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Abstract The aim of this study was to examine coher-

ence between surface electromyographic (EMG) signals

from two index finger flexor muscles, the first dorsal

interosseous (FDI) and flexor digitorum superficialis

(FDS), during and immediately following sustained,

fatiguing isometric contraction. Coherence was observed

between the FDI and FDS EMG signals in the tremor

(8–12 Hz), beta (15–35 Hz) and gamma (35–60 Hz) bands

in all subjects. A significant increase in EMG–EMG

coherence in the beta and gamma frequency bands was

observed immediately following the fatiguing contraction.

No significant difference was observed in the tremor band

coherence before and after fatigue. Coherence was

observed between EMG and force in the tremor band

during both the pre- and post-fatigue contractions and a

significant increase in the FDI EMG-force coherence post-

fatigue was observed. It is suggested that the increase in

beta and gamma band coherence with fatigue may be due

to increased levels of corticomotoneuronal drive to both

muscles. Alternatively, the increased EMG–EMG coher-

ence may reflect an increased contribution of peripheral

afferents to coupling across the muscle with fatigue.

Although the functional significance is not clear, the

increase in coherence may help to overcome reduced

motoneuron excitability with fatigue, to bind together dif-

ferent sensorimotor elements or to coordinate force gen-

eration across muscles in a more synergistic manner as the

force generating capacity of the muscle is decreased.

Keywords Coherence � Synchronization �
Muscle fatigue � Motor unit

Introduction

Analysis of the coherence between electromyographic

(EMG) signals provides a means of examining the char-

acteristics of common neural inputs to co-contracting

muscles during voluntary contraction. Coherent activity

has been reported under various conditions, across a range

of frequencies, between both surface and intramuscular

EMG signals from the hand and forearm muscles (Baker

et al. 1997; Kilner et al. 1999; Farmer et al. 2007), and

between the firing times of individual motor units within

the same and different muscles (Farmer et al. 1993;

Semmler et al. 2004). The central nervous system oscilla-

tory drives responsible for this coherent activity are typi-

cally characterized within four different frequency bands.

These include a low frequency 1–3 Hz oscillation, that may

also be observed as the common modulation of motor-unit

firing times known as ‘common drive’ (De Luca and Erim

1994; Myers et al. 2004), oscillations at the frequency of

physiological tremor (8–12 Hz) (McAuley and Marsden

2000) and within the beta (15–30 Hz) and gamma (30–

60 Hz) frequency ranges (Conway et al. 1995; Mima and

Hallett 1999; Omlor et al. 2007).

The similarity between EMG–EMG coherence and

well-established corticomuscular coherence (Conway

et al. 1995; Salenius et al. 1997) suggests that the com-

mon motoneuronal activity within 15–30 Hz frequency

range is likely to be, at least partially, cortical in origin.

In primates, it has been observed that coherence between

EMG signals in the 20–30 Hz range exhibits the same

task-dependence as coherence between EMG signals and
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local field potentials recorded from the motor cortex

(Baker et al. 1997). Similar results have subsequently

been confirmed in human subjects (Kilner et al. 1999).

Previous studies have demonstrated a correlation between

short-term motor-unit synchronization and beta band

coherence in both experimental (Farmer et al. 1993;

Semmler et al. 2002) and simulated (Moritz et al. 2005;

Lowery et al. 2007) data, indicating that the two phe-

nomena, measured in the time and frequency domains,

respectively, share the same underlying mechanism. Sig-

nificant corticomuscular coherence has also been observed

within the frequency range of physiological tremor, which

suggests the contribution of efferent components involv-

ing the cortex in addition to peripheral feedback mecha-

nisms (McAuley and Marsden 2000).

Electromyographic beta band coherence and motor-unit

synchronization have been shown to depend on a variety of

factors including attention (Schmied et al. 2000; Kristeva-

Feige et al. 2002), task learning and training (Semmler

et al. 2004; Perez et al. 2006), hand dominance (Schmied

et al. 1994; Semmler and Nordstrom 1995), neurological

disorders (Grosse et al. 2002) and changes following spinal

cord injury or stroke (Powers et al. 1989; Davey et al.

1990). Little is known, however, about the effects of

muscle fatigue on short-term motor-unit synchronization or

coherence. Fatigue is an ongoing process that describes the

reduction in the force generating capacity of muscle as a

result of previous activation (Bigland-Ritchie et al. 1986).

It encompasses a number of changes occurring at both the

central and peripheral level. Although synchronization of

motor-unit activity is commonly suggested as a means of

maintaining force output as muscle fatigues, direct evi-

dence of changes in synchronization during or following

fatiguing contractions is limited and experimental findings

have been somewhat controversial. While a number of

studies have reported no change in synchronization

with muscle fatigue in the masseter and vastus lateralis

(Nordstrom et al. 1990; Contessa et al. 2009), an increase

in motor-unit synchronization and low frequency (0–10 Hz)

coherence has been observed in the biceps brachii muscle

both immediately after, and 24 h after, fatiguing eccentric

exercise (Dartnall et al. 2008). Application of an indirect

measure of motor-unit synchronization, based on the

skewness of the surface EMG signal, has provided further

evidence of increased motor-unit synchronization during

fatiguing isometric contraction of the biceps muscle

(Holtermann et al. 2009).

A small number of studies have examined changes

in corticomuscular coherence during and immediately

following muscle fatigue. An increase in beta band

(13–32 Hz) coherence between MEG and EMG signals

from the extensor communis digitorum has been reported

following fatiguing isometric contraction, indicating

increased coupling between synchronized cortical neurons

and the motoneuron pool (Tecchio et al. 2006). In contrast,

during sustained voluntary elbow flexion, Yang et al.

(2009) reported a reduction in EEG–EMG coherence in the

15–35 Hz range, which suggests a weakening of cortico-

muscular coupling during fatigue. Direct comparison of the

results of these studies is complicated by the fact that the

distal muscles of the hand and forearm are known to have

stronger cortical connections (Phillips and Porter 1964;

Palmer and Ashby 1992), and thus higher levels of motor-

unit synchronization (De Luca et al. 1993; Farmer et al.

1993), than more proximal muscles including the biceps.

Changes in coherence or synchronization across simul-

taneously active muscles during fatiguing contractions

have not yet been examined. Analysis of EMG–EMG

coherence across muscles may provide insight into the

temporal modulation of oscillatory activity at the cortical

level and central nervous system control strategies for

maintaining force output as muscle fatigues. The purpose

of this study was, therefore, to investigate changes in

coupling across synergistic hand muscles as a result of

isometric fatiguing contraction. Coherence between surface

EMG signals from two index finger flexor muscles, the first

dorsal interosseous (FDI) and the flexor digitorum super-

ficialis (FDS), were compared during, before and imme-

diately after a sustained isometric fatiguing contraction.

Methods

Subjects

The experiment was performed on the right-hand of 15

healthy, right-hand dominant subjects (10 males and 5

females, mean age 25 years, range 25–34 years) with no

known neuromuscular disorders or musculoskeletal injuries

of the hand. All subjects gave their written informed con-

sent before the study. The study was approved by the

Human Research Ethics Committee, University College

Dublin.

Experimental setup

Subjects were seated in a specially designed chair with a

force transducer mounted on a custom-built rig attached to

the chair. Their elbow joint angle was positioned at 90� in a

rigid support with the upper arm vertical, next to the trunk,

and the forearm positioned parallel to the ground. The

subject’s back was supported, as was the back of the upper

arm, underneath the forearm and the elbow. The forearm

was pronated with the palm resting on a horizontal plat-

form. The index finger was inserted into a splint that kept

the interphalangeal joints extended. This arrangement
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allowed flexion of the index finger about the metacarpo-

phalangeal joint, a movement that is produced by con-

traction of the FDI and FDS muscles. Digits 3–5 and thumb

of the right-hand were secured in such a way that only the

force exerted by the index finger was recorded. The posi-

tion of the arm and index finger were continuously moni-

tored during each trial. The force exerted by the index

finger and the target force level was displayed to the sub-

ject on a monitor placed at eye level.

Force and surface electromyographic recordings

The isometric flexion force exerted by the index finger was

measured using a 6 df force transducer (Nano 17, ATI,

USA) that was aligned with the proximal interphalangeal

joint. Bipolar surface EMG signals were recorded from

both the FDI and FDS muscles using 8 mm diameter Ag/

AgCl electrodes (Ambu, Neonatal electrode, N-00-S/25)

separated with a 10 mm inter electrode distance. The skin

was prepared by gentle abrasion and cleansing with alco-

hol. A pair of electrodes was placed directly above the FDI

muscle. A second pair of electrodes was located above the

FDS muscle, mid-way between the medial epicondyle and

the radial styloid process. The surface EMG signals were

amplified with a gain of 1,000 (Grass P511 AC amplifier),

band-pass filtered (3–1,000 Hz) with a sampling rate of

2.5 kHz. The force signal was low-pass filtered at 100 Hz.

Both of these signals were recorded on a PC equipped with

a data acquisition interface (Spike 2 v6.07, Cambridge

Electronic Design, Cambridge, UK).

Experimental protocol

Following familiarization with the load cell and experi-

mental setup, each subject performed a series of isometric

index finger flexion contractions. The subject first per-

formed three isometric maximum voluntary contractions

(MVCs) and the subject’s maximal voluntary contraction

was calculated as the average value of the maximum force

recorded over three successive contractions where the

maximum force values lay within 10% of one another. The

subject was then instructed to conduct a series of six, 10 s

duration, non-fatiguing isometric contractions following

the target force level at 10% MVC. Successive contractions

were separated from one another by 10 s. This was fol-

lowed by a sustained fatiguing contraction at 30% MVC

until task failure, which was defined as the point at which

the force decreased below 10% of the target force for[2 s.

This was immediately followed by another series of six,

10 s duration non-fatiguing isometric contractions at 10%

MVC. The non-fatiguing isometric contractions were

conducted at 10% MVC to avoid further fatiguing the

subjects before, and immediately after, the sustained

fatiguing contractions. An example of the EMG data

recorded from the FDI and FDS and the force generated

during the experiment for a single subject is presented in

Fig. 1.

Data Analysis

EMG RMS amplitude and median frequency

The root mean square (RMS) value of the EMG signal

and the median frequency of the EMG power spectrum

were calculated during the sustained fatiguing contraction

for non-overlapping 0.5 s duration epochs. The RMS

value and median frequency were normalized with

respect to their values at the beginning of the fatiguing

contraction for each subject and the change in both

parameters was examined to assess the progression of

muscle fatigue.

Coherence analysis

The magnitude squared coherence, Cxy(f) between the two

EMG signals recorded from the FDI and FDS muscles, x(t)

and y(t), for a given frequency f was calculated as (Bendat

and Piersol 1986)

Cxyðf Þ ¼
Sxyðf Þ
�
�

�
�2

Sxxðf ÞSyyðf Þ
ð1Þ

where Sxy(f) is the cross spectrum and Sxx(f) and Syy(f) are

the auto spectra of x(t) and y(t).

Cxy(f) varies between zero and one, where one indicates

a perfect linear relationship between x(t) and y(t) and zero

indicates that the two signals are not linearly related at that

frequency. The coherence estimate was considered signif-

icant at P \ a where

Z ¼ 1� /1= L�1ð Þ ð2Þ

where L is the total number of disjoint segments used to

calculate the coherence (Rosenberg et al. 1989) and

a = 0.05 (i.e., above 95% confidence interval). Equation 2

is valid for non-overlapping segments with taper. The

significance level for overlapped segments with taper after

some modifications based on Welch (1967) was adapted as

described by Terry and Griffin (2008).

Zovlp ¼ 1� /1=ðwL��1Þ ð3Þ

L� ¼ floor
L� 1ð Þ

1� ovlpð Þ

� �

þ 1 ð4Þ

where the variable ovlp is the percentage of segment

overlap and L* is the number of overlapped segments; w is

a weighting factor that is dependent on the amount of

overlap and taper type. For tapered segments with window
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W and nfft segment elements, the weighting factor is

calculated from

w ¼ 1

1þ 2w0
ð5Þ

w0 ¼

Povlp�nfft

k¼1

wðkÞ � w k þ 1� ovlpð Þ � nfftð Þ

Pnfft

k¼1

w2ðkÞ

8

>>><

>>>:

9

>>>=

>>>;

2

ð6Þ

The coherence was calculated for a segment length of

2,048 samples 50% overlap, using a Hanning window.

This combination of segment taper and overlap has been

shown to yield significantly higher coherence values than

other taper and overlap combinations (Terry and Griffin

2008). The EMG data during the six, 10 s contractions

pre-fatigue were concatenated and the coherence between

the FDI and FDS muscles was examined. The coherence

between the EMG data during the post-fatigue contractions

was similarly calculated, as was the coherence between

force and EMG data pre- and post-fatigue. The EMG

data during the fatiguing contractions was divided into

two and the coherence between the FDI and FDS was also

compared during the first half and second half of the

contraction.

Statistical analysis

Statistical analysis was performed using SPSS 15.0 for

windows (SPSS). The sum of the EMG–EMG coherence

values that lay above the 95% significance level in each of

the tremor (8–12 Hz), beta (15–35 Hz) and gamma (35–

60 Hz) frequency bands during the first half and second

half of the fatiguing contractions, and during the pre- and

post-fatigue contractions were analyzed for statistical sig-

nificance. The Shapiro–Wilk test for normality was per-

formed and it was found that the data were not normally

distributed. A non-parametric, Wilcoxon signed-rank test

was, therefore, used to determine significance. EMG–EMG

coherence and EMG-force coherence was considered sig-

nificantly different between the first half and second half of

the fatiguing contractions or between the pre- and post-

fatigue contractions for P values \0.05.

Results

The average duration of the fatiguing contraction was

430.00 ± 130.22 s (mean ± SD). A progressive reduction

in the median frequency of the EMG power spectrum and

an increase in the EMG RMS amplitude was observed in

Fig. 1 a Force output and b, c EMG signal recorded from the FDI and FDS muscle in a representative subject during the fatiguing contraction at

30% MVC and during the pre- and post-fatigue contractions at 10% MVC
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all subjects in both the FDI and FDS muscles, during the

fatiguing contraction (Fig. 2). The median frequency and

the RMS amplitude of the FDI EMG signal during the first

10 s of the fatiguing contraction were 136.36 ± 3.08 Hz

and 0.120 ± 0.006 V, respectively, and 120.32 ± 3.40 Hz

and 0.167 ± 0.012 V during the last 10 s of the fatiguing

contraction. The median frequency and the RMS amplitude

of the FDS EMG signal were 130.32 ± 3.04 Hz and

0.038 ± 0.002 V, during the first 10 s of the fatiguing

contraction, and 107.68 ± 4.34 Hz and 0.050 ± 0.003 V

during the last 10 s of the fatiguing contraction. Figure 2a

presents the normalized EMG RMS amplitude and Fig. 2b

the normalized EMG median frequency during the fatigu-

ing contraction of the FDI muscle, averaged over all sub-

jects. The observed progressive decrease in the EMG

median frequency and increase in the RMS amplitude are

consistent with changes in the EMG signal typically

observed during submaximal isometric fatiguing contrac-

tions (Merletti et al. 1990).

The magnitude of the force fluctuations increased with

fatigue and was greatest toward the end of the fatiguing

contraction. The average value of the coefficient of varia-

tion of the force was 9.7% during the last 10 s of the

fatiguing contraction, compared with 5.3% during the first

10 s of the fatiguing contraction.

Examples of power spectra of the FDI and FDS EMG

signals during the pre- and post-fatigue contractions for a

single representative subject are presented in Fig. 3a, b. The

corresponding coherence spectra are presented in Fig. 3c.

During the sustained fatiguing contraction at 30% MVC,

significant coherence was observed in 14 subjects in the

tremor band (8–12 Hz) and in all subjects in the beta (15–

35 Hz) and gamma (35–60 Hz) bands during the first half

of the fatiguing contraction. Significant coherence was also

observed in all subjects in the tremor band and in 14

subjects in the beta and gamma bands during the second

half of the fatiguing contraction. At 10% MVC, significant

coherence was observed in 9 subjects in the tremor band

and in 13 subjects in the beta and gamma bands during the

pre-fatigue contraction. During the post-fatigue contraction

significant coherence was observed in 11 subjects in the

tremor, 12 subjects in the beta and in 14 subjects in the

gamma bands.

An increase in EMG coherence across the FDI and FDS

muscles during the second half of the fatiguing contraction

was observed in 13 subjects in the tremor band, 10 subjects

in the beta band and 7 subjects in the gamma band. An

increase in the coherence post-fatigue, when compared

with the pre-fatigue contraction, was observed in 5 subjects

in the tremor band and in 11 subjects in the beta and

gamma frequency bands (Table 1). Figure 4 presents an

example of the coherence spectrum between the FDI and

FDS EMG signals for two representative subjects during

the first half and second half of the fatiguing contraction

and during the isometric contractions pre- and post-fatigue.

Statistical analysis revealed a significant increase in

EMG coherence across the second half of the fatiguing

contraction compared to first half of the fatiguing con-

traction in the tremor band only (P = 0.020), with no

significant increase in coherence in the beta (P = 0.112)

and gamma (P = 0.609) frequency bands. A significant

increase in EMG coherence during the post-fatigue con-

traction, compared with the pre-fatigue contractions, was

observed in both the beta (P = 0.048) and gamma

(P = 0.020) frequency bands. No significant increase in

coherence was observed in the tremor band (P = 0.754).

Figure 5 presents the mean value of the integral of the

coherence lying above the 5% significance level in the

tremor, beta and gamma bands, averaged over all subjects,

during the first half and second half of the fatiguing con-

tractions (Fig. 5a) during the isometric contractions pre-

and post-fatigue (Fig. 5b).

Fig. 2 a EMG RMS amplitude and b power spectrum median

frequency (mean ± standard error) plotted as a percentage of

contraction time during the sustained fatiguing contraction of the

FDI muscle. The data have been normalized with respect to the values

at the beginning of the contraction and have been averaged over all 15

subjects
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The frequency at which the peak coherence occurred in

each of the tremor, beta and gamma frequency bands did

not change following the fatiguing contractions (P =

0.074), (P = 0.814) and (P = 0.802), respectively. The

average peak coherence frequency during the pre-fatigue

contractions was 8.60 ± 1.23, 25.38 ± 7.97 and 47.63 ±

8.40 Hz and during the post-fatigue contraction, 10.01 ±

1.20, 26.01 ± 7.15 and 45.49 ± 7.90 Hz, in the tremor,

beta and the gamma bands, respectively.

Figure 6a, b presents the coherence between the EMG

and force during the pre- and post-fatigue contractions for a

single representative subject. Significant coherence

between EMG and force was observed in the tremor band in

most subjects, with little coherence observed in the beta or

Fig. 3 Power spectra of a FDI and b FDS EMG signals during pre- and post-fatigue contractions. The corresponding coherence spectra between

the FDI and FDS EMG signals during the pre- and post-fatigue contractions are presented in c

Table 1 The duration of the

fatiguing contraction for each

individual subject and the

corresponding change in EMG

coherence for each frequency

band

Subject Contraction

duration (s)

Tremor band

(8–12 Hz)

Beta band

(15–35 Hz)

Gamma band

(35–60 Hz)

1 428 – Increase Increase

2 249 – Increase Increase

3 553 Increase Increase Increase

4 99 Decrease Increase Decrease

5 497 Increase Increase Increase

6 544 Increase Increase Increase

7 287 Increase Increase Increase

8 393 Decrease Increase Increase

9 500 Decrease Decrease Increase

10 500 Decrease Increase Decrease

11 454 Increase – Decrease

12 377 Decrease Decrease Increase

13 519 Decrease Increase Increase

14 498 Decrease Decrease Decrease

15 552 – Increase Increase
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gamma bands. The frequency at which the peak coherence

occurred in the pre-fatigue contractions was 9.36 ± 1.83

and 9.16 ± 1.55 Hz and during the post-fatigue contrac-

tion, 9.21 ± 1.36 and 9.59 ± 1.40 Hz, in the FDI EMG and

force and in the FDS EMG and force, respectively. A sig-

nificant increase in the coherence between the FDI EMG

and force was observed in the tremor band (P = 0.023),

post-fatigue when compared to pre-fatigue (Fig. 6c). No

significant increase in coherence was observed between the

FDS EMG and force (P = 0.158) (Fig. 6d).

Discussion

The aim of this study was to examine changes in the

coherence between EMG signals from synergistic hand

muscles before and immediately after fatigue. The FDI and

FDS muscles were chosen as the focus of the study as both

muscle are index finger flexors and are sufficiently far apart

that cross-talk between EMG signals from the two may be

assumed to be negligible. As the relationship between

crosstalk, the unwanted detection of signals from muscles

other than muscle of interest, and the correlation or

coherence between two surface EMG signals is complex,

cross-talk could lead to high levels of spurious coherence

across a wide range of frequencies (Lowery et al. 2003).

Electromyographic signals are non-stationary during

fatiguing contractions and vary with respect to time due to

alterations in parameters such as motor-unit recruitment,

firing patterns and muscle fiber conduction velocity. Tra-

ditional coherence measures based on Fourier analysis

cannot provide information about the progression of

coherent activity over time and, therefore, may not provide

the best means of examining variations in neuromuscular

coupling as muscle fatigues. Therefore, in this study the

EMG signals were compared during low level, non-

fatiguing contractions before, and immediately after, the

sustained fatiguing contractions following the approach

Fig. 4 Coherence between the FDI and FDS EMG data for two

representative subjects (subjects 5 and 6) during the first (dashed line)

and second (solid line) half of the fatiguing contraction (a, c) and

during pre-fatigue (dashed line) and post-fatigue (solid line)

contractions (b, d) which corresponds to the concatenated EMG data

during the six, 10 s contractions. The horizontal line indicates the

95% significance level
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used by Tecchio et al. (2006) to examine the short-term

effects of fatigue on corticomuscular coupling. The

recovery process after fatigue will, however, also influence

the EMG signals and may possibly effect the coherence

observed after the fatiguing contraction. Analysis of

coherence during the first and second half of the fatiguing

contraction was also included to allow comparison with

previous studies (Yang et al. 2009).

In the present study, significant coherence between

EMG signals from the FDI and FDS muscle was observed

in the tremor, beta and gamma bands during isometric

finger flexion (Fig. 4). This is consistent with the idea that

the synaptic motoneuron inputs are organized according to

hand function and the findings of previous experimental

studies (Kilner et al. 1999). The presence of beta band

EMG coherence between the two muscles is also in

agreement with the observation of widespread motor-unit

synchronization between motor-units in different finger and

hand muscles acting synergistically to produce movement

in a given direction and may reflect branched inputs to the

motor units from pyramidal tract neurons (Bremner et al.

1991). Baker et al. (1997) have similarly reported that

changes in beta band EMG–EMG coherence in primates

reflects changing levels of synchronous drive from the

corticospinal system and exhibits a similar task-dependence

to corticomuscular coupling as estimated using EEG–EMG

coherence. MEG/EEG–EMG coherence in the gamma band

has been observed primarily during strong isometric or

during dynamic contractions, with experimental evidence

indicating that it may also be cortical in origin (Brown et al.

1998; Omlor et al. 2007). In contrast, the origin of physi-

ological tremor is likely to be multi-factorial, with com-

ponents due to the stretch-reflex, mechanical resonance and

cortical drives (McAuley and Marsden 2000).

During the sustained fatiguing contraction, EMG

amplitude increased and the EMG median frequency pro-

gressively decreased (Fig. 2). These changes are typical of

myoelectric manifestations of fatigue during submaximal

isometric contractions and confirm the progression of

muscle fatigue during the sustained contraction. The

decrease in the median frequency observed is primarily due

to the reduction in muscle fiber conduction velocity, while

the increase in the RMS amplitude reflects increasing

motor-unit recruitment and firing rates in order to maintain

the force level as the muscle fatigues (Lowery et al. 2003).

A statistically significant increase in the EMG coherence

between the FDI and FDS muscles was observed in both

the beta and gamma frequency bands during the post-fati-

gue contractions, when compared to pre-fatigue contrac-

tions (Fig. 5b) and in the tremor band during second half of

the fatiguing contraction when compared to first half of the

fatiguing contraction (Fig. 5a). The increase in beta band

coherence is consistent with the results reported by Tecchio

et al. (2006) who observed an increase in beta band

coherence between MEG–EMG signals in response to

short-term fatigue of the extensor communis digitorum.

The results presented in Fig. 5b indicate that the level of

beta and gamma band synchronization across the FDI and

FDS muscles increased in response to muscle fatigue,

possibly due to stronger coupling between motor cortical

neurons and the motor units of both muscles. In contrast,

Yang et al. (2009) reported a decrease in corticomuscular

coherence between EEG and EMG signals from the elbow

flexor muscles during fatigue, indicating weakening of

cortical inputs to the muscle system. A possible explana-

tion for the difference between the results observed in the

present study and by Tecchio et al. (2006), and those

reported by Yang et al. (2009), is the different organization

of corticomuscular connections among the muscles of

the hand and forearm and the elbow flexor muscles.

Fig. 5 Mean and standard deviation of the integral of the significant

coherence during a the first and second half of the fatiguing

contraction b the pre- and post-fatigue contractions. The data has

been averaged over all subjects. A statistically significant increase in

coherence during the post-fatigue contraction was observed in the

beta (15–35 Hz) and gamma (35–60 Hz) bands. Statistically signif-

icant difference between the two groups is indicated with an asterisk
(P \ 0.05)
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Corticomotoneuronal connections to distal muscles have

been shown to be stronger than those to more proximal

muscles (Phillips and Porter 1964; Palmer and Ashby

1992). Levels of motor-unit synchronization and beta band

coherence have subsequently been observed to be higher

among motor units of smaller distal muscles, including the

FDI and finger extensors, than among motor units of larger

proximal muscles, such as the biceps brachii and deltoid

(De Luca et al. 1993; Farmer et al. 1993). The contrasting

behavior of beta band coherence in the finger extensor and

elbow flexor muscles may possibly reflect different levels

of corticomuscular coupling to these muscles. Alterna-

tively, the increased EMG–EMG coherence may reflect an

increased contribution of peripheral afferents to coupling

across the muscle with fatigue.

Oscillations in the gamma band and around the Piper

Rhythm (40 Hz) are typically observed during strong

voluntary contractions (Brown et al. 1998). In this study,

however, increased coherence in the gamma band was

observed at only 10% MVC post-fatigue (Figs. 3, 4). The

target force of 10% of the maximum voluntary force

measured in the unfatigued muscle likely represents a

higher percentage of the maximum force that is attainable

in the fatigued muscle. A possible explanation for the

similarity between the gamma band coherence observed at

10% MVC post-fatigue and gamma coherence observed

during strong voluntary contractions may, therefore, lie in

the increase in neuromuscular drive which is necessary to

maintain this force when the muscle is fatigued.

Although coherence increased in the majority of sub-

jects with fatigue, the variability observed across subjects

was high. A high variation in the level of motor-unit syn-

chronization across subjects was similarly observed by

Bremner et al. (1991), who noted that certain subjects

Fig. 6 Coherence between EMG and force during a pre-fatigue

contraction and b post-fatigue contraction for a single representative

subject. Solid line corresponds to FDI EMG-force coherence and

dashed line corresponds to FDS EMG-force coherence. The horizon-
tal line indicates the 95% significance level. The mean value of the

integral of the significant coherence between the FDI EMG and force

(c) and between FDS EMG and force (d) in the tremor, beta and

gamma bands, averaged over all subjects, during the pre- and post-

fatigue contractions
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consistently exhibited higher levels of synchronization than

others. The variability may be due to limitations of

coherence as a measure of common motoneuronal inputs,

intrinsic differences in corticomuscular coupling across

subjects or a combination of both.

While tremor and force fluctuations increased during the

second half of the fatiguing contraction, no significant dif-

ference in the coherence between EMG signals at the fre-

quency of physiological tremor was observed post-fatigue

(Fig. 5). The augmentation of tremor during fatiguing con-

tractions likely does not depend upon central fatigue alone,

but derives partially from peripheral afferent inputs. The

difference in behavior at the tremor frequency may, there-

fore, reflect the different origin of common motoneuronal

inputs at the tremor and beta or/and gamma frequency bands.

Significant coherence between EMG and force was

observed in the tremor band during both the pre- and post-

fatigue contractions (Fig. 6) with relatively little coherence

observed between EMG and force in the beta and gamma

bands. This is predicted by the results of model simulations

which indicate that low frequency neural inputs (typically

\10 Hz) have the greatest influence on force variability

due to the mechanical low-pass filtering effect of muscle

(Lowery and Erim 2005). The observation of strong cou-

pling between force and EMG within the tremor band, but

not at the higher frequencies associated with motor-unit

synchronization, is consistent with the observation of pre-

vious studies that there is no association between increases

in force variability and motor-unit synchronization during

fatiguing contraction (Semmler et al. 2000; Contessa et al.

2009). A statistically significant increase in the coherence

between FDI EMG and force was observed in the tremor

band post-fatigue. However, no significant increase in the

FDS EMG and force with fatigue was observed. This dif-

ference may be due to the presence of stronger cortico-

spinal projections to the FDI than to the FDS (Palmer and

Ashby 1992). As tremor is multifactorial in origin, with

both cortical and peripheral stretch-reflex loop compo-

nents, the relative contribution of both to tremor in the FDI

and FDS is likely quite different. It is possible that cortical

inputs at the tremor frequency increase as the muscle

fatigues causing an increase in coherence between FDI

EMG and force, but little or no change in FDS EMG and

force coherence. Alternatively, the different behavior may

reflect differences in the activity of the Ia afferents, relative

changes in muscle length in the FDI and FDS or alterations

in the relative contribution of both muscles to force pro-

duction as the muscles fatigues.

Whether increased coherence with fatigue has a func-

tional role or simply reflects changes in cortical or other

neural firing patterns is not clear. If EMG–EMG coherence

within the beta and gamma frequency bands reflects an

increase in synchronized corticospinal common inputs to

the motoneuron pool across the muscles, one possibility

may be that synchronization of motoneuron inputs may

help to overcome reduced excitability of the motoneuron

pool during fatigue. Synchronized inputs are more effective

at recruiting neurons than asynchronous inputs (Murthy

and Fetz 1994). Failure to activate spinal motoneurons and

a reduction in motoneuron excitability following muscle

fatigue has been illustrated using transcranial magnetic

stimulation (Andersen et al. 2003). Increased synchroni-

zation or coherence may thus act as a component of the

descending corticospinal command to overcome this

reduced excitability and recruit additional motoneurons.

Alternatively, it has been suggested that gamma oscilla-

tions may reflect binding of functionally associated cortical

elements including visual attention, motor planning and

cognition (Brown 2000). It is possible that integration of

information across these elements may increase in order to

maintain force output as the muscle fatigues. Greater

subject attention may also be required with fatigue. Motor-

unit synchronization has been shown to increase with

increased attention (Schmied et al. 2000), whether this may

have a functional role or simply reflects alterations in

common inputs to the motoneuron pool is not known.

Finally, the central nervous system may control muscles

acting synergistically as a functional unit (De Luca and

Erim 2002). Synchronization of motor-unit firings may act

to coordinate force generation across the muscles which

may help to maintain the target force level more efficiently

as the muscle fatigues.

In conclusion, beta and gamma band coherence across

the FDI and FDS muscles was observed to increase

immediately following fatigue. This suggests an increase in

common neural input across these muscles, which may be

cortical in origin. The functional significance of the

increase in coherent activity may be to overcome reduced

excitability of the motoneuron pool, to increase binding

across sensorimotor elements or to facilitate contraction in

a more synergistic manner as the force generating capacity

of the muscle is decreased with fatigue.
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