and
Dr. Paul Mullins of Bangor University (Gasparovic et al., 2006) for
partial volume estimation of Philips MRI data and found not to be
significantly different between groups (Mann-Whitney U-test, IBM
SPSS Statistics 24).

2.3 | Data analysis and statistics

The data that support the findings of this study are available from
the corresponding author upon reasonable request. The latency,
peak-to-peak amplitude, and duration of resting and contract-
ing MEPs were measured between cursors manually positioned at
the beginning and end of the MEP in each trial (e.g., see Figure 3a).
Resting MEPs with preceding voluntary EMG were excluded from
the analysis. Voluntary root mean square (RMS) EMG before con-
tracting MEPs (100 ms epoch) and the period of EMG silence follow-
ing contracting MEPs (silent period) were also measured between
cursors. Measurement of the silent period involved placing a cursor
at the stimulus onset and at the resumption of voluntary EMG (for
example see Figure 3b). Resumption of voluntary EMG was deter-
mined by eye with a consistent visual display window. The silent
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FIGURE 3 Average EMG traces from the right first dorsal interosseous muscle in one participant. The EMG response (motor evoked
potential or “MEP”) evoked by single- and paired-pulse transcranial magnetic stimulation (TMS) over the left motor cortex are shown. (a)
Averaged MEP evoked in relaxed muscle by single-pulse TMS at an intensity of 130% of resting motor threshold. Vertical dashed lines

are placed at the boundaries of the MEP. (b) Averaged MEP evoked by single-pulse TMS (at the same intensity) during a weak voluntary
contraction. Vertical dashed lines represent the duration of the silent period (i.e., stimulus onset to resumption of voluntary EMG). Note that
the size of the MEP is much larger during the voluntary contraction than during relaxation. (c) Average amplitude of the test (unconditioned)
and conditioned MEP for paired-pulse TMS during relaxation. A subthreshold stimulus (70% resting motor threshold) was delivered 3ms
before a suprathreshold test stimulus. The averages of 10 EMG traces are shown.

period was defined as the time interval between the stimulus onset
and resumption of voluntary EMG. For paired-pulse TMS, the peak-
to-peak amplitude of resting MEPs was measured in each trial (e.g.,
see Figure 3c) and the amplitude of the conditioned MEP was ex-
pressed as a percentage of the test (unconditioned) MEP.

Group data are presented as the mean+standard deviation in
the text and figures. Group data for participant characteristics were
analyzed with Student's independent t-test or Mann-Whitney Rank
Sum test. Between-group differences in sex was investigated with a
Chi-Square test. A Professor of Biostatistics (author Professor Adrian
Esterman) recommended the statistical approach for the TMS, pre-
SMA neurochemistry, and substantia nigra echogenicity data. A
multivariate regression analysis approach was used to explore the
relationship between area of substantia nigra echogenicity (cm?),
pre-SMA glutamate, and short-interval intracortical inhibition and in-
tracortical facilitation within the primary motor cortex. To determine
which measure of short-interval intracortical inhibition and intracor-
tical facilitation to select for the model, normality, and homogeneity
of variance of raw MEP amplitude (mV) in the paired-pulse TMS par-
adigm was assessed with Kolmogorov-Smirnov and Levene's tests,
respectively. MEP amplitude (mV) was then transformed (square) and

a three-way repeated measures analysis of variance (ANOVA) was
used for comparison of side (right, left), intensity of conditioning stim-
ulation (70%, 90% of resting motor threshold), and condition (test and
2, 3, 10, 12ms interstimulus intervals). Mauchly's test of sphericity
was performed and the Greenhouse-Geisser method was used to
correct for non-sphericity. Post-hoc discrimination was made with
the Bonferroni method (IBM SPSS Statistics, Version 25). The average
MEP amplitude evoked by paired-pulse stimulation across the 2 and
3 ms interstimulus intervals and across the 10 and 12min interstim-
ulus intervals was calculated for the higher intensity of conditioning
stimulation (90% resting motor threshold) and the average MEP am-
plitudes were expressed as a percentage of the test MEP amplitude.
These normalized MEP amplitudes were included in the multivariate
regression model to represent short-interval intracortical inhibition
and intracortical facilitation, respectively. To determine which mea-
sure of glutamate to select for the multivariate regression model, a
series of simple linear regressions of the left substantia nigra area of
echogenicity against each left pre-SMA glutamate measure (Glu tot,
Glu/NAA, Glu/Cre and Glu tot, Glu/NAA, Glu/Cre normalized to gray
matter) was performed (STATA, Version 17 BE) and goodness of fit
was measured with Bayesian Information Criteria (BIC; Raftery, 1995).
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The difference in the BIC statistic was less than 2 for each regression
and therefore the goodness of fit for each outcome measure was sim-
ilar. This suggests that the glutamate measures are interchangeable.
Thus, Glu tot was selected as the measure of pre-SMA glutamate for
inclusion in the multivariate regression analysis. Three separate mul-
tivariate regressions analyses were performed using STATA's mvreg
procedure (STATA, Version 17 BE). This procedure undertakes linear
regression with several dependent variables and the same indepen-
dent variables. In our analyses, only one independent variable was
used in each model and the independent and dependent variables
for each model are illustrated in Figure 4. Because of multiple testing
within each model, and having three separate models, statistical sig-
nificance for the models was set at p =.01.

Normality and homogeneity of variance of single-pulse TMS
parameters was assessed with Kolmogorov-Smirnov test (with
group as a factor) and Levene's test, respectively. Single-pulse TMS
parameters were analyzed with repeated measures ANOVA for
comparison of group (SN-, SN+; between-subject factor) and side
(right, left; within subject factor; IBM SPSS Statistics, Version 25).
The association between area of substantia nigra echogenicity (cm?)
and UPDRS Il was explored with Spearman Rank Order Correlation
(SigmaPlot for Windows Version 11.0, Systat Software, San Jose CA,
USA). Statistical significance was set at p = .01 for multivariate re-
gression models. Statistical significance for all other analyses was
setatp =.05.

3 | RESULTS
3.1 | Participant characteristics

The SN- and SN+ groups did not differ significantly in age (n = 23;
p = .626), years of education (n = 23; p = .439), sex (hn = 23; p = .431),
or UPDRS Il score (n = 23; p = .127), and were well-matched for
handedness (n = 23, p = .838; Table 1). The screening process en-
sured that all participants exhibited normal memory and cognition.
Only one participant (SN+ group) self-reported recent mild signs of

Independent variable Dependent variable

Right substantia nigra Right motor cortex inhibition
Left motor cortex inhibition
Right motor cortex facilitation
Left motor cortex facilitation

Left pre-SMA glutamate

Left substantia nigra Right motor cortex inhibition
Left motor cortex inhibition
Right motor cortex facilitation
Left motor cortex facilitation

Left pre-SMA glutamate

Left pre-SMA glutamate <: Left motor cortex inhibition
Left motor cortex facilitation

FIGURE 4 Variables and planned regressions in the three
multivariate regression models.

depression. No participants were taking medications known to af-
fect excitability of motor circuitry.

The appearance of the substantia nigra was viewed with transcra-
nial ultrasound. The quality of the bone window was rated one (excel-
lent; 61% of observations), two (good; 33% of observations), or three
(poor; 4% of observations) and the diameter of the third ventricle was
normal in all participants (7.6 mm). Figure 2a shows typical images of
the substantia nigra in one participant from each group. Five partic-
ipants in the SN+ group had bilateral substantia nigra hyperechoge-
nicity and four participants had unilateral hyperechogenicity (3 right,
1 left). Group data for area of substantia nigra echogenicity are pre-
sented in Table 1. There was no association between area of substan-
tia nigra echogenicity (right, left, or largest hemisphere) and UPDRS
Il score (n = 23, p>.381). The appearance of the raphe was normal in
all SN+ participants and in 11 of the 14 SN- participants (raphe was
interrupted in remaining n = 3 participants). No overt structural ab-
normalities were detected on the volumetric T1 weighted scan in the
sub-set of participants (n = 13) that underwent MRI.

3.2 | Transcranial magnetic stimulation (TMS)

Short-interval intracortical inhibition and intracortical facilitation
within the primary motor cortex was assessed with paired-pulse TMS
(see Section 2.2). There was no significant main effect of side (right
hemisphere, left hemisphere; n = 21, F1,2o =.708, p = .410) on the
MEP amplitude (mV) evoked by paired pulse stimulation. However,
there was a significant main effect of conditioning stimulus intensity
(70%, 90% resting motor threshold; n = 21, Fi0=060,p= .024) and
condition (test and 2, 3, 10, and 12ms interstimulus interval; n = 21,
F2‘6152.2 = 60.023, p<.001) on MEP amplitude (Figure 5). The am-
plitude of the conditioned MEP at the 2 ms and 3 ms interstimulus

intervals was significantly smaller than the test condition (p<.001

TABLE 1 Group data (n = 23; mean+SD) showing participant
characteristics and area of substantia nigra echogenicity for each
group

Characteristic SN- group SN+ group
Age (years) 61.4+6.6 60.0+6.1
Education (years) 14.9+3.9 16.6+6.5
Sex 7 male, 7 female 6 male, 3 female
Handedness 13 right, 1 left 8 right, 1 left
UPDRS Il score 1.0+1.6 2.8+3.5
Area of substantia nigra echogenicity (cm?)

Left hemisphere .155+.042 .252+.077
Right hemisphere 142 +.036 .252+.037
Largest hemisphere 164 +.037 .282+.049
Average across sides 148 +.035 .252+.037

Abbreviations: SN- group, normal area of substantia nigra echogenicity
on the right and left side; SN+ group, abnormally large area of
substantia nigra echogenicity on the right and/or left side; UPDRS I,
third (motor) part of the Unified Parkinson's Disease Rating Scale.
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and p = .001, respectively) and the amplitude of the conditioned
MEP at the 10 and 12ms interstimulus intervals was significantly
larger than the test condition (p = .004 and p = .010, respectively).
Overall, the 90% conditioning stimulus intensity produced signifi-
cantly larger MEPs than the 70% conditioning stimulus intensity
(p = .024). However, a significant intensity-by-condition interaction
(n=21, F4‘80 = 6.344, p<.001) revealed that this was due to the 90%
conditioning intensity exhibiting significantly larger MEPs at the 10
and 12ms interstimulus intervals (p <.001 and p = .021, respectively),
but not at the 2 and 3 ms interstimulus intervals or test condition.
The results of this three-way repeated measures ANOVA informed
parameter selection for the multivariate regression models. The 90%
conditioning intensity was selected and the average across the 2 and
3 ms interstimulus intervals (expressed as a % of the test amplitude)
and across the 10 and 12ms interstimulus intervals (expressed as a %
of the test amplitude) were selected for inclusion in the model.

Table 2 shows other TMS parameters recorded during the TMS
session with single-pulse TMS. Only one single-pulse TMS param-
eter (active MEP amplitude) had a significant main effect of side
(n =22, F1,21 = 8.576, p = .008; right hemisphere: 6.0+ 3.5 mV, left
hemisphere: 4.8 + 2.7 mV) and there was no significant main effect of

group or group-by-side interaction on single-pulse TMS parameters.

3.3 | Pre-SMA neurochemistry: Selection of
glutamate parameter for multivariate
regression model

Simple linear regression of the left substantia nigra area of echo-
genicity against each left pre-SMA glutamate measure (Glu tot,
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Glu/NAA, Glu/Cre and Glu tot, Glu/NAA, Glu/Cre normalized to

gray matter) was performed (n = 13). The Bayesian Information

Neuroscience

Criteria (BIC) statistic for each regression was -55.2, -54.5,
-56.0, -55.2, -54.5, and - 56.0, respectively. The difference in
the Bayesian Information Criteria (BIC) statistic was less than 2
for each regression. This indicates that the goodness-of-fit for
each outcome measure was similar and the measures of gluta-
mate are interchangeable. Thus, Glu tot was selected for inclusion

in the model.

3.4 | Relationship between substantia nigra
echogenicity, pre-SMA glutamate, and short-
interval intracortical inhibition and intracortical
facilitation in primary motor cortex: multivariate
regression model

There was a significant positive relationship between the area of
echogenicity in the right substantia nigra and the magnitude of in-
tracortical facilitation in the right primary motor cortex (amplitude
of the conditioned MEP at the 10-12ms interstimulus intervals;
p =.005, Table 3 and Figure 5b). This relationship was not significant
on the left side, and there was no significant relationship between
area of substantia nigra echogenicity and short-interval intracortical
inhibition on the right or left side (Table 3). There was also no sig-
nificant relationship between area of substantia nigra echogenicity
and glutamate level (Glu tot) in the pre-SMA, and glutamate level
(Glu tot) in the pre-SMA was not associated with the magnitude of
short-interval intracortical inhibition or intracortical facilitation in
the primary motor cortex (Table 3).

TABLE 2 Group data (n = 23; mean +SD) showing characteristics of the motor evoked potential (MEP) evoked by single-pulse transcranial
magnetic stimulation (TMS) over the primary motor cortex during relaxation (rest) and weak voluntary contraction (active) of the target first

dorsal interosseus muscle

SN- group SN+ group
Side Right Left Average Right Left Average
RMT (%) 46.6 +8.3 457 +9.3 46.2 +8.6 46.8+11.4 45.9 +10.9 46.3 +10.5
Resting MEP
Amplitude (mV) 24+25 1.7+.9 21+1.6 21+17 1.5+1.3 1.8+1.3
Latency (ms) 23.0+1.7 22.6+1.4 22.8+1.5 23.2+1.9 23.0+1.8 23.1+1.7
Duration (ms) 42.1+12.3 43.9 +£9.0 43.0 +9.7 44.7 +8.9 42.2+15.0 434 +111
Active MEP
Amplitude (mV) 6.1+4.2 54+29 58+3.3 58+2.2 3.8+2.2 48+19
Amplitude (% rest) 410 +329 358 +227 384 +211 482 +507 412 +325 447 +400
Latency (ms) 21.0+1.8 20.7 +1.6 20.8+1.6 21.7 +2.3 221+21 219 +21
Duration (ms) 48.1 +9.4 48.4 +7.5 48.2 +8.1 53.2+49 49.3+9.6 51.2+71
Silent period (ms) 175.2 +34.8 176.1 +29.1 175.6 +29.1 174.6 +36.7 166.0 +31.4 170.3 +29.8

Note: Data for the right hemisphere, left hemisphere, and average across the right and left hemisphere are shown.

Abbreviations: RMT, resting motor threshold (% stimulator output); SN- group, normal area of substantia nigra echogenicity on the right and left side;
SN+ group, abnormally large area of substantia nigra echogenicity on the right and/or left side.
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4 | DISCUSSION

We previously demonstrated that substantia nigra hyperechogenic-
ity is associated with reduced short-interval intracortical inhibition in
the ipsilateral primary motor cortex of healthy elderly adults aged 72-
84yrs (Todd et al., 2010). The results of the current study suggest that
this is not the case for healthy adults aged 50-70years; spanning the
average diagnostic age for Parkinson's disease. This result does not
support the first part of the hypothesis. Instead, we observed a sig-
nificant positive relationship between the area of echogenicity in the
right substantia nigra and the magnitude of intracortical facilitation in
the ipsilateral primary motor cortex. The second part of the hypoth-
esis, that reduced short-interval intracortical inhibition in the primary
motor cortex is associated with glutamatergic neurotransmission in
the pre-SMA, was also not supported. The amount of glutamate in
the pre-SMA was not associated with the magnitude of short-interval
intracortical inhibition in the primary motor cortex. Our data suggest
that substantia nigra hyperechogenicity, a risk marker for Parkinson's
disease (Berg et al., 2015), may not be an isolated phenomenon and
that additional specific, and potentially age-related, changes are

FIGURE 5 Single-subject and group data showing short-interval
intracortical inhibition and intracortical facilitation within the
primary motor cortex. (a) Group data (n = 22) for the average
amplitude of the motor evoked potential (MEP) across the right
and left hemisphere during paired-pulse transcranial magnetic
stimulation (TMS). The boundary of each box indicates the 25th
and 75th percentile and the whiskers (error bars) indicate the 10th
and 90th percentiles. The solid and dashed lines within each box
indicate the median and mean values, respectively. Data illustrate
the significant main effects of conditioning stimulus intensity (white
boxes: 70% resting motor threshold; gray boxes: 90% resting motor
threshold) and condition (test and 2, 3, 10, and 12 ms interstimulus
intervals) on MEP amplitude. The significant main effects were
observed in a three-way repeated measures analysis of variance
(ANOVA,; within subject factors: Side, conditioning stimulus
intensity, and condition). *Significant difference between test MEP
and conditioned MEP at 2, 3, 10, and 12ms interstimulus intervals
(p<.010). §Significant difference between the two intensities

of conditioning stimulation within a given interstimulus interval
(p=<.021). (b) Single subject data (n = 22) showing the relationship
between intracortical facilitation within the right primary motor
cortex and area of echogenicity in the right substantia nigra

(p = .005, multivariate linear regression). Intracortical facilitation

is the average across the 10 and 12 ms interstimulus intervals
(expressed as a % of the test amplitude) when the intensity of the
conditioning stimulation was set at 90% resting motor threshold.

evident in human motor circuitry. This is consistent with findings that
healthy individuals with substantia nigra hyperechogenicity exhibit
subtle changes in movement performance (Berg et al., 2001; Todd
et al., 2014), although the relationship between these changes and
the marked degeneration of substantia nigra dopaminergic neurons
characterizing Parkinson's disease is unclear.

Normal short-interval intracortical inhibition was observed in the
primary motor cortices of the SN- and SN+ group, when measured
with the lower or higher intensity of conditioning stimulation. The
normal short-interval intracortical inhibition was evidenced by the
amplitude of the conditioned MEP at the 2 and 3 ms interstimulus
intervals being similar to that previously observed in healthy young
adults (Oliviero et al., 2006; Peinemann et al., 2001) and healthy
older adults (Todd et al., 2010). The potential interference of the
short-interval intracortical inhibition measurement by short-interval
intracortical facilitation at the higher intensity of conditioning stim-
ulation (Peurala et al., 2008) was likely to be minimal in the current
study because the conditioned MEP amplitude evoked by the lower
(70% resting motor threshold) and higher (90% resting motor thresh-
old) conditioning intensities was comparable at the 2 and 3 ms inter-
stimulus intervals. The normal short-interval intracortical inhibition
in the sample suggests that the TMS protocol was appropriate to
observe an association between substantia nigra echogenicity and
short-interval intracortical inhibition if such a relationship existed in
healthy adults aged 50-70years.

In the right hemisphere, there was a significant positive relation-
ship between area of substantia nigra echogenicity and the magni-
tude of intracortical facilitation in primary motor cortex. A larger area
of echogenicity was associated with greater intracortical facilitation
in the ipsilateral primary motor cortex. This is consistent with the
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TABLE 3 Multivariate regression models

Independent
Dependent variable variable Coefficient
Left pre-SMA glutamate -1.77
Right motor cortex inhibition 152.95
Left motor cortex inhibition 13.22
Right motor cortex facilitation 1235.30
Left motor cortex facilitation 216.27
Right substantia nigra
Left pre-SMA glutamate .25
Right motor cortex inhibition -68.84
Left motor cortex inhibition -36.72
Right motor cortex facilitation 319.04
Left motor cortex facilitation -65.64
Left substantia nigra
Left motor cortex inhibition .94
Left motor cortex facilitation -78.11

Neuroscience Researchﬂ
Std err t p>|t| 95% Cl
79 -2.24 052 -3.56,.02
104.39 1.47 177 -83.2,389.1
150.57 09 932 -327.4,353.8
332.67 371 .005 482.8,1987.8
310.25 70 503 -485.6,918.1
74 33 746 -1.4,19
85.25 -.81 440 -261.7,124.0
113.81 -.32 754 -294.2,220.7
387.94 82 432 -558.5,1196.6
241.05 -27 792 -610.9,479.6
50.91 02 986 -114.2,116.1
104.45 -75 474 -314.4,158.2

Left pre-SMA glutamate

Note: Two of the 13 participants that completed both MRI and TMS had a missing TMS data point. Thus, the results of the multivariate regression
model are for n = 11. Inhibition, average across the 2 and 3 ms interstimulus intervals (expressed as a % of the test amplitude) when the intensity of
the conditioning stimulation was set at 90% resting motor threshold. Facilitation, average across the 10 and 12 ms interstimulus intervals (expressed
as a % of the test amplitude) when the intensity of the conditioning stimulation was set at 90% resting motor threshold. Glutamate, Glu tot.

Substantia nigra, area of substantia nigra echogenicity (cm?).
Abbreviation: Cl, confidence interval.

existence of a significant ipsilateral structural connection between
the substantia nigra and primary motor cortex in the adult human
brain (e.g., Cacciola et al., 2016). The clinical relevance of greater
intracortical facilitation in the ipsilateral primary motor cortex is
unclear because intracortical facilitation (measured at 10 and 15ms
interstimulus intervals) and short-interval intracortical facilitation
(measured at 1.2, 1.4, and 1.6 ms interstimulus intervals) appear to be
unaltered in Parkinson's disease, both in de novo patients (Ammann
et al., 2020) and patients OFF medication (Ammann et al., 2020;
Bologna et al., 2018; Ridding et al., 1995). One must be cautious when
interpreting the above relationship because the correlation between
area of substantia nigra echogenicity and intracortical facilitation in
the primary motor cortex was modest and thus other factors may
contribute to this association. An association between substantia
nigra echogenicity and short-interval intracortical inhibition would
have been more clinically relevant because reduced short-interval in-
tracortical inhibition is present in patients with Parkinson's disease
(e.g., Ammann et al., 2020; Bologna et al., 2018; Leon-Sarmiento
etal., 2013; Ridding et al., 1995) who typically present with substantia
nigra hyperechogenicity (for review, see Berg et al., 2008).

In the left hemisphere, there was no significant relationship
between area of substantia nigra echogenicity and the magnitude
of short-interval intracortical inhibition or intracortical facilitation
in the left (ipsilateral) primary motor cortex. The different rela-
tionship observed in the right and left hemispheres could be asso-
ciated with use of a small heterogenous SN+ sample. Four of the
nine participants in the SN+ group had unilateral substantia nigra

hyperechogenicity, of which three were hyperechogenic on the right
side but only one expressed unilateral hyperechogenicity on the left
side. The remaining five participants in the SN+ group had bilateral
hyperechogenicity. The different relationship observed in the right
and left hemisphere could also be due to the connections between
the right and left sides of the basal nuclei and/or motor cortices,
and the ipsilateral and contralateral connections between these
structures and the substantia nigra, being complex (e.g., Gerfen
etal., 1982; McColgan et al., 2020; Schmitt et al., 2016) and not nec-
essarily identical in each hemisphere.

The association between substantia nigra echogenicity and in-
tracortical facilitation in primary motor cortex is unlikely to result
from neuropsychological factors. All participants had normal mem-
ory and cognition and only one (SN+) participant self-reported re-
cent mild signs of depression. The relationship is also unlikely to
arise from overt pathological changes in brain structure because no
structural abnormalities were evident in the 13 participants who un-
derwent MRI and the diameter of the third ventricle (viewed with
transcranial ultrasound) was normal in all participants (i.e., <7.6 mm,
Seidel et al., 1995). The observed association between substantia
nigra echogenicity and intracortical facilitation could feasibly arise
from pathophysiological changes within the substantia nigra or pri-
mary motor cortex, or as a consequence of alterations in the basal
ganglia or premotor cortices (premotor cortex, supplementary
motor area, and/or pre-SMA). Histological studies demonstrate the
number, and morphological appearance, of pyramidal neurons and
interneurons in the primary motor cortex is unaffected in patients
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with Parkinson's disease (MacDonald & Halliday, 2002). Based on
this, one would assume that the number and morphology of these
neurons is also unaffected in the current cohort of healthy adults.
Thus, characteristics of the basal ganglia or premotor cortices are
more likely to underlie the association with intracortical facilitation
in the primary motor cortex. We focused on the potential role of the
pre-SMA in this process because the pre-SMA undergoes neurode-
generation in Parkinson's disease (MacDonald & Halliday, 2002), is
connected to the primary motor cortex via projections to the SMA
proper (for review see Tanji, 1994), and receives input from the basal
ganglia via the ventral anterior thalamus (for review, see Nachev
et al., 2008).

We investigated neurochemistry in the pre-SMA with magnetic
resonance spectroscopy and explored the relationship between the
level of glutamate in the pre-SMA and excitability of circuitry within
the primary motor cortex. The level of glutamate in the pre-SMA did
not predict the magnitude of short-interval intracortical inhibition
or intracortical facilitation in the primary motor cortex. The result
is in line with observations of unaffected cellular activity markers
(NAA/Cr and Cho/Cr) in pre-SMA in untreated patients with early
Parkinson's disease (Martin et al., 2008). However, reduced levels of
the neuronal marker NAA/Cr are present in the pre-SMA of patients
with Hoehn and Yahr stage 2-3 Parkinson's disease tested ON med-
ication (Camicioli et al., 2007) and unilateral administration of MPTP
to rhesus monkeys results in lower levels of glutamate in the motor
cortex ipsilateral to MPTP administration than in the contralateral
motor cortex (Fan et al., 2014).

Hundreds of healthy adults were screened in the current study
to identify the healthy participants with substantia nigra hyper-
echogenicity. Nevertheless, the proportion of recruited partici-
pants with substantia nigra hyperechogenicity that subsequently
met our stringent study criteria was small and this is a limitation
of the current study. The small sample size is primarily due to only
8.6% of healthy older adults in the community exhibiting substantia
nigra hyperechogenicity (e.g., Berg et al., 2008) and the tendency
for older adults to have contraindications for TMS (e.g., previous
head injury) or contraindications for brain and brainstem MRI (par-
ticularly dental implants). Furthermore, the bone window for tran-
scranial ultrasound is insufficient to view the substantia nigra in
10%-20% of adults that identify as Caucasian and >20% of adults
that identify as Asian (Skoloudik & Walter, 2010). The prevalence of
insufficient bone window further increases the number of poten-
tial participants that need to be recruited and screened for partic-
ipation eligibility. Despite the challenges of recruiting participants
that met all criteria for inclusion, we were able to study 9 SN+ and
14 SN- subjects using our detailed study design. Multivariate re-
gression revealed a significant association (at a significance level of
p =.01) between substantia nigra echogenicity and intracortical fa-
cilitation within the primary motor cortex. It should be noted, how-
ever, that a post priori power analysis based on the observed effect
size between groups for intracortical inhibition (G*Power, indepen-
dent two-group t-test, a = .05) provided a medium power (.6) sug-
gesting the current study should be considered to be exploratory.

Differences in the reported relationship between area of substantia
nigra echogenicity and excitability of intracortical circuitry within
the primary motor cortex in the current study and a previous study
(Todd et al., 2010) may be due to participant age (50-70years vs.
72-84years, respectively). There is a progressive loss of neurons
in the substantia nigra pars compacta with normal aging and this
is estimated to occur at a rate of 4.7% per decade between the
ages of 20 and 90years (e.g., Fearnley & Lees, 1991). Variability in
the extent of neuronal loss is also considerably greater in healthy
adults aged over 70years than in healthy adults aged 50-70vyears
(e.g., Fearnley & Lees, 1991).

Another limitation of the current study relates to the two test
sites. Comparable TMS and EMG equipment was used at the two
sites but the ultrasound operators and machines (Philips iU22 vs.
Siemens Sonoline Antares) were different. The German research
team (lead by Professor Daniela Berg) provides an international
training course on transcranial ultrasound of the substantia nigra
and the team member who performed the Australian ultrasounds
(Associate Professor Gabrielle Todd) has completed this course.
Professor Berg has also performed multiple blinded evaluations of
Associate Professor Todd's image quality and measurements (e.g.,
Aoun et al., 2021; Todd et al., 2013, 2014). Agreement between the
two ultrasound machines and operators was not investigated. Both
SN- and SN+ participants were tested at each site and thus any sub-
tle difference between ultrasound machines and operators would be
present in both groups.

In summary, our detailed study of a small sample of healthy
adults with substantia nigra hyperechogenicity, who were of the age
(50-70years) when Parkinson's disease is typically diagnosed, do not
exhibit an association between area of substantia nigra echogenicity
and short-interval intracortical inhibition in the primary motor cor-
tex. Rather, we demonstrate a positive association between the area
of substantia nigra echogenicity and the magnitude of intracortical
facilitation in the ipsilateral primary motor cortex of the right hemi-
sphere. The excitability of circuitry within the primary motor cortex
was not related to glutamatergic neurotransmission in the pre-SMA.
Further research is required to verify the results and to elucidate
the functional and clinical relevance of these findings in relation to

motor function and risk of Parkinson's disease.
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