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Abstract

We investigated beta-band intermuscular coherence (IMC) in 92 healthy adults stratified by
decade of age, and analysed variability between and within subjects. In the dominant upper
limb, IMC was estimated between extensor digitorum communis and first dorsal inteross-
eous as well as between flexor digitorum superficialis and first dorsal interosseous. In the
ipsilateral lower limb, IMC was measured between medial gastrocnemius and extensor digi-
torum brevis as well as between tibialis anterior and extensor digitorum brevis. Age-related
changes in IMC were analysed with age as a continuous variable or binned by decade.
Intrasession variance of IMC was examined by dividing sessions into pairs of epochs and
comparing coherence estimates between these pairs. Eight volunteers returned for a further
session after one year, allowing us to compare intrasession and intersession variance. We
found no age-related changes in IMC amplitude across almost six decades of age, allowing
us to collate data from all ages into an aggregate normative dataset. Interindividual variabil-
ity ranged over two orders of magnitude. Intrasession variance was significantly greater
than expected from statistical variability alone, and intersession variance was even larger.
Potential contributors include fluctuations in task performance, differences in electrode
montage and short-term random variation in central coupling. These factors require further
exploration and, where possible, minimisation. This study provides evidence that coherence
is remarkably robust to senescent changes in the nervous system and provides a large nor-
mative dataset for future applications of IMC as a biomarker in disease states.

Introduction

Beta-band (15-30Hz) oscillations are demonstrable in the motor systems of monkeys [1] and
humans [2-4]. During sustained contractions, these oscillations are coherent between sensori-
motor cortex and contralateral muscles (corticomuscular coherence, CMC) [4-7], between co-
contracting muscles within one limb (intermuscular coherence, IMC) [6] and between single
motor units in one muscle (intramuscular coherence, IntraMC) [8]. Whilst measured between
different pairs of signals, CMC, IMC and IntraMC reflect the same central coupling mecha-
nism. Although often deemed a purely efferent phenomenon mediated by the corticospinal
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tract [9], early suggestions that beta-band coherence also depends on afferent pathways [5]
have now been substantiated and imply an underlying efferent-afferent feedback loop [10,11].

Beta-band CMC [12,13] and IMC [14] are absent in infancy and develop during the early
teenage years alongside the rising capacity for fractionated movement [15]. Although the corti-
cospinal tract establishes functional projections before birth [16] and becomes fully myelinated
by two years of age [17], development only completes during adolescence [14] when intracorti-
cal inhibition increases [18]. Computational models suggest that inhibitory mechanisms are
critical to oscillatory activity [19] and thus to coherence.

Senescent changes in coherence are controversial. One study reported that beta-band CMC
shows a single peak at 23Hz in young adults which is replaced by multiple peaks at lower or
higher frequencies in the elderly [13]. Other reports described age-related decreases in the peak
frequency of CMC [20] or IntraMC [21]. Peak coherence amplitude was reported to remain
unchanged [13,21] or to increase with age [20]. These discrepancies are not easily reconciled.
Motor function is known to deteriorate in old age [22-24]. Several potential substrates have
been proposed, including decreases in neuronal size [25], dendritic arborisation [26] and syn-
aptic density [27] in the cortical grey matter, reduced intracortical inhibition [28], diminished
white matter volume [29] with leukoaraiosis on MRI [30], a decline in peripheral motor and
sensory conduction velocities [31,32] and remodelling of motor units [33]. Whether coherence
is sensitive to these changes is unclear, although it could plausibly be affected by decreased
intracortical inhibition and prolonged latencies in the efferent-afferent loop.

Only two studies have investigated the variability of coherence within subjects. One com-
pared pairs of CMC measurements from either the same session (‘intrasession’) or two sessions
separated by one year (‘intersession’) in ten subjects [34]. Between intrasession measurements,
frequency and amplitude of the 15-30Hz CMC peak were each strongly correlated. Equivalent
intersession correlations were weaker, with coherence amplitude varying by 17-220% in indi-
vidual subjects. Unfortunately, correlation analysis constitutes a suboptimal approach as it dis-
regards known distributional properties of intraindividual differences in coherence. In one
subject, CMC was estimated eight times over 20 months, demonstrating relative constancy of
peak CMC frequency but marked variation in amplitude. A second study assessed CMC three
times in one subject over two years [11]. Peak CMC amplitude varied substantially, alongside
changes in the directionality of CMC within the efferent-afferent loop.

It has recently been shown that beta-band IMC constitutes a potential biomarker of corti-
cospinal tract function [35]. Here, we sought to define age-related changes in IMC in a large,
age-stratified adult sample, and to gather a normative dataset for future comparison against
data from disease states. In a subset, we analysed the variability of IMC within and between ses-
sions using dedicated statistical methods.

We found that beta-band IMC did not change significantly across adulthood, and was
highly variable between subjects. For a given subject and session, variability was larger than sta-
tistically expected, with even greater variability being observed between sessions.

Materials and Methods
Subjects

At least 15 volunteers were recruited for each decade of age between 20 and 80 (51 men and 41
women); age ranged from 22 to 77 years. Eighty-three subjects were right-handed and nine
left-handed as assessed by self-reporting. None had any history of neurological disorders or
diabetes mellitus, and none took any neurotropic medication.
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Ethics Statement

All subjects provided written informed consent. The study was approved by the research ethics
committee of Newcastle University’s Medical Faculty (approval number 000023/2008), and
conformed to the Declaration of Helsinki.

Recording

Every effort was made to maintain subjects at a constant level of alertness, and all assessments
were carried out on the dominant side. Subjects were seated in a comfortable chair with their
arm resting semi-pronated on a cushion. Surface EMG was recorded from first dorsal inteross-
eous (FDI), flexor digitorum superficialis (FDS) and extensor digitorum communis (EDC) in
the upper limb, and extensor digitorum brevis (EDB), tibialis anterior (TA) and medial gas-
trocnemius (MG) in the lower limb. Adhesive electrodes (Bio-Logic M0476; Natus Medical,
Mundelein, IL, USA) were placed in a belly-tendon montage over the intrinsic muscles of the
hand or foot; for the long muscles of the forearm or calf, the electrodes were placed 4cm apart,
one third along the muscle from its proximal origin. Signals were amplified, band-pass filtered
(30Hz-2kHz; Digitimer D360, Digitimer, Welwyn Garden City, UK) and digitised at 5SkHz
(Micro1401, Cambridge Electronic Devices, Cambridge, UK).

Experiment 1: IMC

In the upper limb, subjects were asked to perform a repetitive precision grip task. A length of
compliant plastic tubing (length 19cm, Portex translucent PVC tubing 800/010/455/800; Smith
Medical, Ashford, UK) was attached to the index finger and thumb with Micropore tape (3M
Health Care, Neuss, Germany), and subjects were asked to oppose both ends of the tubing
when prompted by visual and auditory cues. This auxotonic task-so-called because force
increases with displacement in a spring-like fashion-required a minimum force of 1N [35] and
was similar to a precision grip task used in our previous studies, albeit without measuring digit
displacement [36,37]. In the lower limb, subjects were asked to dorsiflex ankle and toes in the
air while resting the heel on the ground. Subjects produced 4s of contraction alternating with
2s of relaxation, and at least 100 repetitions. Visual feedback of raw EMG traces was provided
to facilitate consistent task performance.

Experiment 2: IMC Repeated after One Year

After a period of at least one year, eight subjects were asked to repeat the above experiment (six
men and two women). Age ranged from 24 to 52 years. All subjects were right-handed.

Analysis

Analysis was performed in Matlab (Mathworks, Natick, MA, USA) using custom scripts.

Raw data were visually inspected and the first 100 adequately performed trials examined
further. Analysis focussed on the early hold phase of the contraction where beta-band oscilla-
tions are known to be maximal [6,38]. EMG signals were full-wave rectified. Starting 0.8s after
the cue prompting contraction, two contiguous 0.82s-long sections of data from each trial were
subjected to a 4096-point fast Fourier transform, giving a frequency resolution of 1.22Hz.
Many subjects showed a drop-off in EMG activity so the last 1.56s of the 4s active phase did
not enter the analysis. Denoting the Fourier transform of the I section of the first EMG signal
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as Fyj(A), the auto-spectrum is given by
1¢ —
fuld) = ZZ Fl.l(i)Fu(i)
=1

where A is the frequency (Hz), L is the total number of sections and where the overbar denotes
the complex conjugate. For most subjects L was 200; in some individuals fewer than 100 trials
remained for analysis after manual review and L was correspondingly lower, with a minimum
L of 188 in the upper limb and 174 in the lower limb. The cross-spectrum for two EMG signals
with Fourier transforms F; (1) and F, () was calculated as

Ful?) = 1 Y F DD

Coherence was computed as the cross-spectrum normalised by the auto-spectra

2

O
D=7 @

Coherence was calculated for the muscle pairs EDC-FDI, FDS-FDI, MG-EDB and TA-EDB.
The wide anatomical spacing between the paired muscles minimised the risk of volume con-
duction causing inflated coherence values [39].

Under the null hypothesis of linear independence between the signals, a level of significant
coherence was determined as [40]

Z=1-o"/¢"

where the significance level o was set at 0.05.

Analyses of coherence described below were conducted separately for each muscle pair.

To provide a group summary, coherence spectra were averaged across all subjects. The sig-
nificance level for coherence spectra averaged across the group, or for coherence averaged
across the 15-30Hz window in each subject, was determined using the method described by
Evans and Baker [41].

In each subject, coherence was averaged across the 15-30Hz window. Log-transformed 15-
30Hz coherence was plausibly normally distributed within each decade of age (Shapiro-Wilk
test, P>0.013 for all groups, Bonferroni-corrected significance level a/n = 0.05/(4*6) = 0.0021).
However, for the lower limb there was an indication that a normal distribution was not an
ideal fit since 8 out of 12 groups had an uncorrected significance level of <0.1, a result which
itself has a probability of <0.001 as calculated using the binomial distribution (P = 1-F(7),
where F is the cumulative distribution function of B(12,0.1)). In addition, larger samples
derived by pooling coherence across all ages (see below) could not be modelled adequately with
a normal distribution (Shapiro-Wilk test, P<0.001 in at least one muscle pair for pooled nor-
mal data, Bonferroni-corrected significance level o/n = 0.05/4 = 0.0125). Therefore, we chose
to model coherence distributions non-parametrically. The variable kernel method adapts the
amount of smoothing to the local density of the data [42] and estimates the probability density
function (PDF) as

. 1SN 1 x—X
ﬂ”:NE:h¢g¢<h¢:>

n=1

where x denotes the log-transformed independent variable, X,, the n'™ log-transformed
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observation out of a total N observations, d,,  the distance from X, to its k™ nearest neighbour,
h the global smoothing parameter and ¢ the standard normal PDF. To understand this intui-
tively: each observation X,, was convolved with a Gaussian kernel with a unit area under the
curve as specified inside the square brackets, and the sum of these kernels was normalised by N

to yield f (x). The window width of the kernel centred on a given observation X,, was propor-
tional to d,, . so that broader kernels were associated with observations in regions with sparse
data. For any fixed k, the amount of smoothing depended on the global smoothing parameter
h; k was set as y/n rounded to the nearest integer as suggested by Silverman [42]. Theoretically
optimal methods for calculating h have been described but, for our data, resulted in obvious
overfitting. Therefore, h was optimised by eye for several datasets; the resulting values of h
were empirically fitted with simple algebraic expressions and the approximation V/n — 5 was
chosen to determine h subsequently. It should be emphasised that this expression has no theo-
retical value, but merely provided a convenient shorthand way of determining h objectively for
each dataset.

Log-transformed coherence has a bounded domain of (-00,0]. To ensure that the PDF was

zero for x>0, f (x) was modified by reflection in the boundary [42]:

o) = {f(x> +/(=x), x<0

a 0, x>0

The resulting PDF still integrated to unity and observations near the boundary retained the
same magnitude of contribution to the PDF. The estimated cumulative distribution function
was calculated as

where y is the log-transformed independent variable.

Log-transformed coherence was compared between all decades of age using a Kruskal-Wal-
lis test, and between individual muscle pairs or limbs using a two-tailed paired t-test.

Coherence measures the amplitude of coupling between two signals, and hence was used in
the analysis described above (after log-transformation to better represent the wide range of val-
ues). However, when it is desired to compare two coherence measurements made on separate
occasions, it is possible to generate a Z-score via a hyperbolic arctan transform which has
known statistical properties. To measure changes in coherence occurring during experiment 1
(‘intrasession’), the recording session from each subject was split into two consecutive epochs
each comprising the same number of trials. Coherence spectra were estimated separately for
each epoch, and the significance of changes between both epochs was determined by calculat-
ing single-subject Z-scores as

2, =\ i S tatanh (/5402)) — atanh (/7))

4 a=l,

where C7*(2) and C;j"(1) denote the coherence at frequency 2 for subject n, during the first
and second epoch. Z, was summed over all N, frequency bins in the 15-30Hz window (N, =
bin number(A,)-bin number(};)+1 = 12), and normalised so that it should be normally distrib-
uted with zero mean and unit variance under the null hypothesis of no change in coherence
between epochs [40,43].
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The compound Z-score across all N subjects was calculated as

. 1 &
Z=\l5 2%

S ng=1

The associated two-tailed probability (P;) was computed with reference to the standard
normal distribution, which tested deviations from the null hypothesis that the two coherence
measures were drawn from underlying distributions with identical means.

Single-subject Z-scores should be normally distributed with mean zero and variance one, on
the null hypothesis that each measure of coherence in that subject was drawn from the same
underlying distribution. We tested whether Z-scores were more variable than expected on this
assumption, which would imply a biological process with increasing variability from one mea-
surement to the next rather than merely statistical estimation error. The significance of any dif-
ference in the variance of single-subject Z-scores from the unit variance expected under the
null hypothesis was estimated using Monte-Carlo simulations. Each simulation involved draw-
ing N random samples from a standard normal distribution and calculating their variance.
This procedure was repeated 10° times, allowing the distribution of the variance to be esti-
mated under the null hypothesis that coherence did not change between epochs. The two-tailed
probability for the observed variance (Py;c) was calculated from this estimated null
distribution.

For experiment 2, we calculated both intersession and intrasession variances. Coherence
spectra were estimated separately for two epochs per session as described above. Intrasession
changes were quantified in each subject by calculating one Z-score, comparing both epochs of
session 1, and a second Z-score, comparing both epochs of session 2. The intrasession variance
was computed as the variance of all resulting Z-scores, i.e. two Z-scores from each subject. Sim-
ilarly, intersession changes were measured in each subject by calculating one Z-score, compar-
ing the first epochs of both sessions, and a second Z-score, comparing the second epochs;
intersession variance was calculated from all resultant Z-scores.

The significance of the difference between intersession and intrasession variance was esti-
mated by means of Monte-Carlo simulations. For each subject, coherence spectra were shuffled
across epochs and sessions, and the difference between intersession and intrasession variance
was recalculated. This process was repeated 10° times, allowing the null distribution of the dif-
ference in variances to be estimated. The two-tailed probability for the observed difference was
computed with reference to the estimated null distribution.

Results

Single-subject data are shown in Fig 1 for the lower limb. In most subjects, power and coher-
ence peaked in the 15-30Hz band. On group averages, coherence in all muscle pairs was signifi-
cant across the 15-30Hz window and showed either a peak or an inflexion inside this frequency
band (Fig 2).

Coherence was averaged across the 15-30Hz window in each subject; for brevity average 15-
30Hz coherence is referred to as ‘coherence’ from here on. There was no significant correlation
between coherence and age in any muscle pair (Spearman’s p<0.104, P>0.325; Fig 3), with
interindividual variability spanning up to two orders of magnitude. Coherence was non-signifi-
cant in EDC-FDI in 9 subjects, in FDS-FDI in 3 subjects, in MG-EDB in 2 subjects, and in
TA-EDB in 5 subjects. The significance level shown in Fig 3 and subsequent Figures is based
on L = 200. However, use of individualised significance levels based on each subject’s respective
L resulted in the same number of subjects with non-significant coherence in each muscle pair.
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Fig 1. Single-subject power and coherence in the lower limb. Raw EMG is shown for three sample trials (A,D,G). The grey boxes indicate the cued
contraction phase of the task, and the vertical blue lines represent the two fast Fourier transform windows during the hold phase. The spectral plots show
relative power (B,E,H) and coherence with EDB (C,F). The 15-30Hz beta-band is designated by the green boxes, and the dotted horizontal lines indicate the
significance level for coherence. In most subjects, power and coherence spectra peaked in the 15-30Hz band.

doi:10.1371/journal.pone.0149029.g001

The distribution of coherence was similar for all decades of age as illustrated by the stairstep
curves in Fig 4A, 4B, 4E and 4F. The smooth curves show the corresponding variable kernel
density models. Summary statistics derived from these models are illustrated by the boxplots in
Fig 4C, 4D, 4G and 4H, superimposed on dot plots of individual coherence values. Coherence
did not vary significantly between decades (Kruskal-Wallis test, P>0.531).

Because there was no dependence on age, we pooled coherence values across all ages into a
single dataset (Fig 5). The combined dataset was modelled empirically with a normal distribu-
tion (blue) and a variable kernel density estimate (red). The latter achieved a closer fit through-
out whilst still smoothing out much of the small-scale variability of the data. We propose this
cumulative distribution as a normative dataset for healthy subjects, against which future exper-
imental findings can be compared. Individual beta-band coherence averages and a table of the
cumulative distribution functions resulting from variable kernel density estimation are avail-
able from the CARMEN repository.

Log-transformed coherence was significantly greater in FDS-FDI than in EDC-FDI (two-
tailed paired t-test, P<0.001) and in MG-EDB than in TA-EDB (P<0.001). By contrast, there
was no significant difference in log-transformed coherence between upper and lower limbs
(P =0.596).
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Fig 2. Group data for coherence. Average coherence spectra are shown for MG-EDB and TA-EDB in the lower limb (A,C) and for EDC-FDI and FDS-FDI in
the upper limb (B,D). The dotted horizontal lines represent the significance level for average coherence, and the green boxes indicate the 15-30Hz beta-
band. Significant average coherence was present in the 15-30Hz band for each muscle pair. Typically, coherence demonstrated a peak or an inflexion within
this window and a further one around 9-12Hz whilst dropping off at higher frequencies.

doi:10.1371/journal.pone.0149029.9002

In order to assess the stability of coherence within a recording session (‘intrasession’), we
determined single-subject Z-scores for differences in coherence between two halves of the
same session (Fig 6). For all muscle pairs, the mean compound Z-scores were not significantly
different from zero (P;>0.274) but the variances of single-subject Z-scores were significantly
greater than unity (Py¢<0.001). Thus, coherence showed greater variability within a recording
session than would be statistically expected.

A subset of the cohort returned after one year for a second recording session, allowing us to
investigate whether coherence exhibited greater variability between than within sessions. We
calculated single-subject Z-scores for differences in coherence between both halves of the same
session (‘intrasession’) and for differences in coherence between corresponding halves of both
sessions (‘intersession’). In all muscle pairs, the intersession variance of single-subject Z-scores
was greater than the intrasession variance (Fig 7), with the differences reaching significance in
TA-EDB (Pyc = 0.009) and EDC-FDI (Ppc. = 0.029).

Discussion

Beta-band IMC did not change significantly across almost six decades of adulthood. There was
considerable between-subject variability; within a given subject and session, variability was
larger than statistically expected, and between sessions variability was even greater.
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Fig 3. Correlation between coherence and age. For each muscle pair, average 15-30Hz coherence is plotted against age. There was no significant
correlation between coherence and age in any muscle pair (Spearman’s p). Linear regression models are shown as the blue dashed lines, and significance
levels for average 15-30Hz coherence (for L = 200) are represented by the horizontal dotted lines.

doi:10.1371/journal.pone.0149029.g003

IMC requires only a single recording modality and is present more consistently than CMC
in healthy subjects [44]. Our task involved minimal instrumentation and weak, phasic contrac-
tions, optimising applicability of IMC in patients with neurological deficits.

IMC in Adulthood

Our finding of a lack of significant change in beta-band IMC amplitude throughout adulthood
agrees with two previous studies describing no significant differences in CMC [13] or IntraMC
amplitude [21] between young and old adults. Whilst another study reported an increase in
CMC with age, significance levels were borderline (P = 0.04) [20]. The weight of the evidence
therefore suggests that coherence amplitude remains unchanged throughout adult life.
Senescent alterations in the efferent-afferent feedback loop might be expected to disrupt
beta-band coherence. There is strong evidence that peripheral nerve conduction velocities
decline with age [31,32]. Whilst central conduction velocities appear to remain constant
[45,46], ageing is associated with morphological changes in the central sensorimotor pathways
[29,30] and may alter transmission in a manner which is not detectable on motor or sensory
evoked potentials. Beta-band coherence is thus surprisingly robust to alterations in conduction
pathways, and this is supported by two observations unrelated to old age: IMC reaches adult
values in early teenage although peripheral conduction times continue to increase with limb
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indicating 5™ and 95™ centiles, overlain on a dot plot of individual coherence values (C,D,G,H). Coherence did not vary significantly with age (Kruskal-Wallis
test). Significance levels for average 15-30Hz coherence (for L = 200) are shown as the vertical or horizontal dotted lines.

doi:10.1371/journal.pone.0149029.9004

length for several years [14]; and beta-band coherence is present in primates of different sizes
despite marked size-related differences in conduction delays [6].

Reduced intracortical inhibition in old age [28] might be expected to lead to diminished
coherence, but no such change was observed. It is possible that intracortical inhibition is criti-
cal to the initial patterning of the corticospinal drive but has a less prominent role in maintain-
ing oscillatory activity in the efferent-afferent feedback loop. One study boosted intracortical
inhibition in adults using diazepam, a GABAergic agent. The power of 15-30Hz oscillations on
the electroencephalogram increased yet CMC amplitude decreased [43]. These results highlight
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that coherence can be dissociated from alterations in cortical oscillatory activity, suggesting
that that the relationship between intracortical inhibition and coherence might not be
straightforward.
One aim of this study was to gather a normative dataset for potential clinical applications.
Since IMC across the 15-30Hz band appears to be related to the integrity of the corticospinal
tract, we focussed on average 15-30Hz IMC as our summary measure, thus also ensuring com-
parability with our previous study [35]. By contrast, most past reports analysed the amplitude
and frequency of peak coherence in the 15-30Hz window [12,13,20,34]. Coherence estimates
include a noise component and do not always show a clear single peak. Our approach of aver-

aging across N, = 12 frequency bins circumvented any difficulties in quantifying single or mul-
tiple peaks and boosted signal-to-noise ratio by v/12 ~ 3.5. We did not analyse coherence
outside the 15-30Hz window as it is less clearly associated with the corticospinal tract. At lower
frequencies, potential generators of coherence include the reticular formation, cerebellum and
local spinal circuits [47]. At higher frequencies, coherence may involve neural substrates other
than the corticospinal tract and only becomes prominent during tasks involving strong [48] or
dynamically modulated contractions [49].

The lack of age-related changes allowed us to pool results, thus maximising the effective size
of the control group for studies of IMC in neurological conditions. The aggregate dataset could

PLOS ONE | DOI:10.1371/journal.pone.0149029 February 22, 2016 11/16



@’PLOS ‘ ONE

Intermuscular Coherence in Normal Adults

A
1

>

£ 08

o

®

o

S o6

S

)

e

E 0.4

=}

3

3 0.2
0
1

>

£ 08

a

®©

Q

o 0.6

a

)

2

E 0.4

=

E o2

3 0.

Lower limb
MG-EDB
7=1.09
| P,=0.274
Var=3.72
P,,c<0.001
—N(O,1)
1 1 1 1
-10 0 5 10
Z-score
TA-EDB
2=-0.561
N P,=0.575
Var=2.26
P,,c<0.001

Z-score

(oe]

Cumulative probability

O

Cumulative probability

0.8

0.6

0.4

0.2

0.8

0.6

0.4

0.2

Upper limb

EDC-FDI

il

7=-0.594
P,=0.553
Var=2.04
P,,c<0.001

0
Z-score

FDS-FDI

2=0.313
P,=0.754
Var=2.68
P,,c<0.001

0
Z-score

Fig 6. Z-scores for intrasession differences in coherence. In each subject, the recording session was divided into two epochs for which separate 15-

30Hz coherence values were calculated. Single-subject Z-scores quantify the difference between both coherence values in each individual and their

distribution is shown by the stairstep curves; under the null hypothesis, they should follow a standard normal distribution (blue curve). The mean compound
Z-score for all subjects (2; vertical dotted lines) was not significant in any muscle pair (Pz; blue box showing range of £1.96). However, in all muscle pairs the
variance of individual Z-scores (Var) was significantly greater than unity as estimated by Monte-Carlo simulations (Ppc).

doi:10.1371/journal.pone.0149029.9006

not be fitted adequately by a normal distribution or simple empirical formulae. Whilst variable
kernel density estimation provided a good fit, it did not allow the data to be summarised using

a small number of numerical parameters.

Variability of IMC

Interindividual variability of IMC ranged over two orders of magnitude. The degree of variabil-
ity did not appear to change with age, militating against the possibility that undiagnosed neuro-
logical issues in older subjects could have caused a greater spread of coherence readings. Other
than genuine differences between subjects, sources of variability within individuals may also

have played a role.

Intrasession variance of IMC was significantly greater than predicted by statistical variation
alone. Two potential causes are fluctuations in task performance and random moment-to-
moment variation of central coupling mechanisms, which might be apparent even after the
averaging process inherent in coherence analysis. Previous studies employed tasks which can
be readily standardised but require prolonged activity or a high level of dexterity and thus are
not suitable for use in patients with neurological deficits. Our task involved weak, phasic con-
tractions and a minimum of instrumentation. Inherent disadvantages were a greater freedom
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doi:10.1371/journal.pone.0149029.9007

of movement and less precisely defined targets, making it more difficult to ensure consistent
performance; further task optimisation might be possible to reduce variability. Random varia-
tion of coherence is seen during sustained contractions in normal subjects. Periods of increased
coherence are thought to promote sensorimotor recalibration at the expense of increased 15-
30Hz tremor and delayed reaction times [50,51]. Such variation contributes to the overall vari-
ability of coherence and appears to be neither consciously controlled nor related to specific fea-
tures of the task.

Intersession variance was greater than intrasession variance, reaching significance in two
muscle pairs. Two aspects may have contributed in addition to the above factors. Firstly, it is not
possible to achieve an identical electrode montage after one year. In a previous study, electrode
position significantly influenced coherence between two intrinsic hand muscles [52], but the
proximity of the two muscles means that electrical cross-talk may have confounded the results.
It would be useful to re-address this issue in a muscle pair with greater separation. Secondly,
coherence amplitude and directionality can change substantially within an individual over a
timeframe of one or two years, even with a highly instrumented task [11]. The timeframe of
these changes should be clarified by obtaining multiple coherence estimates at shorter intervals.
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Conclusion

This is one of the largest studies of beta-band coherence in healthy adults to date. IMC showed
no significant age-related changes across almost six decades of age; therefore results were
pooled across all ages into a combined normative dataset.

Interindividual variability of IMC spanned two orders of magnitude. Intrasession variance
was significantly greater than statistically expected; potential reasons include moment-to-
moment variability of central coupling and changes in task performance. In a smaller cohort,
we examined intersession variance for two sessions separated by one year and found even
greater variability. Additional causes include longer-term changes in coherence within individ-
uals and differences in electrode montage. Limiting the variability of IMC measurements in
normal subjects is critical to future clinical applications. Significant reductions should be
achieved by experiments aimed at task optimisation.

Acknowledgments
The authors would like to thank all the volunteer subjects who participated in this study.

Author Contributions

Conceived and designed the experiments: SR MRB SNB. Performed the experiments: SR]
MRB. Analyzed the data: SR] SNB. Contributed reagents/materials/analysis tools: SR MRB
SNB. Wrote the paper: SR} MRB SNB.

References

1. Murthy VN, Fetz EE. Coherent 25- to 35-Hz oscillations in the sensorimotor cortex of awake behaving
monkeys. Proc Natl Acad Sci U S A. 1992; 89: 5670-5674. PMID: 1608977

2. Pfurtscheller G. Central beta rhythm during sensorimotor activities in man. Electroencephalogr Clin
Neurophysiol. 1981; 51: 253-264. PMID: 6163614

3. Salmelin R, Hari R. Characterization of spontaneous MEG rhythms in healthy adults. Electroencepha-
logr Clin Neurophysiol. 1994; 91: 237-248. PMID: 7523073

4. Ohara S, Nagamine T, lkeda A, Kunieda T, Matsumoto R, Taki W, et al. Electrocorticogram-electromyo-
gram coherence during isometric contraction of hand muscle in human. Clin Neurophysiol. 2000; 111:
2014-2024. PMID: 11068237

5. Conway BA, Halliday DM, Farmer SF, Shahani U, Maas P, Weir Al, et al. Synchronization between
motor cortex and spinal motoneuronal pool during the performance of a maintained motor task in man.
J Physiol. 1995; 489: 917-924. PMID: 8788955

6. Baker SN, Olivier E, Lemon RN. Coherent oscillations in monkey motor cortex and hand muscle EMG
show task-dependent modulation. J Physiol. 1997; 501: 225-241. PMID: 9175005

7. Halliday DM, Conway BA, Farmer SF, Rosenberg JR. Using electroencephalography to study func-
tional coupling between cortical activity and electromyograms during voluntary contractions in humans.
Neurosci Lett. 1998; 241: 5-8. PMID: 9502202

8. Farmer SF, Bremner FD, Halliday DM, Rosenberg JR, Stephens JA. The frequency content of common
synaptic inputs to motoneurones studied during voluntary isometric contraction in man. J Physiol. 1993;
470: 127-155. PMID: 8308721

9. Baker SN, Pinches EM, Lemon RN. Synchronization in monkey motor cortex during a precision grip
task. Il. Effect of oscillatory activity on corticospinal output. J Neurophysiol. 2003; 89: 1941-1953.
PMID: 12686573

10. Witham CL, Wang M, Baker S. Corticomuscular coherence between motor cortex, somatosensory
areas and forearm muscles in the monkey. Front Syst Neurosci. 2010; 4:

11.  Witham CL, Riddle CN, Baker MR, Baker SN. Contributions of descending and ascending pathways to
corticomuscular coherence in humans. J Physiol. 2011; 589: 3789-3800. doi: 10.1113/jphysiol.2011.
211045 PMID: 21624970

12. James LM, Halliday DM, Stephens JA, Farmer SF. On the development of human corticospinal oscilla-
tions: Age-related changes in EEG-EMG coherence and cumulant. Eur J Neurosci. 2008; 27: 3369—
3379. doi: 10.1111/.1460-9568.2008.06277.x PMID: 18598272

PLOS ONE | DOI:10.1371/journal.pone.0149029 February 22, 2016 14/16


http://www.ncbi.nlm.nih.gov/pubmed/1608977
http://www.ncbi.nlm.nih.gov/pubmed/6163614
http://www.ncbi.nlm.nih.gov/pubmed/7523073
http://www.ncbi.nlm.nih.gov/pubmed/11068237
http://www.ncbi.nlm.nih.gov/pubmed/8788955
http://www.ncbi.nlm.nih.gov/pubmed/9175005
http://www.ncbi.nlm.nih.gov/pubmed/9502202
http://www.ncbi.nlm.nih.gov/pubmed/8308721
http://www.ncbi.nlm.nih.gov/pubmed/12686573
http://dx.doi.org/10.1113/jphysiol.2011.211045
http://dx.doi.org/10.1113/jphysiol.2011.211045
http://www.ncbi.nlm.nih.gov/pubmed/21624970
http://dx.doi.org/10.1111/j.1460-9568.2008.06277.x
http://www.ncbi.nlm.nih.gov/pubmed/18598272

@’PLOS ‘ ONE

Intermuscular Coherence in Normal Adults

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Graziadio S, Basu A, Tomasevic L, Zappasodi F, Tecchio F, Eyre JA. Developmental tuning and decay
in senescence of oscillations linking the corticospinal system. J Neurosci. 2010; 30: 3663—-3674. doi:
10.1523/JNEUROSCI.5621-09.2010 PMID: 20220000

Farmer SF, Gibbs J, Halliday DM, Harrison LM, James LM, Mayston MJ, et al. Changes in EMG coher-
ence between long and short thumb abductor muscles during human development. J Physiol. 2007;
579: 389—-402. PMID: 17185340

Gibbs J, Harrison LM, Stephens JA. Cross-correlation analysis of motor unit activity recorded from two
separate thumb muscles during development in man. J Physiol. 1997; 499: 255-266. PMID: 9061653

Eyre JA, Miller S, Clowry GJ, Conway EA, Watts C. Functional corticospinal projections are established
prenatally in the human foetus permitting involvement in the development of spinal motor centres.
Brain. 2000; 123: 51-64. PMID: 10611120

Eyre JA, Miller S, Ramesh V. Constancy of central conduction delays during development in man:
Investigation of motor and somatosensory pathways. J Physiol. 1991; 434: 441-452. PMID: 2023125

Mall V, Berweck S, Fietzek UM, Glocker FX, Oberhuber U, Walther M, et al. Low level of intracortical
inhibition in children shown by transcranial magnetic stimulation. Neuropediatrics. 2004; 35: 120—125.
PMID: 15127311

Pauluis Q, Baker SN, Olivier E. Emergent oscillations in a realistic network: The role of inhibition and
the effect of the spatiotemporal distribution of the input. J Comput Neurosci. 1999; 6: 289-310. PMID:
10406139

Kamp D, Krause V, Butz M, Schnitzler A, Pollok B. Changes of cortico-muscular coherence: An early
marker of healthy aging? Age. 2013; 35: 49-58. doi: 10.1007/s11357-011-9329-y PMID: 22037920

Semmler JG, Kornatz KW, Enoka RM. Motor-unit coherence during isometric contractions is greater in
a hand muscle of older adults. J Neurophysiol. 2003; 90: 1346—1349. PMID: 12904514

Krampe RT. Aging, expertise and fine motor movement. Neurosci Biobehav Rev. 2002; 26: 769-776.
PMID: 12470688

Incel NA, Sezgin M, As |, Cimen OB, Sahin G. The geriatric hand: Correlation of hand-muscle function
and activity restriction in elderly. Int J Rehabil Res. 2009; 32: 213-218. doi: 10.1097/MRR.
0b013e3283298226 PMID: 19293723

Seidler RD, Bernard JA, Burutolu TB, Fling BW, Gordon MT, Gwin JT, et al. Motor control and aging:
Links to age-related brain structural, functional, and biochemical effects. Neurosci Biobehav Rev. 2010;
34:721-7383. doi: 10.1016/j.neubiorev.2009.10.005 PMID: 19850077

Haug H, Eggers R. Morphometry of the human cortex cerebri and corpus striatum during aging. Neuro-
biol Aging. 1991; 12: 336-338. PMID: 1961364

Anderson B, Rutledge V. Age and hemisphere effects on dendritic structure. Brain. 1996; 119: 1983—
1990. PMID: 9010002

Huttenlocher PR. Synaptic density in human frontal cortex: Developmental changes and effects of
aging. Brain Res. 1979; 163: 195-205. PMID: 427544

Peinemann A, Lehner C, Conrad B, Siebner HR. Age-related decrease in paired-pulse intracortical inhi-
bition in the human primary motor cortex. Neurosci Lett. 2001; 313: 33—-36. PMID: 11684333

Raz N, Rodrigue KM. Differential aging of the brain: Patterns, cognitive correlates and modifiers. Neu-
rosci Biobehav Rev. 2006; 30: 730-748. PMID: 16919333

Moscufo N, Guttmann CRG, Meier D, Csapo I, Hildenbrand PG, Healy BC, et al. Brain regional lesion
burden and impaired mobility in the elderly. Neurobiol Aging. 2011; 32: 646—654. doi: 10.1016/j.
neurobiolaging.2009.04.010 PMID: 19428145

Rivner MH, Swift TR, Malik K. Influence of age and height on nerve conduction. Muscle Nerve. 2001;
24:1134—1141. PMID: 11494265

Kong X, Schoenfeld DA, Lesser EA, Gozani SN. Implementation and evaluation of a statistical frame-
work for nerve conduction study reference range calculation. Comput Methods Programs Biomed.
2010; 97: 1-10. doi: 10.1016/j.cmpb.2009.05.002 PMID: 19497634

Rods MR, Rice CL, Vandervoort AA. Age-related changes in motor unit function. Muscle Nerve. 1997;
20: 679-690. PMID: 9149074

Pohja M, Salenius S, Hari R. Reproducibility of cortex-muscle coherence. Neuroimage. 2005; 26: 764—
770. PMID: 15955485

Fisher KM, Zaaimi B, Williams TL, Baker SN, Baker MR. Beta-band intermuscular coherence: A novel
biomarker of upper motor neuron dysfunction in motor neuron disease. Brain. 2012; 135: 2849-2864.
doi: 10.1093/brain/aws150 PMID: 22734124

Kilner JM, Baker SN, Salenius S, Hari R, Lemon RN. Human cortical muscle coherence is directly
related to specific motor parameters. J Neurosci. 2000; 20: 8838—8845. PMID: 11102492

PLOS ONE | DOI:10.1371/journal.pone.0149029 February 22, 2016 15/16


http://dx.doi.org/10.1523/JNEUROSCI.5621-09.2010
http://www.ncbi.nlm.nih.gov/pubmed/20220000
http://www.ncbi.nlm.nih.gov/pubmed/17185340
http://www.ncbi.nlm.nih.gov/pubmed/9061653
http://www.ncbi.nlm.nih.gov/pubmed/10611120
http://www.ncbi.nlm.nih.gov/pubmed/2023125
http://www.ncbi.nlm.nih.gov/pubmed/15127311
http://www.ncbi.nlm.nih.gov/pubmed/10406139
http://dx.doi.org/10.1007/s11357-011-9329-y
http://www.ncbi.nlm.nih.gov/pubmed/22037920
http://www.ncbi.nlm.nih.gov/pubmed/12904514
http://www.ncbi.nlm.nih.gov/pubmed/12470688
http://dx.doi.org/10.1097/MRR.0b013e3283298226
http://dx.doi.org/10.1097/MRR.0b013e3283298226
http://www.ncbi.nlm.nih.gov/pubmed/19293723
http://dx.doi.org/10.1016/j.neubiorev.2009.10.005
http://www.ncbi.nlm.nih.gov/pubmed/19850077
http://www.ncbi.nlm.nih.gov/pubmed/1961364
http://www.ncbi.nlm.nih.gov/pubmed/9010002
http://www.ncbi.nlm.nih.gov/pubmed/427544
http://www.ncbi.nlm.nih.gov/pubmed/11684333
http://www.ncbi.nlm.nih.gov/pubmed/16919333
http://dx.doi.org/10.1016/j.neurobiolaging.2009.04.010
http://dx.doi.org/10.1016/j.neurobiolaging.2009.04.010
http://www.ncbi.nlm.nih.gov/pubmed/19428145
http://www.ncbi.nlm.nih.gov/pubmed/11494265
http://dx.doi.org/10.1016/j.cmpb.2009.05.002
http://www.ncbi.nlm.nih.gov/pubmed/19497634
http://www.ncbi.nlm.nih.gov/pubmed/9149074
http://www.ncbi.nlm.nih.gov/pubmed/15955485
http://dx.doi.org/10.1093/brain/aws150
http://www.ncbi.nlm.nih.gov/pubmed/22734124
http://www.ncbi.nlm.nih.gov/pubmed/11102492

@’PLOS ‘ ONE

Intermuscular Coherence in Normal Adults

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Riddle CN, Baker SN. Digit displacement, not object compliance, underlies task dependent modula-
tions in human corticomuscular coherence. Neuroimage. 2006; 33: 618-627. PMID: 16963283

Sanes JN, Donoghue JP. Oscillations in local field potentials of the primate motor cortex during volun-
tary movement. Proc Natl Acad Sci U S A. 1993; 90: 4470—-4474. PMID: 8506287

Grosse P, Cassidy MJ, Brown P. EEG-EMG, MEG-EMG and EMG-EMG frequency analysis: Physio-
logical principles and clinical applications. Clin Neurophysiol. 2002; 113: 1523—-1531. PMID: 12350427

Rosenberg JR, Amjad AM, Breeze P, Brillinger DR, Halliday DM. The Fourier approach to the identifica-
tion of functional coupling between neuronal spike trains. Prog Biophys Mol Biol. 1989; 53: 1-31.
PMID: 2682781

Evans CMB, Baker SN. Task-dependent intermanual coupling of 8-Hz discontinuities during slow finger
movements. Eur J Neurosci. 2003; 18: 453-456. PMID: 12887428

Silverman BW. Density Estimation for Statistics and Data Analysis. 1sted. London: Chapman&Hall;
1986.

Baker MR, Baker SN. The effect of diazepam on motor cortical oscillations and corticomuscular coher-
ence studied in man. J Physiol. 2003; 546: 931-942. PMID: 12563016

Ushiyama J, Suzuki T, Masakado Y, Hase K, Kimura A, Liu M, et al. Between-subject variance in the
magnitude of corticomuscular coherence during tonic isometric contraction of the tibialis anterior mus-
cle in healthy young adults. J Neurophysiol. 2011; 106: 1379-1388. doi: 10.1152/jn.00193.2011 PMID:
21653712

Claus D. Central motor conduction: Method and normal results. Muscle Nerve. 1990; 13: 1125-1132.
PMID: 2266986

Rossini PM, Desiato MT, Caramia MD. Age-related changes of motor evoked potentials in healthy
humans: Non-invasive evaluation of central and peripheral motor tracts excitability and conductivity.
Brain Res. 1992; 593: 14—19. PMID: 1458317

Williams ER, Soteropoulos DS, Baker SN. Spinal interneuron circuits reduce approximately 10-Hz
movement discontinuities by phase cancellation. Proc Natl Acad Sci U S A. 2010; 107: 11098-11103.
doi: 10.1073/pnas.0913373107 PMID: 20534484

Mima T, Simpkins N, Oluwatimilehin T, Hallett M. Force level modulates human cortical oscillatory
activities. Neurosci Lett. 1999; 275: 77—80. PMID: 10568503

Omlor W, Patino L, Hepp-Reymond MC, Kristeva R. Gamma-range corticomuscular coherence during
dynamic force output. Neuroimage. 2007; 34: 1191-1198. PMID: 17182258

Gilbertson T, Lalo E, Doyle L, Di Lazzaro V, Cioni B, Brown P. Existing motor state is favored at the
expense of new movement during 13-35 Hz oscillatory synchrony in the human corticospinal system. J
Neurosci. 2005; 25: 7771-7779. PMID: 16120778

Matsuya R, Ushiyama J, Ushiba J. Prolonged reaction time during episodes of elevated 3-band cortico-
muscular coupling and associated oscillatory muscle activity. J Appl Physiol. 2013; 114: 896-904. doi:
10.1152/japplphysiol.00942.2012 PMID: 23393066

Keenan KG, Collins JD, Massey WV, Walters TJ, Gruszka HD. Coherence between surface electro-
myograms is influenced by electrode placement in hand muscles. J Neurosci Methods. 2011; 195: 10—
14. doi: 10.1016/j.jneumeth.2010.10.018 PMID: 21074555

PLOS ONE | DOI:10.1371/journal.pone.0149029 February 22, 2016 16/16


http://www.ncbi.nlm.nih.gov/pubmed/16963283
http://www.ncbi.nlm.nih.gov/pubmed/8506287
http://www.ncbi.nlm.nih.gov/pubmed/12350427
http://www.ncbi.nlm.nih.gov/pubmed/2682781
http://www.ncbi.nlm.nih.gov/pubmed/12887428
http://www.ncbi.nlm.nih.gov/pubmed/12563016
http://dx.doi.org/10.1152/jn.00193.2011
http://www.ncbi.nlm.nih.gov/pubmed/21653712
http://www.ncbi.nlm.nih.gov/pubmed/2266986
http://www.ncbi.nlm.nih.gov/pubmed/1458317
http://dx.doi.org/10.1073/pnas.0913373107
http://www.ncbi.nlm.nih.gov/pubmed/20534484
http://www.ncbi.nlm.nih.gov/pubmed/10568503
http://www.ncbi.nlm.nih.gov/pubmed/17182258
http://www.ncbi.nlm.nih.gov/pubmed/16120778
http://dx.doi.org/10.1152/japplphysiol.00942.2012
http://www.ncbi.nlm.nih.gov/pubmed/23393066
http://dx.doi.org/10.1016/j.jneumeth.2010.10.018
http://www.ncbi.nlm.nih.gov/pubmed/21074555

