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Abstract

Ageing is accompanied by neuromuscular changes which may alter fatigue in older adults. These changes may include
changes in corticospinal excitatory and inhibitory processes. Previous research has suggested that single joint fatiguing
exercise decreases short-(SICI) and long-(LICI) interval intracortical inhibition in young adults. However, this is yet to be
established in older adults. In 19 young (23 +4 years) and 18 older (69 + 5 years) adults, SICI (2 ms interstimulus interval;
ISI) and LICI (100 ms ISI) were measured in a resting first dorsal interosseous (FDI) muscle using transcranial magnetic
stimulation (TMS) before and after a 15 min sustained submaximal contraction at 25% of their maximum EMG. Subsequent
ten 2-min contractions held at 25% EMG were also performed to sustain fatigue for a total of 30 min, while SICI and LICI
were taken immediately after each contraction. There was no change in SICI post-fatiguing exercise compared to baseline
in both young and older adults (P =0.4). Although there was no change in LICI post-fatiguing exercise in younger adults
(P=1.0), LICI was attenuated in older adults immediately post-fatiguing exercise and remained attenuated post-fatigue (PF)1
and PF2 (P < 0.05). Contrary to previous studies, the lack of change in SICI and LICI in young adults following a sustained
submaximal EMG contraction suggests that GABA modulation may be dependent on the type of fatiguing task performed.
The reduction in LICI in older adults post-fatiguing exercise suggests an age-related decrease in GABA-mediated activity
with sustained submaximal fatiguing exercise.
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Abbreviations PNS Peripheral nerve stimulation

AMT Active motor threshold RMT Resting motor threshold

CS Conditioning Stimulus TMS Transcranial magnetic stimulation

EMG Electromyography TS Test Stimulus

FDI First dorsal interosseous

GABA, Gamma aminobutyric acid type A receptor

GABA; Gamma aminobutyric acid type B receptor Introduction

ISI Interstimulus interval

LICI Long-interval cortical inhibition Neuromuscular fatigue is defined as an exercise-induced
SICI Short-interval cortical inhibition reduction in the ability of a muscle or muscle group to pro-
MEP Motor-evoked potential duce muscle force (Taylor et al. 2000). Older adults are pre-
M, . Maximum compound muscle action potential disposed to differing magnitude and duration of fatigue due
MVC Maximum voluntary contraction to age-related changes within the neuromuscular system. For

instance, age-related slowing of the muscle mediated by a
shift in muscle fibre type to a greater proportion of type
Communicated by Winston D Byblow. I fibres (Andersen 2003; Lexell et al. 1983) and reduced
calcium regulation (Hunter et al. 1999) increases fatigue
resistance in older adults compared to young adults during
isometric contractions (Bilodeau et al. 2001; Chung et al.
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tend to present with a similar degree of fatigue during low
to moderate speed dynamic contractions, whilst older adults
fatigue faster during high-speed dynamic contractions (Cal-
lahan and Kent-Braun 2011; Dalton et al. 2012; Yoon et al.
2013).

Transcranial magnetic stimulation (TMS) studies have
shown that cortical modifications may mediate some of the
fatigability differences between young versus older adults
during isometric contractions. For instance, reduced modu-
lation of corticospinal excitability and intracortical inhibi-
tion, evidenced by a smaller increase in the motor-evoked
potential response (MEP) and silent period (SP) duration
following fatiguing exercise, is observed in older adults
when compared to the young adults (Yoon et al. 2012).
SP (an index of intracortical inhibition) is the latency of
suppression in the EMG signal during a voluntary contrac-
tion following a single pulse TMS. Since it is thought to
be influenced by both spinal (<50 ms) and intracortical
y-aminobutyric acid (GABAg)-mediated inhibitory mecha-
nisms (> 100 ms) (Inghilleri et al. 1993), SP is typically
not considered the most appropriate marker of intracortical
inhibition. As a result, paired pulse TMS paradigms such as
long-interval cortical inhibition (LICI) (Benwell et al. 2007,
McNeil et al. 2011b; Valls-Sole et al. 1992) and short-inter-
val cortical inhibition (SICI) (Benwell et al. 2006; Kujirai
et al. 1993; Valls-Sole et al. 1992) are increasingly used.
LICI, a reflection of GABAg-mediated inhibition, is meas-
ured with the application of a suprathreshold conditioning
stimulus that attenuates the amplitude of a suprathreshold
TMS-evoked test response at an interstimulus interval (IST)
of 50200 ms (McDonnell et al. 2006); while SICI, a reflec-
tion of GABA ,-mediated inhibition, is measured with the
application of a subthreshold conditioning stimulus applied
at an ISI of 1-5 ms (Kujirai et al. 1993). Contrary to SP,
both SICI and LICI decline when measured in a resting
muscle in the presence of fatigue in young adults; suggest-
ing a decrease in GABA , and GABAg-mediated inhibition
(Benwell et al. 2006, 2007; Maruyama et al. 2006). Using
single-pulse TMS-evoked potentials (TEP) measured with
electroencephalography (TMS-EEG) (Casarotto et al. 2010),
we have recently demonstrated age-related differences in
GABA modulation in the presence of fatigue (Opie et al.
2020). The TEP contains a series of peaks and troughs that
last up to 300 ms (Bonato et al. 2006), the amplitudes of
which reflect the excitability of the underlying cortical net-
work. For example, pharmacological studies have shown that
the N45 peak reflects GABA ,-mediated activity (Ferrarelli
et al. 2010), while the N100 peak reflects GABAg-mediated
activity (Premoli et al. 2014). Our findings demonstrated a
greater reduction in the N45 peak following fatiguing exer-
cise in older adults suggesting a greater reduction in GABA ,
inhibitory activity; while younger adults displayed a greater
reduction in the N100 peak, suggesting a greater reduction
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in GABAg-mediated inhibitory activity compared to older
adults post-fatiguing exercise (Opie et al. 2020). Although
there is some pharmacological and behavioural evidence of
a relationship between TMS-EEG and TMS-EMG measures
of inhibition (Bender et al. 2005; Bonnard et al. 2009; Pre-
moli et al. 2014), it should also be acknowledged that it is
not entirely clear as to whether paired pulse MEPs and TEPs
are mediated by the same mechanisms (Biabani et al. 2019).
In any case, the age-related effect of fatiguing exercise on
SICI and LICI measured with TMS-EMG remains undeter-
mined in older adults.

The aim of the current study is to determine age-related
differences in SICI and LICI with sustained isometric fatigu-
ing contractions. The current study used single joint fatigu-
ing exercise of a hand muscle for a number of scientific and
functional reasons, including the fact that there is a relatively
large representation of the hand muscle in the motor cortex
and that SICI and LICI can be reliably measured from the
hand muscle in both young and older adults (Wassermann
et al. 1992). On a functional level, hand muscles play a sig-
nificant role in day-to-day activities including gardening,
cleaning, holding shopping bags and are pivotal to independ-
ent living in older adults. We used a sustained contraction
held at a constant submaximal EMG to fatigue the muscle
because it allowed for the measurement of the development
of fatigue during the contraction per se (via reduction in
absolute muscle force and with no interruptions from per-
formance of MVC). SICI and LICI were assessed at rest
(Benwell et al. 2006, 2007) in order to obtain a sufficient
amount of inhibition at baseline; since magnitude of inhi-
bition is attenuated during activity (Ridding et al. 1995).
We hypothesised that LICI and SICI would decline in both
young and older adults as a consequence of fatiguing exer-
cise. In addition, we hypothesised that younger adults would
display a greater decline in LICI compared to older adults,
while a greater decline in SICI would be observed in older
adults compared to the young with fatiguing exercise.

Methods

We recruited nineteen young and eighteen older healthy par-
ticipants from the university community, community centres
and social media for participation in this study (Table 1).
Any ongoing use of psychoactive medication (e.g. sedative,
antipsychotics and antidepressants) or history of neurologi-
cal and/or psychiatric disease excluded participants from the
study. Physical activity assessment (work index, sport index,
leisure-time index) was performed in both groups via an
activity questionnaire (adapted from Baecke et al. 1982).
The Edinburgh Handedness inventory was used to evalu-
ate hand preference which confirmed that all participants
were right-handed (Table 1). All procedures were performed
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Table 1 Participant and baseline corticospinal characteristics

SICI LICI
Young Old Young Old

N 15 15 15 14
Females 5 9 7 5
Age (yrs) 224+04 683+14% 228+09 69.0+1.4*
Weight (Kgs) 72.3+3.1 7526+4.7 70.4+3.8 79.5+3.7*
Height (cm) 172.8+2.6 167.9+2.8 172+2.9 167.1+3.3
Handedness 0.8+0.05 08+0.1 0.7+0.06 0.8+0.1
Work index 24+01 26+0.1 24+01 2.6+0.1
Sport index 26+03 26+02 25+03 25+02
Leisure-time 29+02 35+02*% 29402 34+02

index
MVC (N) 33.0+10.4 293+85 355+11.2 27.1+8.4%
M, Intensity 40.8+2.5 41.0+3 422+13 41.0+34

(mA)
M., (mV) 126+32 10.5+34 154+09 9.1+0.9*
CS (% MSO) 40.2+14.5 41.5+12.0 70.5+2.1 65.1+2.7
TS (% MSO) 68.7+14.1 68.7+11.8 729+2.1 68.1+34
RMT (% MSO) 56.9+15 51.7+24
AMT (% MSO)  442+7.1 46.0+7.0
EMG,, during  1.9+03 23+03 1.6+07 29+0.6

25% EMG con-
traction (mV)

Values are shown as mean+SE. *P<0.05 when compared to the
young participants.

MSO Maximum Stimulator Output; CS Conditioning Stimulus; 7
Test Stimulus

in accordance with the ethical standards of the University
of Adelaide Human Research Ethics Committee, which
complies with the 1964 Declaration of Helsinki. Written,
informed consent was provided by each participant prior to
participation.

Experimental set-up and EMG recordings

Participants were seated upright with their right arm fixed
onto a horizontal surface and index finger abducted against a
force transducer (MLP 100 Transducer Techniques, Temec-
ula California, USA) as previously described (Otieno et al.
2019). The elbow was flexed at approximately 90°, with the
forearm and wrist restrained in a custom-designed manipu-
landum. Responses evoked from the right first dorsal interos-
seous (FDI) muscle were recorded using surface electromyo-
graphy (EMG) with two Ag—AgCl electrodes placed over the
muscle in a belly-tendon montage (8 mm diameter; 16 mm
between electrodes; 3M Red Dot, Canada). Two ground-
ing straps were also attached around the forearm. EMG was
amplified (1000 times) and band-pass filtered (20 Hz high
pass, 1 kHz low pass) using CED1902 hardware (Cambridge
Electronics Design, Cambridge, UK) before being digitized

at 2 kHz with a 1401 interface (Cambridge Electronics
Design, Cambridge, UK) and stored offline for analysis.

Experimental protocol

The study was comprised of two sessions (SICI, LICI) with
two age groups (young, older adults) and repeated measures
to monitor the effects of muscular fatigue over time. Figure 1
shows the experimental protocol carried out in each session.
Prior to the fatiguing task, participants received twenty TMS
pulses (ten single pulses, ten paired pulses, in five blocks
of four stimulations) and two peripheral nerve stimulations
(PNS) at rest. Maximum force and EMG were determined by
calculating the average value of three, 3—5 s maximum vol-
untary contractions (MVCs) (separated by 30 s) performed
by participants via abduction of the index finger. Participants
then performed a submaximal contraction at 25% of their
maximum EMG for a total of 15 min. A submaximal EMG,
rather than force contraction, was selected in order to docu-
ment the development of fatigue during the exercise per se,
which is typically seen as a reduction in force magnitude
during the contraction (Hunter et al. 2016; McNeil et al.
2011a). A verbal cue was provided which indicated when
participants should begin exercise or rest. Participants were
instructed to refrain from using other hand muscles during
the exercise. Visual feedback of EMG output (smoothed
using a 500 ms time constant) was displayed on a computer
screen in front of the participant, and verbal encouragement
was provided throughout the protocol. Immediately post-
exercise, participants performed two brief 5 s MVCs with a
10 s rest period in between contractions. Following this, a
set of stimulations consisting of six single TMS, six paired-
pulse TMS and two PNS was delivered. The order of all
single and paired pulse TMS was randomised, with the two
PNS always delivered at the end. This was to ensure that
the muscle contraction from the nerve stimulation did not
impact the MEP response.

In order to sustain fatigue, participants were instructed
to perform a series of contractions that consisted of a two
min submaximal contraction at 25% EMG followed by two
MVCs and a set of stimulations (as detailed above post-
exercise; also see Fig. 1). This was repeated ten times (sus-
tained fatigue: SF1-SF10). A 10 min recovery period was
then provided before a final set of twenty TMS pulses (ten
single, ten double, in five blocks of four stimulations) and
two PNS pulses. To conclude the session, participants were
instructed to perform a final 2 min submaximal contraction
at 25% EMG followed by two MVCs (Fig. 1). The difference
in number of stimulations given between post-fatiguing con-
tractions time points (six single and six paired TMS) versus
baseline and recovery time points (ten single and ten paired
TMS) is due to the fact that fatigue recovery is known to
be fast (Carroll et al. 2017; Gandevia 2001; Kennedy et al.
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Fig. 1 Experimental protocol schematic. Before fatiguing exercise,
participants received ten single and ten paired pulse transcranial mag-
netic stimulation (TMS) as well as twoeripheral nerve stimulations
(PNS) at rest (solid arrow). Force during three maximum voluntary
contractions (MVCs) was measured during a 3- to 5-s index finger
abduction before exercise. Participants then performed a sustained
submaximal contraction at 25% of the maximum EMG,, ¢ of the first
dorsal interosseous muscle via index finger abduction for a total of
15 min. Mean force measurements were calculated every 3 min dur-
ing the fatiguing contraction (F1-F5). Immediately after the fatiguing
exercise, participants performed two brief (5 s) MVCs with a 10 s rest
period in between, followed immediately by six single and six paired

2014), and a higher number of stimulations at the post-
fatigue time points would have required too much time to
measure. The protocol was designed to allow for 1-min rest
period in between each of the SF1-SF10 contractions, and in
this timeframe, only six single TMS, six paired-pulse TMS
and two PNS could be feasibility delivered.

Peripheral nerve stimulation

Bipolar surface electrodes with conducting gel were placed
at the wrist with the cathode positioned distal to the forearm.
The location that produced the largest M-wave response in
FDI at a current of approximately 12 mA (1 ms duration)
using a constant-current stimulator (DS7A, Digitimer, UK)
was marked as the site of stimulation. Stimulation inten-
sity was gradually increased in increments of 5 mA until no
further change in M-wave was observed to determine the
maximum compound muscle action potential (M,,,). M .«
intensity was then set at 120% of the intensity required to
produce the largest M-wave response at rest (Table 1).

Transcranial magnetic stimulation

TMS was applied to the left primary motor cortex using a
figure-of-eight coil (external wing diameter 9 cm) with two
monophasic Magstim 200% magnetic stimulators connected
through a Bistim (Magstim, Dyfed, UK). The coil was posi-
tioned at an angle of 45° to the sagittal plane, tangentially to
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PNS PNS

pulse TMS as well as two PNS at rest (dotted arrow). Participants
were then instructed to perform a 2 min contraction at 25% EMG in
order to sustain fatigue (SF) followed by two brief (5 s) MVCs with
a 10-s rest period in between. six single and six paired pulse TMSs
were then given at rest. These contractions (SF1- SF10) and meas-
urements were repeated ten times. Measurements taken during two
consecutive SF contractions were pooled for post fatigue (PF) meas-
urements (PF1-PF5). A 10-min recovery period was then provided
followed by ten single TMS, ten paired pulse TMS and two PNS.
Participants then performed one more 2-min contraction at 25% EMG
immediately followed by two brief (5 s) MVCs with a 10-s rest period
in between

the scalp, with the handle pointing laterally and backwards,
creating an anteriorly directed current flow in the brain. The
region that evoked the largest response in the relaxed FDI
muscle at a fixed stimulator intensity (60-65% maximum
stimulator output) was marked as the site of stimulation.
This location was marked on the scalp using a pen, and the
coil position was checked continually throughout the experi-
ment. TMS was delivered at a rate of 0.2 Hz with a 10%
variance in time between trials (Otieno et al. 2019).

Resting motor threshold (RMT) was defined as the
lowest stimulus intensity that produced a response ampli-
tude > 50 pv in at least five out of ten trials in resting FDI
muscle (Carroll et al. 2001). Active motor threshold (AMT)
was defined as the lowest stimulus intensity to produce a vis-
ible MEP response relative to background EMG in at least
five out of ten trials during a 5% MVC finger abduction
contraction (Ortu et al. 2008).

Intracortical inhibition

SICI and LICI were assessed in a resting muscle as pre-
viously documented with fatigue (Benwell et al. 2006,
2007; Maruyama et al. 2006; Vucic et al. 2011). In SICI,
subthreshold conditioning intensity (i.e. 70, 80 and 90%
AMT) that evoked closest to 50% inhibition of the uncon-
ditioned test MEP response (set to 1 mV) at an ISI of
2 ms (Ortu et al. 2008) was selected for experimentation
(Table 1). In LICI, suprathreshold conditioning intensity
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(110, 120, 130 and 140% RMT) that evoked closest to
50% inhibition of the unconditioned test MEP response
(set to 1 mV) at an ISI of 100 ms (Benwell et al. 2007)
was selected for experimentation (Table 1). SICI and LICI
were measured in two separate sessions, separated by at
least 48 h. Eleven young and eleven older adults partici-
pated in both sessions. The rest of the participants were
not able to participate in both sessions due to withdraw-
als from the study because of personal circumstances
(one young and two older participants) and inability to
obtain inhibition at baseline (three young and three older
participants).

Data analysis

All analyses were completed offline using Spike 2 software
and custom-written scripts. Traces showing background
voluntary EMG activity exceeding 10 uV in amplitude
100 ms prior to stimulation were removed from analysis
(<0.1% trials), to ensure the muscle was in a complete
rested state, while measurements were taken (Otieno et al.
2019). Voluntary EMG (measured as root mean squared
EMG; EMG,,,,) during each 25% EMG was calculated
during the plateau in force of the 25% EMG contractions
(~ 15 min or~2 min for the 25% EMG contractions).
Force amplitude during each 25% EMG contraction and
MVC was also calculated during the plateau in force of
the MVCs and 25% EMG contractions (~5 s for MVC
and ~ 15 min or ~2 min for the 25% EMG contractions).
MEP and M,,,, amplitudes from each trial were meas-
ured as peak-to-peak in mV. Unconditioned MEPs were
expressed as a percentage of M, ,, to account for muscle-
dependant changes (Samii et al. 1997; Todd et al. 2007).
SICI and LICI were calculated as the ratio (expressed as
a percentage) between the peak-to-peak amplitudes of the
conditioned and unconditioned MEPs (conditioned/uncon-
ditioned x 100) (Opie and Semmler 2014). Therefore, an
increase in SICI and LICI ratio in the study reflects less
inhibition and vice versa (Fig. 2). Since there were age-
related differences in SICI and MEP measures at baseline,
(Tables 2 and 3) all variables were expressed as a percent-
age of baseline. EMG,,, and force during the 15 min 25%
EMG fatiguing exercise were binned and averaged into five
time points (Fatigue 1-5; F1-F5). Force measured after
the 15 min 25% EMG contraction (MVC); and during and
after each of the 2 min 25% EMG contractions was repre-
sented as individual time points (Post, sustained Fatigue
1-10; SF1-SF10). MEP and M_,,,, measurements collected
during the 1 min rest intervals after each of the 2 min 25%
EMG sustained fatigue contractions were pooled across
two sets and averaged into five bins (Post-fatigue 1-5;
PF1-PF5; see Fig. 1).

Statistical analysis

Linear mixed model with repeated measures (sensitive to
analyses with varying data within each time point) was used
to compare the effect of time and age on the magnitude of
MVC, force, EMG,,,,, SICI, LICI, MEP and M,,, indepen-
dently. Significant main effects were further investigated via
Bonferroni’s post hoc tests corrected for multiple compari-
sons. For all variables, assumption of normality was vio-
lated as demonstrated with Shapiro—Wilk test (P <0.05). As
aresult, all data sets were log transformed prior to statistical
analysis. Statistical significance was set at P <0.05, and we
interpreted this as the level at which a significant main effect
or interaction was observed in the statistical analysis. All
data in figures are presented as means (exponentiated for
all log transformed data) and 95% confidence interval of
the mean. All data in text are presented as estimated mean
differences (EMD) (exponentiated for all log transformed
data) and 95% confidence interval for the estimate, providing
a non-standardised measure of effect size. All data in tables
are presented as means + SE (Tables 2 and 3).

Results
Baseline measures

All participants completed the experiment in full and with-
out any adverse reactions. No differences in RMT and AMT
were found between groups (Table 1). Older adults had less
SICI and greater MEP (%M,,,,) compared to the young at
baseline (Table 1). Older adults also demonstrated lower
M., and MVC at baseline compared to the young during
the LICI session (Table 1). Finally, older adults had a greater
Leisure-time index compared to young adults in the SICI

session (Table 1).
SICl session

SICI did not change across time (F; ;55=1.4, P=0.2), and
no interaction between time and age (F; 773=1, P=0.4) was
observed. However, conditioned MEP size (% unconditioned
MEP) was greater in younger adults compared to older adults
post-fatigue (age effect: F 499=10.9, P<0.01) with an
EMD of 119% (95% C1[107,132], P <0.05; Fig. 3a). While
there was no interaction between time and age (F; 7,9=1.2,
P=0.29), unconditioned MEP was reduced post-fatigue
and gradually recovered across time compared to baseline
in both populations (time effect: F; ;33=15.1, P <0.05) with
EMD ranging from 277% (95% CI[199,384], P < 0.05) post-
fatigue to 147% (95% CI [105,205],P < 0.05; Fig. 3b) at PF5.
Unconditioned MEP was also greater in older adults com-
pared to young adults (age effect: F| 355=11.7, P<0.05)
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Fig.2 Representative raw traces of conditioned and unconditioned
MEP responses at pre, post and post fatigue (PF1) in both young
and older adults during the LICI session. CS represents condition-
ing stimulus and TS represents test stimulus. There was a reduction

with EMD of 82% (95% CI[72,92], P < 0.05; Fig. 3b). M,
did not change across time (F, g,5=0.8, P=0.63), and no
interaction between time and age (F, ¢g9=1.4, P=0.12) was
observed for M_,,,. M,,,, was, however, greater in the young
compared to old (age effect: F; 13=4.9, P <0.05) with an
EMD of 119% (95% CI [102,139], P <0.05).

MVC changed across time (F, 43 =11.7, P<0.001) with
a significant decline in maximum force observed imme-
diately post-exercise (EMD, 132% (95% CI [118, 146],
P <0.05)) to recovery (EMD, 158% (95% CI [133,188],
P <0.05)). However, older adults showed less decrement
in their MVC relative to baseline (age effect: F| 55=62.3,
P <0.05) with an EMD of 142% (95% CI[130,155], P < 0.05;
Fig. 3c) between young and old. No interaction between
time and age was observed for MVC (F, 330=1, P=0.4;
Fig. 3c). Force during 25% EMG (Fig. 3d) contraction also
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in unconditioned MEP post fatigue in both age groups, an increase in
conditioned MEP post fatigue in the older adult and an attenuation in
conditioned MEP in the young adults

changed across time (F5330=15.6, P <0.05; Fig. 3d) with
a significant decline in force from F2 (EMD, 139% (95%
CI [117,166], P<0.05)) to recovery (EMD, 180% (95%
CI [115,283], P <0.05)). However, no main effect of age
(Fyg3=1.2, P=0.27), or interaction between time and age
(Fys,338=1.4, P=0.13) was observed on force during 25%
EMG. EMG,,, during the 25% EMG contraction did not
change across time (F'j5 404 =0.5, P=0.9) nor was there any
effect of age (F 503 =3, P=0.08). No interaction between
time and age (F54,;,=0.2, P=1.0) was observed either.

LICI session
LICT was reduced across time (F3 4o5=11.8, P <0.05) with

a significant age effect (F; 14y="6.5, P<0.05) and interac-
tion between time and age (F;303=3.1, P <0.05; Fig. 4a).
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Table 2 Conditioned and unconditioned responses during SICI ses-
sion

Conditioned (%Test) Unconditioned (%M,,,,)

Young Old Young Old
Pre 359+6.0 55.5+6.0% 120+14 14.0+1.6
Post 48.6+7.6 64.0+7.6 3.6+1.5 6.8+1.8
PF1 51.2+55 47.6+5.6 6.0+1.3 9.7+1.5
PF2 52.4+5.5 60.8+5.6 65+13 11.8+1.6
PF3 43.0+55 52.0+5.6 8.0+1.3 11.2+1.6
PF4 57.0+5.5 53.4+55 77+13 11.6+1.6
PF5 56.0+6.4 54.0+5.5 79+14 159+1.6
Recovery 45.8+6.1 54.0+6.2 7.8+1.4 16.6+1.7

Values are shown as mean=+ SE. *P <0.05 at baseline when compared
to younger adults. NB: Statistics were performed on log transformed
data

PF Post Fatigue

Table 3 Conditioned and unconditioned responses during LICI ses-
sion

Conditioned (%Test) Unconditioned (%M,,,,)

Young Old Young Old
Pre 325+27.1  213%289 95+06  184+2.5%
Post 61.3+350 5244367 3.7+03 82+1.5
PF1 52.8+24.8 4124261 5.0+03 7.7+0.8
PF2 723+24.8 4324263 44+03 9.5+1.0
PF3 132.7+24.8  39.6+26.1 5.1+0.3 9.0+0.8
PF4 101.3+24.8 37.6+260 55+03 142+14
PF5 106.3+30.3  350+264 5.1+03 13112
Recovery 350+27.1 51.6+288 56+04 18.8+3.3

Values are shown as mean + SE. *P <0.05 at baseline when compared
to younger adults. NB: Statistics were performed on log transformed
data

PF Post Fatigue

An increase in conditioned MEP (% unconditioned MEP)
was evident immediately post-exercise (EMD, 252% (95%
CI [148,427], P<0.05)) to PF2 (EMD, 215% (95% CI
[123,378], P < 0.05)) in the older adults relative to baseline,
demonstrating a decrease in inhibition (see. Figs. 2 and 4a).
However, no changes were seen in the younger adults across
time. LICI was also reduced to a greater extent in older
adults compared to the younger adults at PF1 (EMD, 203%
(95% CI1[138,299], P<0.05)). Unconditioned MEP modu-
lated across time (F; 749=6.3, P <0.05; Fig. 3b), with an
attenuation observed immediately post-fatigue that gradually
recovered across the PF time points; with EMD ranging from
211% (95% CI [143,312], P <0.05) at immediately post to
166% (95% CI [105,260], P <0.01) at PF3). However, there
was no main effect of age (F} 509=0.7, P=0.4) or interaction

between time and age (F; 745 =1.4, P=0.18) on uncondi-
tioned MEP (Fig. 4b). M_,,, did not change across time
(F12616=0.9, P=0.54) and no interaction was seen between
time and age (F, 6, = 1.0, P=0.46). Younger adults, how-
ever, displayed higher M, ,, values throughout the exercise
compared to older adults (age effect: F| ,4;=118.5, P <0.05)
with EMD at 244% (95% CI [208,288], P <0.05).

MVC changed across time (F, 333=7.0, P <0.05) with a
main effect of age (F; 6,=61.8, P <0.05; Fig. 4c) and inter-
action between time and age (F, 3,5=2.1, P<0.05; Fig. 3¢).
Magnitude of force declined in the young (P < 0.05) with
EMD ranging from 145% (95% CI [123, 170], P <0.05)
immediately post to 149% (95% CI [116, 191], P <0.05)
at recovery. However, older adults showed no decrement
in their MVC relative to baseline throughout the protocol
(P=1.0). Force during 25% EMG contraction changed
across time (Fys346=06.9, P <0.05) with an interaction
between time and age (Fys5363=2.5, P <0.05) observed.
However, no main effect of age (F ;,=2.4, P=0.12) was
evident(Fig. 4d). A decline in force compared to F1 was
seen in the young adults throughout the protocol (P < 0.05)
with EMD ranging from 179% (95% CI [138, 232], P<0.05)
immediately post to 205% (95% CI [103, 413], P<0.05)
at recovery. On the other hand, older adults displayed a
decline in force ranging from F3 (EMD, 145% (95% CI
[101, 208], P <0.05)) to SF4 (EMD, 188% (95% CI [104,
338], P<0.05)) when compared to F1 (Fig. 4d). EMG,,,
during the 25% EMG contraction did not change across time
(F'15.403=0.8; P=0.65) nor was there any age effect observed
(Fy337=3; P=0.08). No interaction between time and age
(F15406=0.5, P=0.92) on EMG, was observed either.

Discussion
Main findings

This aim of the current study was to determine whether there
were age-related changes in GABA modulation following a
sustained submaximal isometric contraction. While young
adults were characterised by no change in SICI (Fig. 3a)
or LICI (Fig. 4a), we provide evidence of an attenuation in
LICI and no change in SICI with fatiguing exercise in older
adults. The outcomes of the study suggest an age-related
decrease in GABAg-mediated inhibition in the presence of
fatigue, but no change in GABA ,-mediated inhibition with
fatigue in both young and old adults.

Fatigability in young and older adults
Neuromuscular fatigue has two origins—peripheral (dis-

tal to neuromuscular junction, e.g. due to impairment in
the contraction coupling process) (Spriet et al. 1987) and
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central (proximal to neuromuscular junction) (Gandevia
2001). Central fatigue occurs when motor unit recruit-
ment is insufficient and/or motor unit firing rates remain
suboptimal due to variations in spinal reflex circuits and/
or descending motor pathways (Sidhu et al. 2013). Dur-
ing a sustained submaximal force contraction, the active
muscle fibres progressively fatigue leading to the recruit-
ment of additional motor units to sustain the required
force. This is usually seen as an increase in EMG dur-
ing a fatiguing task (Fuglevand et al. 1993; Riley et al.
2008). However, in the current study, motoneuron output
was ‘clamped’ by maintaining a constant 25% EMG out-
put during the sustained contraction (Hunter et al. 2016;
McNeil et al. 2011a). The implementation of an EMG
contraction, rather than a force contraction to induce
fatigue allowed us to document the development of
fatigue during the course of the contraction by measur-
ing the reduction in the magnitude of absolute force held
by the participant, without having to interrupt the exercise
to perform an MVC. As expected, force generating capac-
ity of the muscle during the 25% EMG contraction was
substantially reduced in both young and older adults dur-
ing both sessions, illustrating the development of fatigue
(Hunter et al. 2016). Although MVC force of the hand
muscle was attenuated throughout the exercise protocol
in young adults, older adults did not experience a similar
decrease in maximum muscle force, albeit only during the
LICI session, suggesting that the reduction in force during
the 25% EMG contraction was insufficient to induce a
change in maximum muscle force during this session. The
absence of a reduction in MVC force in the LICI session
in older adults may be attributed to participant variability,
as four older participants were not matched between the
two sessions. Indeed, the eleven older adults who were
matched between the two sessions showed a decrease in
MVC with the fatiguing exercise in both sessions. The
fact that force was attenuated during the 25% EMG con-
traction but not during MVCs in some older adults may
also be partially related to the differences in muscle fibre
recruitment during the 25% EMG contraction versus
MVC. For instance, during low level contractions, type I
fibres (slow twitch, smaller in size) are largely recruited;
whereas during MVCs, both type I and type II fibres (fast
twitch, bigger in size) are recruited (Vollestad and Blom
1985). The discrepancy in fatigue measured between the
two contraction types may be further colluded by the fact
that the older adults are characterised by greater fatigue
resistance (Callahan and Kent-Braun 2011; Yoon et al.
2012, 2013), mediated via the loss of the type II muscle
fibres and a concomitant increase in type I muscle fibre
composition (Andersen 2003; Lexell et al. 1988).

Change in MEP measures of corticospinal
excitability

MEPs reflect the responsiveness of the corticospinal
pathway (Gandevia et al. 1996). An increase in MEP size
measured in a resting muscle during short-duration inter-
mittent fatiguing contractions (Benwell et al. 2006, 2007;
Otieno et al. 2019) suggests an increase in corticospinal
excitability in the presence of single-joint exercise fatigue.
However, similar to the outcomes reported following sus-
tained submaximal contractions (Brasil-Neto et al. 1993;
Sacco et al. 2000; Samii et al. 1997), we demonstrated a
decrease in corticospinal excitability in both age groups
following a 15 min submaximal EMG contraction and
throughout the sustained fatiguing contractions. This post-
exercise MEP depression has previously been attributed to
intracortical inhibition, since centrally evoked responses
by transcranial electrical stimulation (to directly activate
spinal motoneurons) remained unchanged after exhaustive
weightlifting repetitions of the wrist flexors (Brasil-Neto
et al. 1993). Contrary to this, McNeil et al. (2011a) have
shown a similar degree of suppression in responses evoked
by TMS and spinal stimulations during the silent period of
a 10 min sustained 25% EMG contraction, suggesting that
a reduction in motoneuron excitability (possibly related to
repetitive motoneuron activation during a sustained con-
traction), rather than a cortical excitability, may be respon-
sible for the impairment in MEP. Our study was designed
to investigate the presence of fatigue on intracortical
mechanisms measured with respect to a resting muscle.
Indeed, given the task- and context-dependant influence
of fatigue on corticospinal responses (Taylor et al. 2016),
parallels between studies that measure central responsive-
ness with short intermittent maximum versus sustained
submaximal contractions, as well as during muscle activity
(McNeil et al. 2009, 2011a) versus resting muscle (Ben-
well et al. 2006, 2007) may not necessarily be drawn. One
consideration for the interpretation of the MEP data is
the fact that while the absolute MEP amplitude was kept
consistent between participants (1 mV), MEPs were larger
in older adults when normalised to M, at baseline since
older adults are characterised by smaller M, in the FDI
(Opie and Semmler 2014). Therefore, it is possible that the
amount of motoneuron activation influenced the baseline
magnitude of inhibition, as in the case of SICI. However,
it may also be argued otherwise since the increase in the
amount of motoneuron activation did not influence base-
line LICI. In any case, to account for these baseline dif-
ferences, and to address the primary aim of age-mediated
influence of fatigue on central responsiveness, we normal-
ised all the post-fatigue data to the baseline values.
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SICI and LICI post-fatiguing exercise in a resting
muscle

Paired pulse paradigms including SICI and LICI reflect
the suppression of later indirect waves (I-waves) such as
I, which follow the corticospinal short latency direct wave
(D wave) (Di Lazzaro et al. 1998, 2002; Reis et al. 2008).
SICI is known to be mediated by GABA , (Di Lazzaro et al.
2000) while LICI is thought to be mediated by GABAg
inhibitory interneurons (McDonnell et al. 2006). When
measured at rest, a decrease in SICI and LICI following
intermittent fatiguing maximum contractions (Benwell et al.
2006, 2007; Maruyama et al. 2006; Vucic et al. 2011) and
after a 2 min maximum fatiguing contraction (Maruyama
et al. 2006) has been reported in young healthy individu-
als, suggesting a decrease in GABA , and GABA mediated
inhibition, respectively. A similar decline in SICI has been
reported with sustained submaximal isometric contraction
when measured in an active muscle (15-25% MVC) (Hunter
et al. 2016; Williams et al. 2014). In the current study, we
measured inhibition in a resting muscle instead of active
muscle immediately after sustained fatiguing contractions
and observed no change in both SICI and LICI in the young
adults. This lack of change in SICI and LICI may be attrib-
uted to the different exercise modalities used between stud-
ies (short duration intermittent exercise versus longer dura-
tion sustained exercise), suggesting that the modulation of
GABA inhibitory processes with fatiguing exercise is likely
task dependant. Interestingly, McNeil and colleagues have
identified a contradictory increase in GABAg-mediated inhi-
bition during fatiguing maximum and submaximal isometric
exercise in young adults (McNeil et al. 2009, 2011a). How-
ever, in addition to the fact that they measured inhibition
during an active contraction, they also demonstrated that
impaired motoneuron responsiveness played a predominant
role in the increase in GABAj inhibition.

With no change in SICI, older adults showed a decrease
in LICI. Contrary to our recent TMS-EEG data showing an
age-related decrease in GABA ,-mediated inhibitory activ-
ity with intermittent maximal fatiguing exercise (Opie et al.
2020), the current outcomes demonstrate an age-related
decrease in GABAg-mediated inhibitory activity with sus-
tained submaximal EMG contraction; suggesting a task-
dependant GABA modulation in the presence of fatigue
in older adults. Even though there is pharmacological and
behavioural data demonstrating that TME-EEG data are
sensitive to changes in intracortical inhibition (Bender et al.
2005; Bonnard et al. 2009; Premoli et al. 2014), there is
some recent data that questions the relationship between
LICI elicited with paired pulse MEPs and TEPs (Biabani
et al. 2019), which may partly explain the contradictory
observations between our previous work using TMS-EEG
(Opie et al. 2020) and the current outcomes with TMS-EMG.

@ Springer

In addition, even though we are not able to exclude the role
of spinal mechanisms in the modulation of GABAg medi-
ated inhibition in older adults (McNeil et al. 2011a), there is
evidence from TMS-EEG data to show that GABA modula-
tion (as measured with LICI) is cortically mediated (Opie
et al. 2017). Furthermore, while fatigue was sustained for a
prolonged period, its effect on GABA modulation did not
persist during maintenance of fatigue in older adults. This
implies that GABA modulation may play a role in the ini-
tial stages of fatigue but not when fatigue is sustained for a
longer period in older adults.

Methodological considerations

While it may be argued that measurements during the fatigu-
ing task per se or during muscle activity provide greater
functional representation (Sidhu et al. 2014, 2018), measure-
ment of intracortical inhibition during muscle activity also
presents challenges. For example, muscle activity attenuates
the magnitude of inhibition (Ridding et al. 1995), making
it difficult to obtain sufficient magnitude of inhibition at
baseline (i.e. ~20-30% during a 25% muscle contraction).
Interestingly, we were not able to get sufficient inhibition
in~13% of the recruited participants even in a resting FDI
muscle. These participants were excluded from data collec-
tion. We targeted baseline SICI and LICI that was closest
to 50% in all participants to ensure that there was neither
a peak nor a trough at baseline to allow for fatigue-related
modulations in either direction. Furthermore, our experi-
mental design of measuring inhibition in a rested muscle
allows for better comparison of outcomes with recent studies
from our group investigating cortical inhibition using TMS-
EEG, whereby measurements have to be implemented at rest
to avoid confounding influences of movement artefacts on
the EEG recordings (Opie et al. 2020; Otieno et al. 2019).
An additional consideration is that there are sex differences
in fatigability whereby females are typically characterised
by greater fatigue resistance due to greater oxygen avail-
ability during exercise (Ansdell et al. 2019a); and fatigabil-
ity and SICI vary across the menstrual cycle (Ansdell et al.
2019b). We did not control for the menstrual cycle phase
of the young females in the current study, and this forms
a limitation of this work. However, given that most previ-
ous work has focused on hormonal influences of fatigue in
large locomotor muscles, the evidence for sex differences in
fatigability during small muscle exercise remains equivo-
cal. Indeed, in the current study, we did not observe any
differences in FDI muscle fatigability between males versus
females. Finally, there is some evidence to show that aver-
aging less than 20 simultaneous MEP responses results in
increased variability (Biabani et al. 2018). Whilst we were
limited with the number of stimulations delivered post-
fatigue due to the quick recovery of fatigue, the low number
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of stimulations (10—12 at each time point including baseline)
should be acknowledged.

Conclusion

The current findings suggest that older adults modulate LICI
with a submaximal fatiguing contraction by attenuating
GABAg-mediated inhibition. Nonetheless, further investi-
gation into the age-related effects of fatigue on LICI and
SICI via implementation of exercise models that induce a
similar degree of fatigue in both groups forms an important
expansion of the present investigation. Investigating GABA
mechanisms in larger muscle groups of the upper and lower
limbs may also provide a more functional representation of
the age-related modulation of GABA inhibitory processes
with fatiguing exercise. The discovery of these components
may contribute to the development of interventions and
training that effectively improve work efficiency, improve
exercise tolerance and preserve function in older adults.
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