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Abstract

Blood flow occlusion (BFO) has been previously used to investigate physiologi-
cal responses to muscle ischemia, showing increased perceptual effort (RPE) and
pain along with impaired neuromuscular performance. However, at present, it
is unclear how BFO alters corticomuscular activities when either applied to the
exercising or nonexercising musculature. The present study therefore set out to
assess the corticomuscular response to these distinct BFO paradigms during an
isometric contraction precision task. In a repeated measures design, fifteen par-
ticipants (age=27.00+5.77) completed 15 isometric contractions across three
experimental conditions; no occlusion (CNTRL), occlusion of the contralateral
(i.e., nonexercising) limb (CON-OCC), and occlusion of the ipsilateral (i.e., exer-
cising) limb (IPS-OCC). Measures of force, electroencephalographic (EEG), and
electromyographic (EMG) were recorded during contractions. We observed that
IPS-OCC broadly impaired force steadiness, elevated EMG of the vastus lateralis,
and heightened RPE and pain. IPSI-OCC also significantly decreased corticomus-
cular coherence during the early phase of contraction and decreased EEG alpha
activity across the sensorimotor and temporoparietal regions during the middle
and late phases of contraction compared with CNTRL. By contrast, CON-OCC
increased perceived levels of pain (but not RPE) and decreased EEG alpha activ-
ity across the prefrontal cortex during the middle and late phases of contraction,
with no changes observed for EMG and force steadiness. Together, these findings
highlight distinctive psychophysiological responses to experimental pain via BFO
showing altered cortical activities (CON-OCC) and altered cortical, corticomus-
cular, and neuromuscular activities (IPS-OCC) when applied to the lower limbs
during an isometric force precision task.
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1 | INTRODUCTION

Induced ischemia via blood flow occlusion (BFO) is a
common experimental procedure to investigate neuro-
muscular response within the exercise pressor reflex
(Fisher et al., 2015) and to isolate the metaboreflex from
central command. During muscle ischemia there is de-
creased oxygen supply to the muscles with a concomi-
tant increase in metabolite accumulation (H*, inorganic
phosphate [Pi], and adenosine diphosphate [ADP]), trig-
gering group III-IV muscle nerve afferents (Kaufman
et al., 1983; Mense & Meyer, 1985; Pollak et al., 2014).
Activation of these muscle nerve afferents drives an
increased perception of effort and pain during exer-
cise (Gandevia, 2001; Gandevia et al., 1996; Kennedy
et al., 2015), facilitating the onset of central fatigue (fail-
ure of the central nervous system to “drive” motoneu-
rons) by inhibiting motor output from the motor cortex
during exercise (Amann et al., 2015; Taylor et al., 2016).
Consequently, both motor unit recruitment and the
ability to generate and control force output become
disrupted (Amann et al., 2022; Enoka & Farina, 2021;
Farina et al., 2012).

While BFO paradigms are typically implemented by
occluding the exercising musculature (i.e., ipsilateral),
there is growing interest in exploring the perceptual and
neuromuscular responses to BFO of nonexercising (typ-
ically contralateral) musculature during exercise (Finn
et al., 2020). This is useful because this approach can
stimulate group III-IV muscle afferents without altering
the exercising muscle's metabolic status. Therefore, alter-
ations to neuromuscular control can be better attributed
to central modulatory factors rather than impairments
to excitation—-contraction coupling (Hill et al.,, 2022).
Indeed, researchers have reported elevated perceived
pain and fatigue, along with expedited time-to-task fail-
ure and impaired contractile function in the exercising leg
when occlusion is applied to the contralateral, non-exer-
cising leg (Aboodarda et al., 2020; Azevedo et al., 2022).
Recent evidence has also shown that BFO applied follow-
ing task failure to the nonexercising leg, can prolong the
“silent period” of electromyographic (EMG) following
motor-evoked potential (MEP) triggered by single-pulse
transcranial magnetic stimulation (TMS circuitries;
Azevedo et al., 2022). These findings, therefore, suggest
a crossover effect, whereby group III-IV afferents can
exert inhibitory influences across the central nervous
system when activated in nonexercising musculature via
occlusion, and thus influence perceptual and central mod-
ulatory factors during contraction of the contralateral ex-
ercising limb (Aboodarda et al., 2020).

Despite the utility of BFO as an experimental model
to investigate physiological responses to muscle fatigue

and pain (Mauger, 2013; Tanaka & Watanabe, 2012), an
understanding of how this procedure alters the activity of
the cerebral cortex remains lacking. However, alternative
models of simulated muscle pain (e.g., saline and nerve
growth factor injections, and the application of capsaicin
and cold pressors to the skin) have been shown to evoke
distinct alterations to cortical activity in healthy adults,
including decreased electroencephalographic (EEG)
alpha activity (~8-12Hz) across central and posterior re-
gions of the scalp, along with elevated beta activity (~15-
30Hz) across broad regions of the scalp including the
frontal and temporal regions (Chang et al., 2001, 2003;
Chen & Rappelsberger, 1994). Recent evidence has also
shown that hypertonic-induced muscle pain decreases
the ratio between alpha and beta activity (i.e., alpha/
beta ratio) over the prefrontal cortex while resting, and
over both the prefrontal and parietal cortices during ex-
haustive exercise in healthy males (Canestri et al., 2021).
This general shift from slower (i.e., greater alpha activ-
ity) to faster (i.e., greater beta activity) cortical oscilla-
tions is proposed to reflect increased cellular excitability
in the thalamo-cortical system triggered by peripheral
nociceptive inputs (Ferracuti et al., 1994) and thus a hy-
peraroused central nervous system in response to pain
(Perlis et al., 2001).

While the cortex-specific response to BFO remains
underexplored, there is evidence that it can disrupt
the functional synchronization between the cortex and
muscles, as expressed by corticomuscular coherence
(CMC)—a measure evaluating the frequency-wise simi-
larity between signals recorded from the brain (via EEG
or magnetoencephalography; MEG) and contracting
muscle (via electromyography; EMG). Typically, CMC
reaches its peak (and becomes “significant™) across the
beta frequency range (~15-30 Hz) for channels spanning
the sensorimotor cortex during sustained isometric con-
tractions (Mima & Hallett, 1999). Beta CMC is larger
when isometric contractions are steadier and more pre-
cise (Kristeva et al., 2007; Witte et al., 2007) and has
been proposed to reflect the effective cortical control of
motor unit firing via the direct corticospinal pathway
(Mima & Hallett, 1999), supporting the upregulation of
efferent and afferent signals to promote a stable motor
output (Baker, 2007). Indeed, Pohja and Salenius (2003)
observed reduced CMC between the first dorsal interos-
seus and MEG signals following occlusion of the upper
arm during a hand contraction task, highlighting how
disrupting the sensory feedback loop via deafferentation
may impair the rhythmic cortical drive on the spinal
motoneuron pool. There is also evidence that CMC can
become disrupted by increasing fatigue and pain sensa-
tion during muscle contraction (Poortvliet et al., 2019;
Ushiyama et al., 2011), and when exposing individuals
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to mechanically induced muscle tremors during con-
comitant muscle contractions (Budini et al., 2014).
Therefore, it is possible that the mechano- and meta-
bo-sensitive III-IV afferents induced by BFO may be
responsible for the changes in CMC, affecting the effi-
ciency of cortical control and ongoing muscular activity.
However, at present, it is unclear how BFO and asso-
ciated perceptual responses in passive, nonexercising,
musculature can alter central modulatory factors and
thus cortical and corticomuscular activities that are re-
sponsible for innervating the exercising limb.

The aim of the present study is to provide a compre-
hensive description of the corticomuscular response
to BFO during an isometric contraction precision task
when applied to the ipsilateral (i.e., exercising) and con-
tralateral (i.e., nonexercising) leg musculature. Building
upon evidence from alternative models of pain and fa-
tigue, we expect to determine whether muscle BFO has
a direct effect on contractile force control, cortical ac-
tivity, and CMC. We hypothesized that BFO of both the
ipsilateral and contralateral leg would result in poorer
force steadiness, increased EMG activity, and decreased
CMC compared to a control condition without occlu-
sion. The findings provide novel insights into the neu-
rophysiological mechanisms that underpin the role of
different originating sites of BFO on corticomuscular
function that may be applicable to populations affected
by ischemic pain.

2 | METHOD

2.1 | Participants

Fifteen participants were recruited from the staff and stu-
dent population of Manchester Metropolitan University
(12 males, 3 females, mean age=27.00+5.77). An a priori
sample size calculation was performed based on the large
(d=2.18) effects of BFO upon CMC reported by Pohja and
Salenius (2003). Consequently, a sample size of at least
12 was required if assuming a large effect size (n§=.14)
with 80% power and an alpha level of p=.05 in a repeated
measures design with three levels. An additional two par-
ticipants were recruited to account for potential data loss
often associated with EEG data collection. All participants
were free from any known neurological/musculoskeletal
disorders or acute/chronic pain/fatigue conditions and
were instructed to avoid stimulants (caffeine, alcohol, en-
ergy drink, etc.) and intense exercise 48 h prior to testing.
Ethical approval was granted by Manchester Metropolitan
University's ethics committee (protocol number 34966)
and written informed consent was obtained from all
participants.

IPSYGHUPHYSlUl.UGY &R | onre
2.2 | Protocol
2.2.1 | Preparation

All participants attended the laboratory once for approx-
imately 2 hr. Upon arrival, participants were debriefed
about the study protocol before being sat upon the
Amsterdam Dynamometer Chair for the initial maximal
arterial occlusion pressure (AOP) assessment represent-
ing the amount of pressure required to cease blood flow
to a limb (Patterson et al., 2019). Specifically, an 18 cm
wide inflatable cuff (CC17 Hokanson Inc, Bellevue, WA
98005, USA) was wrapped upon the upper portion of
the right leg (just below the inguinal crease) and gradu-
ally inflated by 10mm/hg every second via an auto-
mated rapid inflatable system (Hokanson Inc, Bellevue,
WA 98005, USA) until the posterior tibial artery pulse
was no longer present. The maximal AOP reached
during this procedure was then recorded and applied
during the subsequent BFO exercise protocols (mean
AOP=171.79+11.79) (Patterson et al., 2019). These
procedures were adopted to reduce high pressures and
gradients and avoid limb paraesthesia and loss of limb
sensitivity during the BFO protocol (Masri et al., 2020).
Following the AOP assessment, participants were pre-
pared for EEG and EMG data collection. The EEG sig-
nals were recorded with a conventional gel-based cap
(eego sports, Ant Neuro, Hengelo, Netherlands) with 64
AgClelectrodes in a layout based on the extended 10-20
international system (Jurcak et al., 2007). Electrodes
CPz and AFz were used as reference and ground, re-
spectively. Naison, Inion, and preauricular points were
used as anatomical landmarks to position the EEG
cap. Conductive gel for electrophysiological measure-
ments was used (Signa gel, Parker), and impendence
was kept below 10 kQ. The EEG cap was connected
to an EEG mobile amplifier (eego sports, ANT Neuro,
Hengelo, Netherlands) with additional auxiliary chan-
nels to allow for synchronous recording of bipolar sur-
face EMG. Following suitable skin preparation, a pair
of bipolar EMG electrodes were placed on the surface
of vastus lateralis (VL) of the right leg according to the
guidelines set out by SENIAM (Hermens et al., 2000).
The participant's right ankle was then securely attached
to the chair dynamometer with a 90-degree knee angle,
connected to a PowerLab 4/25T (AD Instruments, Bella
Vista, Australia) to record knee extension force (in kilo-
grams) via Labchart 8 software (ADinstruments). The
force, EEG, and EMG signals were recorded at a sample
rate of 1000 Hz and were synchronized using a LabJack
U3 device (LabJack Corporation, Lakewood, United
States) that was controlled by our custom Psychopy ex-
periment. As such, each contraction “onset” auditory
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stimulus produced a square wave trigger timestamp
that would be treated as timepoint zero in subsequent
analyses. Participants then performed two maximal vol-
untary contractions (MVC's) separated by 1 min of rest.
The max force value achieved across these two attempts
was used to personalize the goal force output in the sub-
sequent experimental task.

2.2.2 | Experimental task

The experimental task required participants to complete
isometric right knee extensions for 20 s at 15+ 5% of their
MVC, with both the force produced and goal error bound-
ary (i.e., +5%) visually presented on a monitor using
Labchart 8.0 software (see Figure 1). Participants were
aware their goal was to maintain their force within the

green error boundary for the entirety of each contraction.
Each 20-s contraction was followed by 8 s of rest, and each
block of five contractions was separated by 2.5min of rest.
The onset and offset of each 20-s contraction were indi-
cated via auditory beeps (10 ms duration) that were con-
trolled by Psychopy. Following an initial familiarization
block, participants then completed three experimental
blocks (total of 15 contractions) across three conditions;
no occlusion (CNTRL), occlusion of the contralateral
(i.e., nonexercising) limb (CON-OCC), and occlusion of
the ipsilateral (i.e., exercising) limb (IPS-OCC). For the
two occlusion conditions, the cuff was inflated at AOP
around either the dominant limb thigh for 30 s prior to
the first contraction and remained inflated for the entirety
of each block (approximately 3 min inflated). The cuff
was not worn during the control condition. Each condi-
tion was separated by 10 min, during which participants

Experimental conditions

Control (CNTRL)

Exercising
Leg Exercising
Radomized Leg
e——
Recovery

Load Cell «m

Load Cell =

Contralateral Occlusion (CON-OCC)

Ipsilateral Occlusion (IPSI-OCC)

. . Exercising
Radomized Leg
e——
Recovery

Load Cell «m

Experimental procedures

90104

SEMG

cov

Isometric Precision Task

15% MVC

Powerlab Load Cell

time

FIGURE 1 Experimental conditions and exercising tasks. Participants perform an isometric precision task wearing an

electroencephalographic cap and surface electromyographic electrodes on the vastus lateralis of the exercising leg. The conditions consisted
of a control (CNTRL) condition with no occlusion applied, occlusion of the contralateral nonexercising limb (CON-OCC), and occlusion of

the ipsilateral exercising limb (IPS-OCC).
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completed two MVC's at 2.5 and 5min postcondition to
assess fatigue. The order of conditions was automatically
randomized for each participant via the Psychopy stimu-
lation presentation software.

2.3 | Data analysis

For EMG-specific analyses, signals were band-pass filtered
using the EEGLAB “basic FIR filter (new)” (10-450Hz,
default filter order, —6dB cutoff frequency, 2.5Hz tran-
sition bandwidth), and notch filtered (48-52Hz, default
filter order, —6dB cutoff frequency, 2 Hz transition band-
width) prior to being cut into epochs ranging from —2 to
+22s relative to the onset auditory stimulus. For EEG and
EEG-EMG analyses, signals were band-pass filtered using
the EEGLAB “basic FIR filter (new)” (1-45Hz; default
filter order, —6 dB cutoff frequency, 1 Hz transition band-
width) and downsampled (250 Hz) prior to being cut into
epochs ranging from —2 to +22s relative to the onset audi-
tory stimulus. These epochs were visually inspected, and
those showing large EEG contamination from muscular
artifacts were discarded (from both EEG and EMG analy-
ses). No bad EEG channels were identified. Independent
component analysis (ICA) weights were obtained through
the RunICA infomax algorithm (Jung et al., 1998) run-
ning on EEG signals. ICA weights that presented obvious
nonneural activity (e.g., eyeblinks/movements, line noise,
muscular artifact) upon visual inspection were manu-
ally rejected. These processing steps were performed
using EEGLAB functions (Delorme & Makeig, 2004) for
MATLAB. We focused our analysis of force, EEG, and
EMG data across three phases of contraction post auditory
go stimulus: early (1-7s), middle (7-13s), and late (13-
195s). The first second was not considered to allow partici-
pants to ramp up their force output to the goal boundary,
and the final second was not considered to avoid data con-
taining any anticipatory relaxations. We chose to segment
our contraction in this manner to allow us to understand
how corticomuscular responses to blood flow restriction
progress across the duration of a sustained contraction.

2.4 | Measures

2.4.1 | Pain and perceived exertion

Following the final contraction of each experimental con-
dition, participants were asked to subjectively provide
their rating of perceived exertion (RPE) using a Borg scale
from 6 to 20 (Borg, 1970), and their general (whole body)
perception of pain using a 10-point numeric scale where
0 = “no pain at all” and 10 = “pain as bad as it can be”

IPSYGHOPHYSIUI.OGY spr)’

(Karcioglu et al., 2018). The mean values of RPE and pain
were determined for each condition. Rating scales were
explained during the familiarization protocol and partici-
pant were oriented to their use before starting the trial.

2.4.2 | Force steadiness (CoV)

The force exerted by each participant was analyzed to
determine the steadiness of contraction and the degree
to which participants successfully maintained their force
trace within their goal error boundary. Steadiness was
defined as the coefficient of variance (CoV), calculated
as the ratio between force standard deviation and the
mean force value during each of the task phases (Enoka
& Farina, 2021).

2.4.3 | EMG activity

Muscular activity was calculated as the root mean square
(RMS) of the EMG signal occurring across each task phase
for each trial. Data were normalized across participants
by dividing trial-level RMS by the highest RMS value
achieved by each participant across all phases and 45 ex-
perimental trials (i.e., % Peak,). This approach allows
relative comparisons across conditions and time windows
while being less influenced by interindividual differences
in overall muscle strength (Burden, 2010).

2.4.4 | EEG activity and CMC

Time-frequency decomposition was performed through
short-time Fast Fourier Transform (FFT) conducted on
209 overlapping windows, each of 1s length, with central
points ranging from —1.5 to 23.5s relative to the onset
of the auditory go stimulus. Prior to FFT, data points in
each window were Hanning tapered and zero padded to
reach 2s. This generated complex-valued coefficients in
the time-frequency plane with a precision of 120ms and
0.5Hz. EEG power (pV2) was calculated for the alpha
(8-12Hz) and beta (15-30Hz) frequency bands as the
squared amplitude of each signal, which was then aver-
aged for the 50 overlapping segments across the early,
middle, and late phases. As occlusion was employed
throughout an experimental block, no neutral premove-
ment baseline was established. Instead, skewness and
interindividual differences in power density distributions
were dealt with by employing a median-scaled transfor-
mation (Gallicchio et al., 2016; Parr et al., 2019), whereby
each participant's values were scaled by their median
and then log-transformed (10x1og10). The correlations
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between the EEG and EMG (VL) signals were calculated
by magnitude-squared coherence. For multiple correc-
tions, we applied a Bonferroni correction defining the sig-
nificance level of coherence (SL; Rosenberg et al., 1989),
determined to be 0.111 in the present study. We measured
the individual area under the coherence curve and above
the significance level in the beta frequency range (beta
Coharea) during the three task phases of the contraction
(Chakarov et al., 2009; Mendez-Balbuena et al., 2012; Parr
et al., 2022).

2.5 | Statistical analysis

The Gaussian distribution of data was checked via
Shapiro-Wilk. Consequently, analyses for Pain and
RPE were initially conducted using a non-parametric
Friedman's analysis of variance (ANOVA) to assess the
main effects of Condition (CNTRL, CON-OCC, IPS-
OCC), with post-hoc tests subsequently performed using
Wilcoxon-signed rank tests with Bonferroni corrections.
Descriptive data for nonparametric variables are pre-
sented by the median and interquartile range (iqr). To as-
sess the percentage change in MVC's across experimental
blocks (% A MVC), a 2 X 3 repeated measures ANOVA was
performed to probe the effects of Attempt (2.5 min post, 5
min post) and Block (first, second, third). For force steadi-
ness (CoV) and EMG activity of the VL % (Peak,,y), a 3
X3 repeated measure ANOVA was performed to probe
the effects of condition (CNTRL, CON-OCC, IPS-OCC)
and phase (early, middle, late). Descriptive data for para-
metric variables are presented as the mean and standard
deviation (M +SD). Regional effects of alpha power, beta
power, and CMC were analyzed through nonparametric
permutation testing. The multiple comparison problem
(i.e., one test for each comparison) was solved through
the “maximum statistic” method (Cohen, 2014). Namely,
we compared the t-values from paired samples ¢-tests ob-
tained when comparing channel-wise data between con-
ditions and task phases with an empirical distribution
of t-values constructed in the following way. First, we
permuted the data by randomly swapping the condition
(CNTRL, CON-OCC, IPS-OCC) and phase (early, mid-
dle, late) labels within each participant before running
a paired samples t-test separately for each channel. We
then pooled the t-values across channels and stored the
two most extreme values (i.e., minimum and maximum).
We then repeated this procedure 2000 times to create a
distribution of 4000 minimum and maximum ¢-values.
Finally, we compared the observed (i.e., nonpermuted) t-
values of each channel-wise comparison with the empiri-
cal distribution of t-values described above, and computed
p values as the proportion of the permutation ¢t-values that

were more extreme that the t-values for each channel. For
alpha and beta power, all 63 channels were included to
investigate broad regional effects. For CMC, we included
the 14 channels spanning the sensorimotor cortex. Effect
sizes for Wilcoxon-signed rank tests were reported as r,
with values of .1, .3, and .5 reflecting small, medium, and
large effects, respectively (Cohen, 1992). ANOVA effect
sizes were reported using partial eta squared (;112)), com-
mon indicative thresholds for which are small (0.01), me-
dium (0.06), and large (0.14; Field, 2013). All statistical
analyses were performed using IBM SPSS statistics (ver-
sion 26) with an alpha level of <.05.

3 | RESULTS

3.1 |
blocks

% A MVC's across experimental

A significant main effect of Attempt indicated that MVC's
were significantly greater 5-min postexercise compared to
2.5-min postexercise (F(1, 14)=4.932, p=.043). The main
effect of Block (F(2, 28)=2.030, p=.150, nf,= .127) and the
Block x Attempt interaction were nonsignificant (F(2,
28)=2.183, p=.131, 72=.135; Table 1).

3.2 | Pain and RPE

A significant main effect of condition was observed for
perceived pain (X(2)=17.472, p<.001). Pain was signifi-
cantly higher during IPS-OCC (median =4.50, iqr =2.85)
compared with the CNTRL (median=0.70, iqr=2.33,
p=.003) and CON-OCC conditions (median=3.70,
iqr=2.57, p=.015). Subjective pain was also significantly
higher during CON-OCC compared to the CNTRL condi-
tion (p=.009). A significant main effect of condition was
also observed for RPE (X(2)=17.245, p<.001). RPE was
significantly higher during IPS-OCC (median=15.30,
iqr=3.55) compared to the CNTRL (median=9.30,
igr=3.55, p=.003) and CON-OCC conditions (me-
dian=11.15, iqr=2.15, p=.003; Table 2).

TABLE 1 Mean (+SD) maximal voluntary contraction (MVC)
force output as a percentage change relative to the baseline
recording (i.e., % A MVC), across the three sequential experimental
blocks (irrespective of experimental condition) for the attempts
occurring at 2.5- and 5-min postexercise.

First block Second block Third block

2.5-min post (% A MVC) 0.20+7.53
5-min post (% A MVC)

2.27+9.13 5.33+9.53

3.40+9.02  5.13+8.26 5.07+8.23

Note: Positive values indicate elevated MVC force values relative to baseline.
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TABLE 2 Median (interquartile range) of the rate of perceived
exertion (RPE) and self-report levels of pain on a scale of 0 = “no
pain at all” and 10 = “pain as bad as it can be.”

CNTRL CON-OCC  IPS-OCC
Pain (Opin-105,)  0.70(2.33) 3.70 (2.57) 4.50 (2.85)
RPE (6,,;,-20,05,)  9:30(3.55)  11.15(2.15)  15.30(3.55)

3.3 | Force steadiness (CoV)

A significant main effect of Condition was observed
(F(2, 28)=9.083, p<.001, ;112)=.393), with greater CoV
observed during IPS-OCC (3.805+0.332%) compared
with the CNTRL (3.059+0.234%, p=.001) and CON-
OCC conditions (3.148+0.221%, p=.012). No differ-
ence was observed between the CNTRL and CON-OCC
conditions (p=.969). A significant main effect of Phase
(F(1.006, 14.089)=38.492, p<.001, n2=.733) revealed
greater CoV during the early phase (5.462 +0.549%) com-
pared with the middle (2.313+0.160%, p<.001) and late
7(2.238+0.161%, p<.001) phases. No difference was
observed between the middle and late phases (p=.115;
Figure 3a). The Condition x Phase interaction was not
significant (F(2.011, 28.149)=2.727, p= 082, 2=.163).

3.4 | Vastus lateralis EMG activity

A significant main effect of Condition was observed
(F(2, 28)=5.338, p=.011, n;=.276) with significantly
greater EMG activity observed during the IPS-OCC
(74.02+4.11% Peak,,;,) compared with the CNTRL
(59.59+3.19% Peak,,,, p=.015) and CON-OCC condi-
tions (58.98 £2.96% Peak,,;,, p=.003). There was no dif-
ference between the CNTRL and CON-OCC conditions
(p=.934). A significant main effect of Phase (F(1.22,
17.05)=72.792, p<.001, n§=.839) showed greater EMG
activity in the late phase (67.37+9.24% Peak,,,) com-
pared with the early (60.59 +8.00% Peak,,;, p<.001) and
middle (64.63 +8.30% Peak,,;,;) phases. EMG activity also
significantly increased from the early to middle phases
(p<.001; Figure 3b). The Condition x Phase interaction
was not significant (F(2.271, 31.788)=1.761, p=.150,
;712):.112; Table 3).

3.5 | Alphapower

Permutation testing to control for the multiple com-
parisons problem in the channel X condition X phase
dimensions identified observed t-values to surpass the
critical threshold if they fell below —3.28 or above 3.31.
Results indicated that alpha power was significantly lower

IPSYGHOPHYSIUI.OGY sp’

during CON-OCC compared with the CNTRL condition
across channels F1 (t=-3.63, p=.021) and F5, (t=—3.44,
p=.031) during the middle phase and across channel AF7
(t=-3.35, p=.039) during the late phase. Results also in-
dicated that alpha power was significantly lower during
IPS-OCC compared with the CNTRL condition across
channels CP3 (t=-3.56 p=.025) and CP5 (t=-3.88,
p=.012) during the middle phase and across channels Cz
(t=—-3.42,p=.033), CP3 (t=—-3.70, p=.015), P3 (t=—3.99,
p=.009), CP6 (t=-3.59, p=.023), and T8 (t=-3.58,
p=.024) during the late phase (Figure 2). Finally, results
indicated that for the CON-OCC condition, alpha power
significantly decreased from the early stage to the middle
stage across channel FT7 (t=-3.39, p=.044; Topoplots
available in Supplementary file 1).

3.6 | Betapower

Permutation testing to control for the multiple compari-
sons problem in the channel X condition X phase dimen-
sions identified observed t-values to surpass the critical
threshold if they fell below —3.27 or above 3.31. No differ-
ences were observed between conditions at any of the task
phases or between any of the task phases for any of the
conditions (Topoplots available in Supplementary file 1).

3.7 | cMC

Permutation testing to control for the multiple com-
parisons problem in the channel X condition x phase
dimensions identified observed t-values to surpass the
critical threshold if they fell below —2.73 or above 2.68.
Consequently, results indicated that beta CMC was sig-
nificantly lower across channels C3 (t=-3.11, p=.008)
and C1 (t=-3.07, p=.024) during IPS-OCC compared to
the CNTRL condition during the early phase of contrac-
tion. Beta CMC was also significantly lower during the
IPS-OCC compared with the CON-OCC condition across
channel CP1 (t=-3.90, p=.002). For the IPS-OCC condi-
tion, beta CMC significantly increased from the early to
middle stages across channels CP1 (t=2.91, p=.035) and
C1 (t=3.49, p=.010), from the early to late stages across
channels Cz (¢t=2.77, p=.047) and C1 (¢=3.17, p=.021;
Figure 3).

4 | DISCUSSION

The aim of this study was to explore the corticomuscular
response to BFO exercise when applied to either the ipsi-
lateral (i.e., exercising leg; IPS-OCC) or the contralateral
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. .. TABLE 3 Mean (+SD) force
Control Nonexercising Exercising . .
steadiness, expressed as the coefficient of
CoV (%) Early 4.83+1.77 5.24+2.26 6.31+2.96 variance (CoV %), and electromyographic
Middle 2.24+0.69 2.17+0.54 2.54+0.74 activity of the vastus lateralis for each
Late 2.10+0.67 2.04+0.44 2.57+0.90 experimental condition across the early,
- middle, and late phases of the force
VL activity (% Peak,,)  Early 56.13+18.50  55.80+22.00 69.80+11.45 .
contraction (% Peak,,;,)-
Middle 60.07 £20.67 59.60+23.59 74.20+£10.57
Late 62.40+21.43 61.67 +£24.00 78.00 £9.22
Early Middle Late
CNTRLvs
CON-OCC
3
2
1
CNTRLvs
IPS-OCC |0 t-value
-1
-2
-3
CON-OCCyvs
IPS-OCC

FIGURE 2 Topoplots displaying the paired sample t-values comparing regional electroencephalographic alpha activity between
conditions at each of the three-time windows. For the top two rows (CNTRL vs CON-OCC; CNTRL vs IPS-OCC) scalp regions that are blue
indicate lower alpha activity relative to the CNTRL condition, whereas red regions indicate higher alpha activity relative to the CNTRL
condition. For the bottom row, blue regions indicate lower alpha activity in the IPS-OCC condition, whereas red regions indicate lower
alpha activity in the CON-OCC condition. Channels highlighted yellow indicate a statistically significant difference.

(i.e., nonexercising; CON-OCC)leg. We observed that
IPS-OCC broadly impaired isometric force steadiness, el-
evated EMG activity of the vastus lateralis, and increased
RPE and levels of perceived pain. IPS-OCC also signifi-
cantly decreased CMC during the early phase of contrac-
tion. Compared with the CNTRL condition, IPS-OCC
decreased EEG alpha activity across the sensorimotor and
temporoparietal regions during the middle and late phases
of contraction along with concomitant increases in EMG
activity. By contrast, CON-OCC increased perceived levels
of pain (but not RPE) and decreased EEG alpha activity
across the prefrontal cortex during the middle and late
phases of contraction, with no changes in EMG activity
compared to the CNTRL condition. Together, these find-
ings highlight distinctive psychophysiological responses
to experimental pain via BFO when applied to the ipsilat-
eral (i.e., exercising) and contralateral (i.e., nonexercising)
musculature of the lower limbs in the context of isometric
force control.

4.1 | Occlusion of the exercising leg
(IPS-OCC)

As hypothesized, IPS-OCC elevated perceptual sensations
of pain and RPE resulting in altered motor command,
characterized by impaired isometric force control, and in-
creased surface EMG activity. As we observed no change
in MVC's following the completion of each experimental
block, we can ascribe these neuromuscular changes to the
effects of occlusion during the exercise task. A common
mechanism proposed to explain this modulation of volun-
tary motor output following occlusion is the accumulation
of muscle metabolites that stimulate group III-IV muscle
nerve afferents. These afferents direct neural feedback to
the sensory areas of the brain and contribute to the sensa-
tions of pain and RPE and the modulation of motoneuron
output by eliciting inhibitory feedback to the corticomotor
circuitries (Amann et al., 2020). Indeed, previous research
has established that both increased force variability and
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FIGURE 3 (a)Topoplots displaying
beta corticomuscular coherence (CMC)
between electroencephalographic
channels and electromyographic activity
of the vastus lateralis. Black points
indicate the channels spanning the
sensorimotor cortex that were included
in statistical analyses. (b) Topoplots
displaying paired sample t-values
comparing beta CMC between conditions
at each of the three-time windows. For
the top two rows (CNTRL vs CON-OCC;
CNTRL vs IPS-OCC) scalp regions that
are blue indicate lower CMC relative to
the CNTRL condition whereas red regions
indicate higher CMC relative to the
CNTRL condition. For the bottom row,
blue regions indicate lower CMC in the
IPS-OCC condition, whereas red regions
indicate lower CMC in the CON-OCC
condition. (c) Topoplots displaying paired
sample t-values comparing beta CMC
between the three-time windows for each
of the three conditions. For the first two
columns (early vs middle; early vs late)
blue scalp regions indicate lower CMC
relative to the early phase, whereas red
scalp regions indicate higher CMC relative
to the early phase. For the third column
(middle vs late), blue scalp regions
indicate lower CMC relative to the middle
phase, whereas red scalp regions indicate
higher CMC relative to the middle phase.
Channels highlighted yellow indicate a
statistically significant difference.
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EMG activity occur under fatiguing conditions during
submaximal isometric contractions (Johnson et al., 2004;
Missenard et al., 2008). While debated, this phenomenon
is thought to be a consequence of additional motor units
being recruited to combat peripheral fatigue and ensure
the required external force is maintained. As new motor
units are recruited, their firing rates can become slower
and more rhythmic, resulting in both a greater summa-
tion of EMG activity and greater variability in the indi-
vidual force twitches (Contessa et al., 2009). Such an
explanation for our findings seems reasonable, given pre-
vious evidence that the reduced oxygen availability dur-
ing ischemia stimulates the increased activation of motor
units comprised of muscle type II fibers during exercise
(Miller et al., 1987).

At the cortex, IPS-OCC significantly reduced EEG
alpha activity across channels spanning the sensorimotor
and temporoparietal regions during the middle and late
phases compared with the CNTRL condition. The func-
tional role of alpha activity is to exert inhibitory control
of the cortex, whereby higher alpha indicates stronger
neuronal inhibition (less activation) and less alpha indi-
cates a greater release from inhibition (more activation)
(Garcia-Larrea et al., 2019; Klimesch, 2012; Klimesch
et al., 2007). Based on this evidence, our findings indicate
that IPS-OCC elevated the cortical activity across senso-
rimotor and temporoparietal regions of the cortex. Indeed,
a reduction of alpha activity across central, posterior, and
temporal regions has been observed previously in alter-
native models of experimental pain (Canestri et al., 2021;
Chien et al., 2014) and may reflect a variety of processes
involved in the experience of elevated pain and fatigue, in-
cluding elevated sensory and emotional processing, along
with elevated attentional and cognitive demands (Garcia-
Larrea et al., 2019). Importantly, IPS-OCC also altered the
central motor command by increasing surface EMG ac-
tivity and reducing force steadiness. The broad reduction
in alpha activity across sensorimotor and parietal regions
could further imply a compensatory increase in cortico-
motor excitability to overcome the development of neu-
romuscular fatigue and maintain the required task force
(Goodall et al., 2018; Sidhu et al., 2017, 2018).

Interestingly, IPS-OCC significantly reduced CMC
compared with the CON-OCC and CNTRL conditions
during the early phase of isometric contraction. This
initial disruption of CMC reinforces evidence that in-
terfering with the sensory feedback loop via occlu-
sion may impair the rhythmic interaction between the
cortical drive and spinal motoneuron pool (Pohja &
Salenius, 2003), resulting in poorer neuromuscular con-
trol. Previous work has shown CMC to be modulated
under conditions of experimental pain during muscle
contraction (Poortvliet et al., 2019; Ushiyama et al., 2011)

and when exposing individuals to mechanically induced
muscle tremors during concomitant muscle contractions
(Budini et al., 2014). Therefore, our findings suggest that
the mechano- and metabo-sensitive III-IV afferents in-
duced by BFO are likely to be responsible for the changes
in CMC, affecting the efficiency of cortical control and
ongoing muscular activity. That said, we also found
CMC to subsequently increase across the middle and
late phases to become comparable to the CON-OCC and
CNTRL conditions. Given that the sensations of pain and
fatigue induced by ischemia typically increase the lon-
ger a contraction is held (Aboodarda et al., 2020; Jones
et al., 2017), it is surprising that the disruption to CMC
was not maintained across the length of the isometric
contraction. As such, the reduction of CMC during the
initial phase of contraction is unlikely to be explained
solely by the presence of elevated experimental pain. It
is therefore possible that CMC was primarily modulated
by altered activation (via cuff compression) and sensitiv-
ity (via metabolite accumulation) of mechanoreceptors
(Zambolin et al., 2022, 2023) which would have impaired
the feedback/feed-forward mechanism required to finely
regulate muscle tension and motor unit recruitment in
a manner that supports isometric force precision during
the early phase of contraction. Additionally, Ushiyama
et al. (2011) found that CMC was actually enhanced
during isometric contractions of the tibialis anterior when
preceded by a fatiguing task, despite increased EMG ac-
tivity, increased RPE, and poorer force steadiness. The
authors suggest that once the development of muscle fa-
tigue limits the ability to maximally activate motor units,
the descending sensorimotor drive becomes more rhyth-
mic, leading to the enhancement of oscillatory synchro-
nization of motor unit activities. This mechanism could
explain the enhancement of CMC across the middle and
late phases of contraction observed during occlusion of
the exercising leg, though it should be acknowledged that
we did not assess myoelectric fatigue in this manner.

It has also been argued that the presence of these
afferents impairs CMC by elevating cognitive load and
creating a competition between cognitive resources to
process perceptions of the pain and to attend to move-
ment control processes, resulting in poorer motor con-
trol and poorer force steadiness (Poortvielt et al., 2019).
In support of this, recent evidence has also shown that
CMC and force steadiness are impaired during isomet-
ric contractions when individuals are encouraged to
focus internally on the sensation of muscular contrac-
tion, rather than solely focusing externally on the visual
feedback of the force output (Parr et al., 2023). As such,
the presence of experimental pain may impair CMC by
functionally decoupling attention away from the motor
task.
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However, as EEG beta activity was not altered during
the IPS-OCC condition, it could be argued that the im-
pairments to CMC might have been primarily driven by
changes to peripheral (i.e., EMG), rather than central
(i.e., EEG), components of activity. Indeed, previous
work has shown reductions in beta CMC, despite in-
creases in both EEG and EMG beta activity, under fatigu-
ing conditions (Yang et al., 2009, 2010). It is argued that
such an observation could indicate an impairment to the
neuromuscular junction, which in turn would impair the
efficient transmission of descending motor command
to the periphery, and thus the coupling between corti-
cal and muscular signals (Yang et al., 2009, 2010). That
said, beta CMC and cortical beta activity have often been
shown to follow different trajectories (see Bourguignon
et al., 2019) which suggests that only a subset of cortical
beta components underpin CMC (Kilavik et al., 2013). As
such, the absence of changes in EEG beta activity during
IPS-OCC might not indicate that impaired CMC were
driven solely by changes to peripheral activity.

4.2 | Occlusion of the nonexercising leg
(CON-0OCC)

Contrary to our hypotheses, CON-OCC elevated perceived
pain (relative to the control condition) but did not elevate
RPE and had no effect on CMC, EMG activity or isomet-
ric force control in the ipsilateral-exercising leg. As per
previous work, we had expected to observe a crossover ef-
fect whereby the activation of nonexercising musculature
group III-IV afferents (via occlusion) would have elicited
inhibitory feedback to the corticomotor circuitries and
thus curtail the central motor output in the exercising limb
musculature (Azevedo et al., 2022; Norbury et al., 2022).
However, the evidence supporting these crossover effects
remains mixed, with several studies showing concurrent
rising pain in the contralateral limb, in the absence of per-
ceptual exertion, does not affect muscle activity, volun-
tary drive, and thus motor unit recruitment (Aboodarda
et al., 2020; Kennedy et al., 2015). The magnitude of me-
tabolite accumulation, along with the intensity and du-
ration of the exercise task, is therefore likely to play an
important role in determining any crossover effects from
occlusion of nonexercising, passive musculature. Indeed,
both pain and RPE were significantly higher during IPS-
OCC versus CON-OCC, suggesting a greater summation
of afferent feedback, and thus metabolite accumulation,
between experimental conditions. While CON-OCC ele-
vated pain, the absence of elevated RPE and/or alterations
to CMC, neuromuscular activation, and control, imply
that this paradigm may have failed to induce a sufficient
degree of afferent stimulation (i.e., it was not intense or
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long enough) to promote any crossover effects. This is sup-
ported by the relatively low levels of pain observed during
this task (3.46/10), which might not have been significant
enough to influence neuromuscular control.

However, CON-OCC significantly decreased alpha ac-
tivity across channels spanning the prefrontal cortex during
the middle and late phases compared with the CNTRL con-
dition. Given that participants also reported heightened pain
during this condition, our findings indicate that perceived
pain originating from nonexercising (i.e., remote) muscula-
ture might be indexed by heightened activation of the pre-
frontal cortex. While the prefrontal cortex has been strongly
implicated in the processing of pain (Ong et al., 2019), it
has often been coupled with heightened activation across
central and posterior brain regions as observed during IPS-
OCC (e.g., Canestri et al., 2021; Chang et al., 2003). One
explanation for this localized prefrontal activation is that
CON-OCC did not alter central motor command (i.e., EMG
activity and force control were not altered) or elevate RPE
and therefore did not necessitate a compensatory increase
in corticomotor excitability that might have been expressed
across the sensorimotor regions. Indeed, there is evidence
that when individuals can sense a locus of control over in-
duced experimental pain (i.e., it can be managed), elevated
activation of the prefrontal cortex occurs with a concom-
itant reduction of activity across broader regions of pain
processing areas (Bréscher et al., 2016; Ong et al., 2019).
As such, activation of the prefrontal cortex during pain-
ful stimuli is thought to play a role in top-down cognitive
control over pain and the ability to cope with associated
nociceptive inputs (Raij et al., 2009). We could, therefore,
speculate that this observed pattern of alpha reflects aware-
ness and attention towards the presence of controllable
pain (i.e., prefrontal activation) and the ability to downreg-
ulate or inhibit the extent to which it subsequently inter-
fered with central motor command processes (i.e., absence
of change across central and posterior regions).

5 | STUDY LIMITATIONS

The following limitations should be acknowledged in
the interpretation of our findings. For example, while
BFO exercise has been extensively used in the literature
to induce muscle ischemia and muscle afferent activa-
tion, this model of experimental pain cannot isolate
the effects of mechano- or metaboreceptor activation
and thus reflects a combination of the two. Indeed, cuff
compression could have activated mechanoreceptors
(Ge & Khalsa, 2003) while progressive muscle ischemia
could have led to a progressive increase in metabolite
concentration and metaboreceptor activation (Kaufman
& Hayes, 2002). Consequently, it is difficult to discern
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which had a greater influence on the observed changes
in CMC, EEG alpha activity, and central motor com-
mand. We also did not measure metabolite concentra-
tion during BFO conditions (that would require more
invasive and advanced techniques such as NMR spec-
troscopy or muscle biopsies) and therefore, we cannot
determine whether our findings are driven by funda-
mental differences in metabolite accumulation. We also
did not measure exhaustive exercise or implement neu-
romuscular assessments to discern between central and/
or peripheral fatigue (Gandevia, 2001). Implementing
measures for detecting changes in motor unit recruit-
ment and firing rate (i.e., via intramuscular or high-
density EMG) could be useful strategies to address this
short-coming and overcome the limitations of bipolar
surface EMG (Esen et al., 2022; Vieira & Botter, 2021). It
should also be highlighted that we observed no signifi-
cant changes in cortical beta activity between our exper-
imental conditions. Previous research has shown that
experimental pain can elicit a shift from slower to faster
cortical oscillations that can collectively be expressed as
a reduction of alpha, an increase in beta, or a reduction
in the alpha/beta ratio (Canestri et al., 2021). However,
attempts to uncover the cortical dynamics underpin-
ning experimental pain experienced during exercise (or
motor control) remain lacking. Given the active role cor-
tical beta oscillations are proposed to play in the mainte-
nance of isometric contractions (Engel & Fries, 2010) we
could speculate that the absence of any changes in beta
activity between conditions might reflect a task-specific
dependency on beta activity that remained somewhat
consistent between conditions. Our analyses of EEG ac-
tivity were also limited to investigating periodic oscil-
latory activity across well-known canonical frequency
bands (i.e., alpha [8-12Hz] and beta [15-30Hz]), and
thus overlooks the possibility that nonoscillatory ape-
riodic activity (i.e., exponent and offset) contributed
to our observed changes in EEG and CMC measures.
Emerging evidence demonstrates that aperiodic activity
holds putative physiological interpretations and should
therefore be considered in future work (Donoghue
et al., 2020; Pani et al., 2022), recording EMG signals
during MVC contractions for normalization purposes
might have allowed more nuanced comparisons to be
considered; however, as the pattern of activation was a
primary outcome for CMC, this type of normalization is
considered appropriate (Besomi et al., 2020).

6 | CONCLUSION

The findings of the present study reveal distinct altera-
tions to corticomuscular function when BFO is applied

to the ipsilateral (exercising) and contralateral (nonex-
ercising) leg. At the corticomuscular level, we found
IPS-OCC to elicit higher activation of broad central and
posterior brain regions and an initial disruption to CMC
during the early phase of contraction possibly reflecting
an alteration in central motor drive with greater inter-
ference on motor unit recruitment and motor control,
resulting in poorer force steadiness. By contrast, CON-
OCC appeared to only evoke a controllable increase in
perceived pain that was expressed as heightened acti-
vation of the prefrontal cortex. Together, our findings
provide a novel overview of how BFO, as a model of
experimental pain, is expressed at the corticomuscular
level.
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Figure 1. Topoplots displaying the paired sample ¢-
values comparing regional EEG alpha activity between
the three-time windows for each experimental condition.
For the first two columns (early vs middle; early vs late)
scalp regions that are blue indicate lower alpha activity
relative to the early phase, whereas red regions indicate
higher alpha activity relative to the early phase. For the
third column, blue regions indicate lower alpha activity in
the late phase, whereas red regions indicate higher alpha
activity in the late phase. Channels highlighted yellow
indicate a statistically significant difference.

Beta power. No differences were observed between any
task phases for any experimental condition.

Figure 2. Topoplots displaying the paired sample t-values
comparing regional EEG beta activity between the three-
time windows for each experimental condition. For the
first two columns (early vs middle; early vs late) scalp
regions that are blue indicate lower beta activity relative to
the early phase, whereas red regions indicate higher beta
activity relative to the early phase. For the third column,
blue regions indicate lower beta activity in the late phase,
whereas red regions indicate higher beta activity in the late
phase. Channels highlighted yellow indicate a statistically
significant difference.
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