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Abstract

In the human upper extremity (UE), unintended effects of proximal muscle activation on muscles
controlling the hand could be an important aspect of motor control due to the necessary
coordination of distal and proximal segments during functional activities. This study aimed to
elucidate the effects of concurrent activation of elbow muscles on the coordination between hand
muscles performing a grip task. Eleven healthy subjects performed precision grip tasks while a
constant extension or flexion moment was applied to their elbow joints, inducing a sustained
submaximal contraction of elbow muscles to counter the applied torque. Activation of four hand
muscles was measured during each task condition using surface electromyography (EMG). When
concurrent activation of elbow muscles was induced, significant changes in the activation levels of
the hand muscles were observed, with greater effects on the extrinsic finger extensor (23.2 %
increase under 30 % elbow extensor activation; p = 0.003) than extrinsic finger flexor (14.2 %
increase under 30 % elbow flexor activation; p = 0.130). EIbow muscle activation also induced
involuntary changes in the intrinsic thumb flexor activation (44.6 % increase under 30 % elbow
extensor activation; p = 0.005). EMG-EMG coherence analyses revealed that elbow muscle
activation significantly reduced intermuscular coherence between distal muscle pairs, with its
greatest effects on coherence in the f-band (13-25 Hz) (average of 17 % decrease under 30 %
elbow flexor activation). The results of this study provide evidence for involuntary, muscle-
specific interactions between distal and proximal UE muscles, which may contribute to UE motor
performance in health and disease.
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Introduction

In human motor tasks, unintended muscle activity, often triggered by activation of adjacent
muscles, is frequently found to emerge under certain task conditions. During tasks that
require a high level of effort, for example, the high activation of the muscles involved in the
task often induces activation of nearby muscles within the limb (Dimitrijevic et al. 1992;
Gandevia et al. 1993; Zijdewind and Kernell 2001). The degree of such ‘motor overflow’
increases under conditions such as fatigue (Bodwell et al. 2003) and intersegmental
instability (Cholewicki et al. 2000) among healthy subjects.

Though the effects of muscle contraction on nearby muscles have been studied, unintended
effects in more distant muscles have not been fully examined. The effects of proximal arm
muscle contraction on distal arm muscles, for example, would be of particular interest given
the functional importance of coordination between proximal and distal UE musculature.
Previous studies of the neural connections and interactions between the hand muscles and
proximal arm muscles have mostly focused on spinal reflex mechanisms (e.g., Rothwell et
al. 1980; Marsden et al. 1981; Manning and Bawa 2011), which may not fully explain
interactions during goal-oriented movements that do not occur in response to sudden
unexpected perturbations or other sensory inputs that elicit reflex responses. Investigations
of ‘involuntary’ interactions between the arm and hand that do not involve reflex mechanism
are relatively sparse. Previous studies of involuntary muscle interactions during UE motor
tasks have focused on muscle groups controlling a single joint (i.e., agonist-antagonist
muscles). For example, co-contraction of agonist/antagonist pairs at the elbow or shoulder
joints has been examined in relation to task-related parameters such as endpoint accuracy
(Gribble et al. 2003), dynamic joint perturbation (Buchanan et al. 1989), and stability
maintenance (Milner 2002). Other studies expanded the scope of inquiry to include
interactions between muscles controlling different proximal arm joints, such as shoulder and
elbow joints, examining the effects of task-related parameters (e.g., endpoint stiffness:
Franklin et al. 2007) on the muscle activation patterns. As of yet, however, potential
‘involuntary’ neural interactions between proximal and distal UE muscles during multi-joint
motor tasks have not been examined in detail.

Most human functional activities require the synergistic use of task-relevant muscles with
proper spatiotemporal coordination (e.g., Zajac 1993). Underlying interactions between UE
muscles could have significant implications for UE functionality as they could facilitate
multi-joint movements (e.g., by effectively reducing degrees-of-freedom to be controlled) or
potentially compromise task performance. Involuntary interactions between the muscles
controlling distal and proximal UE joints, in particular, could influence UE motor
performance, since precise coordination of hand and arm movements is central to most UE
functional tasks (Paulignan et al. 1990; Flanagan and Wing 1993; Lemon et al. 1995).
Furthermore, as many UE muscles cross-multiple joints (i.e., bi-articular or multi-articular),
some mono-articular muscles need to be coordinated accordingly in order to counteract or
balance the kinetic impact of such multi-articular muscles (Kurtzer et al. 2006; Herter et al.
2007). Therefore, proper coordination of multiple UE muscles, either at the supraspinal
(Donoghue et al. 1992; Holdefer and Miller 2002) or spinal (Tresch et al. 1999; Hart and
Giszter 2004) level, would be crucial in functional UE task performance.

Indeed, the functional impact of involuntary interactions between distal and proximal UE
muscles is often observed in patients with neurological disorders. Increased co-activation of
muscles crossing multiple joints has been reported in subjects with neurological disorders
such as stroke (Dewald et al. 1995; Zackowski et al. 2004; McCrea et al. 2005; Sukai et al.
2007) and cerebral palsy (Nashner et al. 1983; Thelen et al. 2003). Involuntary patterns of
co-activation between hand and arm muscles are often manifested as kinematic
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abnormalities, or so-called flexion and/or extension synergies of the affected arm and hand
(Brunnstrom 1966; Gowland et al. 1993). A recent study also showed that, in individuals
with stroke, a shoulder abduction load can induce involuntary wrist and finger flex-ion
forces (Miller and Dewald 2012). It appears that involuntary multi-joint coupling patterns
can occur throughout the UE musculature following neurological injury.

Abnormal muscle activation that emerges after neurological injuries sometimes represents
an abnormal augmentation of preexisting neural mechanisms. Stretch reflex responses in
both upper and lower limbs, for example, are often exaggerated post-stroke (Ada et al. 1998;
Sangani et al. 2007), resulting in an increased level of ‘velocity-dependent” muscle
activation within the affected limb (Levin et al. 2000; Hoffmann et al. 2009; Trumbower et
al. 2010). However, the obligatory coupling often observed between the hand and arm post-
stroke may not be fully explained by exaggerated reflex responses (Burne et al. 2005;
Sheean and McGuire 2009). Instead, the flexion or extension synergy patterns often
observed during voluntary movement generation could also be indirect evidence for the
existence of a ‘velocity-independent’ proximal—distal interaction between UE musculature
that was present before the disease.

As an initial inquiry into this possibility, we aimed to elucidate potential interactions
between muscles controlling proximal and distal UE joints in healthy subjects under
isometric conditions. Specifically, we examined the effects of isometric activation of the
elbow extensor or flexor muscles on the activation level of the distal hand muscles
controlling the index finger and thumb during a precision grip task. We hypothesized that
concurrent activation of elbow muscles would increase the activation levels of the hand
muscles, similar to synergy patterns observed post-stroke (Brunnstrom 1966; Gowland et al.
1993).

Further, we examined the oscillatory activities of the electromyography (EMG) signals from
the distal muscles and the intermuscular (EMG-EMG) coherence in different frequency
ranges (frequency-domain), as well as their cumulant density functions (time-domain).
These time—frequency analyses can provide information regarding the origin of common
oscillatory drive to different motor units and assess the degree of synchronous oscillations
among different muscles (Farmer et al. 1998; Fisher et al. 2002; Lowery et al. 2007; Norton
and Gorassini 2006; Nishimura et al. 2009; Poston et al. 2010). This allowed us to assess the
degree of interruption of the common drive to distal muscles caused by the elbow muscle
activation. Inter-muscular coherence of stroke survivors during functional movements, for
example, is found to be lower than that of control subjects (Kisiel-Sajewicz et al. 2011),
indicating a loss of common drive to the task-relevant muscles. We hypothesized that the
EMG-EMG coherence between hand muscles will be reduced during concurrent elbow
muscle activation.

Eleven subjects with no history of neurological disorders (six males and five females; mean
+ SD age = 27.1 + 5.0 years; nine right-handed) participated in the study. The experimental
protocol was approved by the MedStar Health Institutional Review Board, and written
informed consent was obtained from each subject prior to participation.

Instrumentation

Six pairs of disposable, self-adhesive silver/silver chloride surface electrodes (diameter 15
mm, center spacing 20 mm; Noraxon, AZ, USA) were used for the surface EMG recordings.
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Two pairs were placed on the hand to record the activities of intrinsic hand muscles [flexor
pollicis brevis (FPB) and first dorsal interosseous (FDI)], two pairs on the forearm to record
extrinsic hand muscle activities [1st compartment of the flexor digitorum superficialis (FDS)
and extensor digitorum communis (EDC)], and two pairs on the upper arm to record the
activity of elbow flexor and extensor muscles [biceps brachii (BB) and triceps brachii (TB)].
Here, short head (medial) of the biceps brachii muscle and lateral head of the triceps brachii
muscle were targeted. To ensure the accurate placement of each electrode, EMG signals
from the electrodes were inspected while subjects performed several thumb and finger
movements associated with the target muscle and adjacent muscles after the placement. The
electrode location was adjusted if the EMG signal recorded from a muscle changed during
isolated contraction of any neighboring muscle. For the electrode that targeted FPB, the
EMG signal was monitored during thumb abduction to see whether abductor pollicis brevis
muscle activity was captured. Similarly, for the extrinsic hand muscles, EMG signals were
monitored during wrist movements (i.e., extensor carpi radialis/ulnaris and flexor carpi
radialis/ulnaris).

The four target hand muscles (FPB, FDI, FDS, and EDC) were selected because they are the
major agonists and antagonists of the thumb and index finger for the pinch grip task
performed during the experiment. The EMG signals were sampled at 1,000 Hz and band-
pass filtered between 10 Hz and 500 Hz.

Subjects performed a pinch grip task with their dominant hands while a planar 2-degrees-of-
freedom robot (InMo-tion2; Interactive Motion Technologies, Cambridge, MA, USA)
applied a constant extension or flexion moment about their elbow joints. Subjects were
seated in front of the system, with their dominant forearm placed on a custom-made
apparatus, which was connected to the end effector (handle) of the robot (Fig. 1a). The base
of the apparatus was mounted to the table, and the elbow joint was aligned parallel to the
pivot joint of the apparatus. This setup required the subject to produce a sustained elbow
flexion or extension moment to resist the force delivered by the robot, while the shoulder
joint remained relatively unaffected during the experiment. As the hinge joint was attached
to the table, the location of the elbow joint remains unchanged throughout the experiment
and subjects did not move their upper arms. The location and height of the chair was
adjusted so that the elbow joint of each subject was at his/her shoulder level and the entire
upper arm was positioned within a plane parallel to the table. Here, shoulder flexion angle
was maintained at 90°, and the abduction angle was approximately set to 45°.

Once the forearm was secured to the apparatus, a pinch dynamometer with a custom-made
interface was placed on the table, and its position was adjusted for each subject’s arm length
so that the corresponding upper arm posture resulted in an elbow joint angle of
approximately 70°-80°. Once determined, the location of the dynamometer was marked on
the table and constantly monitored during the experiment to ensure consistent arm and hand
posture. This arm posture was maintained throughout all of the subsequent testing
conditions. During the experiments, subjects were instructed to produce a target grip force
while maintaining elbow position, which required them to resist the force delivered by the
robot by producing a constant elbow flexion or extension moment. A custom-made
graphical user interface provided subjects with real-time visual feedback regarding current
values of elbow joint angle and grip force relative to the target levels (Fig. 1b) (see
“Experimental protocol” section below for the details of the protocol).

Subjects used their thumb and index finger to grip the dynamometer for the pinch task. They
were instructed to maintain full extension of the distal-interphalangeal (DIP) joint of the
index finger while flexing the proximal—inter-phalangeal (PIP) and metacarpophalangeal
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(MCP) joints to produce the target grip force. Note that FDS was one of the major agonist
muscles of the index finger for this task, as the FDS produces a PIP joint flexion moment
(An et al. 1983; Valero-Cuevas et al. 1998) and its involvement in grip increases as the DIP
joint extends (Vigouroux et al. 2006).

Experimental protocol

Before the experimental sessions started, maximum EMG activity was recorded for each
muscle. Subjects performed maximal isometric contractions of the six muscles by
performing each of the following tasks for approximately 2 s; maximum finger extension
(for EDC), maximum index finger flexion with DIP joint extended (i.e., mainly PIP joint
flexion; for FDS), maximum thumb interphalangeal flex-ion (for FPB), maximum index
finger abduction (for FDI), maximum elbow flexion (for BB), and maximum elbow
extension (for TB). During maximal contraction, EMG data were recorded for 4 s; only data
recorded during the middle 2 s of the contraction were used to calculate the maximum EMG
level. During the first second, subjects increased their muscle activities to the maximum
level (ramp-up phase), then they sustained the maximum contraction for the next 3 s. As our
observation of the data showed that some subjects did not maintain the maximum activation
level for the rest of the recording (from 1- to 4-s), we also excluded the last 1-s (i.e., 3- to 4-
s). For maximum index finger flexion force, subjects were asked to resist the experimenter’s
palm with their index finger. Movements of the other fingers were not constrained.

Maximum elbow moments generated by BB and TB, and maximum pinch grip force were
also measured. Subjects were seated in front of the device and placed their forearm on the
apparatus to perform maximum isometric elbow flexion (for BB) and extension (for TB)
tasks, during which the device was locked in position. A six degrees-of-freedom (DOFs)
load cell mounted on the handle of the robot recorded the forces generated during maximum
elbow flexion and extension. These values were used to estimate maximum elbow flexion
and extension moments, Mg, ahd Mgg,,,,- Then, the maximum pinch grip force (Fg ;)
of the subject was recorded by the pinch dynamometer. The estimated maximum elbow
flexion/extension moments and maximum pinch force values were used to determine the
force level delivered by the robot to induce sustained BB/TB contractions and the target grip
force presented to subjects, respectively.

The entire experiment for each subject consisted of three identical sessions. In each session,
subjects were asked to perform the grip task, i.e., to produce the target grip force displayed
on the screen (see Fig. 1b), while simultaneously producing either elbow flexion or
extension moments to prevent elbow movement. Within each grip task block, target grip
force (Fg) was increased from 8 to 32 % of the maximal grip force, in increments of 8 %,
resulting in four target force levels. Target grip force was increased to the next level when
the subject generated and maintained each target force for three consecutive seconds; thus,
the duration of a trial for each grip force level was 3 s.

Throughout each grip task block, one of the following elbow moments was applied; low and
high levels of elbow flexion moment (to induce TB contraction), low and high levels of
elbow extension moment (to induce BB contraction), and no moment. Low and high elbow
extension or flexion moments corresponded to 15 and 30 % of the subject’s maximum
elbow extension (EEnax) or flexion (EFmax) moments, respectively. Thus, there were five
elbow joint moments (Mg) applied: 15 % Mgg .. 30 % MEg 200 15 % MgF .0 30 %
MEeFmax @nd no moment. Note that target grip force was displayed on the monitor only after
each subject produced the required elbow joint moment against the robot and stabilized his/
her arm posture, maintaining the target elbow joint angle for 3 s. The time to complete each
grip task block (four grip force levels) under different elbow moment conditions was also
estimated.
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In each of the three sessions, each elbow joint moment condition was tested three times in
random order. Thus, each elbow joint moment condition was tested nine times in total. To
prevent fatigue, subjects were asked to take a mandatory break of 1-2 min after every six
grip force blocks. In addition, 5-min rest periods were administered between the
experimental sessions. Typical force and EMG profiles during one experimental block are
depicted in Fig. 2.

Data analysis

Activation level—For each condition, the activation levels of the four distal hand muscles
were estimated from the recorded EMG signals by calculating the root-mean-square (RMS)
values of the EMG signals over the 3 s of task performance at each grip force level. For each
hand muscle (EDC, FDS, FPB, and FDI), a repeated-measures analysis of variance
(ANOVA) was implemented to determine the effect of elbow moment condition (Mg
condition: no perturbation, Mgg, and Mgg), elbow moment magnitude (Mg magnitude: 15,
30 %), and grip force (Fg) on the activation level of the muscle (IBM SPSS Statistics
version 20; IBM Corp., New York, NY, USA). Gender was defined as a between-subject
variable as gender differences have been reported in hand muscle coordination patterns (e.g.,
Endo and Kawahara 2011). A significance level was set to 0.05. Pairwise comparisons
between different Mg conditions (no perturbation vs. Mgg vs. Mgg) were also made.

In addition, to quantify the change in activation level of the distal muscles under different
proximal muscle activation conditions, the percent change (PC) in the muscle activation
under each of the elbow joint moment conditions, normalized to the activation level with no
elbow moment, was estimated for each hand muscle:

o CiuR

P ST x 100 (%) ()
k=11

where R} denotes the RMS values of the EMG signal at the grip force level of k (k= 1: 8 %
Femax 2 16 % Fgpay0 3t 24 % Fo e 4 32 % Fg,,) during four eloow moment
conditions (i = 1: 15 % Mgp,;..,.» 2 30 % Of MgF.y» 3: 15 % MEg 00 4 30 % Mgg,,,,), and

RYM the RMS value in the no elbow moment condition. For each subject, the percent
change (PC1—PC,) values were estimated for each of the four distal muscles (EDC, FDS,
FPB, and FDI).

Time—frequency analysis—Coherence and cumulant density functions between two
EMG signals were computed to quantify correlations between muscle activations in the time
and frequency domains. EMG-EMG coherence between six pairs of hand muscles (EDC-
FDS, EDC-FPB, EDC-FDI, FDS-FPB, FDS-FDI, FPB-FDI), was estimated for each of the
five elbow moment conditions. For each condition, EMG data for all five grip force levels
(3-s each) from all nine trials were concatenated (a total of 135 s) since the EMG-EMG
coherence level of hand muscle pairs is generally not affected by grip force level (Poston et
al. 2010).

EMG-EMG coherence values between muscle pairs were estimated using non-overlapping
segments (rectangular window) that resulted in a frequency resolution of 2 Hz within the
MATLAB environment (MathWorks, Inc.; Natick, MA, USA), employing a script
developed by Neurospec (www.neurospec.org; Halliday et al. 1995). Briefly, given two
EMG signals x and y, let the power spectra of the two signals be denoted as fy(4) and fyy(4),
and their cross-spectrum as fy(4). The coherence between two signals at frequency 4,
Ryy(4), is defined as (Halliday et al. 1995):
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The cumulant density function in the time-domain gy(t) is defined as the inverse Fourier
transform of the cross-spectrum fiy():

Gy ()= ] Lry(Ne™ X (3)

The EMG-EMG coherence was estimated in the following four frequency bands; &6 (0-5
Hz), a (6-15 Hz), £ (16-35 Hz), and y (36-55 Hz). We focused our analyses on the a-, /,
and y-bands. The coherence values at the lowest frequency band, i.e., §and ¢bands (0-5
Hz), were not examined in detail, since the coherence in this frequency band is not thought
to originate from the corticospinal system (Farmer et al. 1993). Then, the coherence
estimates were z-transformed as follows,

1. 14+R;(N)
Z(A\)=zlog———~

=3 SR, (n @
as the ‘ztransformed’ coherence values will be normally distributed with a standard
deviation of approximately one (Rosenberg et al. 1989). Then, the integral of z-transformed
coherence was estimated within three frequency bands. For each frequency band, paired t
tests were performed to compare the integral of z-transformed coherence estimates between
three elbow moment condition pairs (i.e., no elbow moment vs. 30 % Mgf,,,,. No elbow
moment vs. 30 % Mgg,,,, and 30 % Mgg,., VS 30 % MEE,,5,)-

Additionally, for all muscle pairs, we estimated coherence values pooled across all subjects
for each elbow moment conditions (i.e., no elbow moment, 30 % Mgg,,,, and 30 %
MEeFmay) t0 €xamine the overall trend in the intermuscular coherence under different
proximal muscle activation conditions.

Post hoc analysis—Two post hoc analyses were performed on the experimental data in
order to assess whether assumptions made in the data analyses were violated.

First, to test for an effect of the grip force level on intermuscular coherence, intermuscular
coherence values between the lowest (8 % of the Fg,,.,) and the highest (32 % of the
Femay) 9rip force levels were compared. Intermuscular coherence values integrated within
the three frequency bands (a-, /-, and y~bands) at the lowest grip force and the highest grip
force were computed for each subject. A paired t test was then performed to verify the
significance of the grip force level on the intermuscular coherence values.

In addition, an EMG cross talk analysis was performed to test for any potential cross talk
between the EMG channels. For this analysis, the EMG signals recorded when subjects
produced 24 % and 32 % of their maximum grip force (0.24Fg,, and 0.32Fg,,.,) were
used. To minimize any potential effect of proximal muscle activation on the correlation
coefficient estimation, we used EMG signals from the first two trials obtained under no
proximal muscle activation conditions. The EMG signal used in the cross-correlation
analysis was thus 12 s in duration (3 s/grip force level x 2 grip force levels x 2 trials) for
each subject. The raw EMG signal from one channel was cross-correlated with the signal
from the other channel. We computed cross-correlation of all muscle pairs (i.e., EDC-FDS,
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EDC-FDI, EDC-FPB, FDS-FDI, FDS-FPB, and FDI-FPB), and the peak cross-correlation

value for each muscle pair, Ry, was estimated. Then, its squared value (Riy) was
computed, which represents the percentage of the common signal existing in the two EMG
signals (Winter et al. 1994).

All subjects successfully performed the targeted grip force tasks under the different elbow
moment conditions. When the elbow muscles were concurrently activated, subjects took
slightly more time to reach the target grip force, specifically during production of an elbow
extension moment (mean 22.9 s during 30 % Mgg,, VS. mean 21.6 s during no Mg; p =
0.006). Once the target grip force level was reached, however, they experienced no difficulty
in maintaining the force level for 3 s.

Activation level of distal hand muscles

For the extrinsic hand muscles, there was a main effect of Mg direction on the activation
level of the finger extensor (EDC; p = 0.003; Table 1; Fig. 3) during the pinch grip tasks.
For the intrinsic hand muscles, Mg direction had a significant effect on FPB (p = 0.005;
Table 1; Fig. 3).

There was also a main effect of the target grip force on the activation level of all four distal
muscles (Fg; Table 1), confirming their involvement in the pinch grip task. Post hoc
pairwise comparisons showed that the activation level of all muscles were significantly
different between all grip force levels (all p’s < 0.05).

The mean percent change in the activation level of the extrinsic finger muscles showed two
different patterns of distal-proximal coupling (Table 2). The increase in activation of the
EDC was greater with elbow extensor activation (Mgg) (23.2 % increase during 30 %
MEFax VS 14.7 % increase during 30 % Mgr,,,,), While the increase in the FDS activation
level was greater during elbow flexor activation (14.0 % increase during 30 % Mgg,, VS.
2.0 % increase during 30 % Mgg,,,,), although the effects of Mg direction did not reach
statistical significance for FDS (p =0.132).

For the intrinsic hand muscle, similar to EDC, elbow extensor activation was associated with
larger changes in the FPB activation (44.6 % increase during 30 % Mgg,., Vs. 9.8 %
increase during 30 % Mgr,...)-

The activation level of the FDI muscle was not significantly affected by Mg level (p =
0.260). However, a number of interactions between other experimental factors were
significant. For this muscle, there were significant effects for Mg direction x Mg level (p <
0.001), Mg direction x Fg (p = 0.025), and Mg direction x gender (p = 0.010).

Gender was also found to be a significant between- subject factor for the activation level of
FDI (p =0.008) and EDC (p = 0.048) muscles. Activation levels of the FDI in female
subjects were significantly higher than those in male subjects during grip task performance,
regardless of the elbow moment condition. Note that male subjects showed a significant
increase in FDI activation level with elbow muscle activation, specifically during elbow
extension (Mgg), but the change in the FDI activation level with Mgg among female subjects
was much smaller (see Table 2). EDC activation level differed between male and female
subjects, but the difference was not as large as that of FDI.
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EMG-EMG coherence between hand muscles

Proximal muscle activation affected the coherence between a subset of distal muscle pairs.
The degree of change and the specific frequency bands affected by the elbow moment
generation varied slightly across subjects, but in general, the EMG-EMG coherence values
between the hand muscles decreased under elbow moment generation conditions. Figure 4
shows an exemplary case of the change in coherence values of the six muscle pairs under
three elbow moment conditions in a single subject (Subject 1). For this subject, a reduction
in the coherence values under BB activation (30 % Mgr,.,) was observed mostly in the a-
band; specifically, a-band coherence between EDC-FDS, EDC-FDI, and FDS-FDI pairs
was greatly reduced during BB 30 % activation (30 % Mgf,,,,)-

Figure 5 shows the integral of z-transformed coherence for the six muscle pairs, averaged
across all subjects, at three different frequency ranges (a: 6-15 Hz, f. 16-35 Hz, and y. 36—
55 Hz) under the three elbow joint moment conditions, no Mg, 30 % Mgf,,,, and 30 %
MEeEax- Here, the muscle pairs with statistically significant differences between conditions
are indicated. As stated above, we specifically examined the change in coherence in the a-,
/-, and y-bands due to their significance in human motor control.

In the f-band (16-35 Hz), proximal muscle activation, especially Mgg, significantly affected
distal muscle coherence. The coherence values of most muscle pairs in the a-band decreased
except FPB—FDI pair (Fig. 5f). The decrease in the f-band induced by Mgg was significant
for all of the muscle pairs that included FDS, i.e., index finger flexor-thumb flexor pair
(FDS-FPB; p = 0.01), an agonist—antagonist muscle pair of the index finger (EDC-FDS; p =
0.04), and a synergist pair of the index finger (FDS-FDI; p = 0.05).

In other frequency bands, elbow joint moment affected the intermuscular coherence of a
relatively smaller number of muscle pairs. In the a-band (8-15 Hz), the coherence values of
two muscle pairs, EDC-FDS and FDS—FDI, showed non-significant trends under Mgg and
Meg (p < 0.1). In the y~band (36-55 Hz), both Mgg and Mgg had significant effects on the
FDS-FDI pair (p < 0.01). In addition, three other muscle pairs (EDC-FDS, EDC-FPB,
FDS-FPB) showed a non-significant trend (p < 0.1) toward a reduction in y-band coherence
under MEF'

Pooled coherence analyses, which compare the group difference between the three elbow
moment conditions, also highlighted a significant effect of proximal muscle activation on
distal muscle pairs. Figure 6a shows the results of the pooled coherence analysis for the
EDC-FDS pair, the agonist—-antagonist muscle pair of the index finger. The intermuscular
coherence values were decreased by both elbow joint moments (Mgg and Mgg) in the a- and
f-bands. The magnitude of the cumulant density estimate also decreased under Mg and
MEE-

Figure 6b delineates the coherence analysis results for the FDS—FPB pair, major flexor
muscles for the index finger (FDS) and the thumb (FPB), and major agonist muscles of the
target task (i.e., pinch grip). For this pair, Mg reduced the coherence values over the entire
frequency range, particularly in the 4 and y~bands. The coherence values were also reduced
under Mgg, but the degree of reduction was smaller compared to Mgg. Note that, unlike in
the EDC-FDS pair, an asymmetric cumulant density was obtained for the FDS-FPB pair
(Fig. 6a vs. b), indicating an absence of coherence at the lowest frequency (<5 Hz). The
magnitude of the cumulant density of the FDS—FPB pair was also decreased under Mgg and
MEgg. Here, as indicated in the coherence reduction, both low- and high-frequency
oscillatory components of the cumulant density of the FDS—-FPB pair were decreased.
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Our post hoc analysis confirmed the assumptions of our primary data analysis approach.
First, the effects of grip force level on intermuscular coherence of most muscle pairs were
indeed found to be small, similar to the findings of Poston et al. (2010). Out of 18
comparisons (six muscle pairs x three frequency bands), only one case was found to be
statistically significant (EDC-FDS pair, f-band; p = 0.01) due to a slightly larger coherence
value at the highest force level (average of 12.6 % increase). The difference in the other
coherence values (i.e., all three bands of the other five muscle pairs, and a- and y-bands of
the EDC-FDS pair) was not statistically significant. Second, cross talk between closely
placed EMG channels (i.e., hand intrinsic muscles) was not detected. Peak cross-correlation
values between EMG signals during grip force production, which represent the amount of
cross talk present in the muscle pairs, were found to be low for all pairs. The peak cross-
correlation values across all subjects was the lowest for the EDC-FDI pair (mean £ SD:
0.076 £0.025; 0.6 % cross talk) and the highest for the FDI-FPB pair (mean £ SD: 0.133
+0.089; 1.8 % cross talk).

Discussion

Our results demonstrate that proximal muscle activation can induce a significant change in
the activation of distal hand muscles performing a precision grip task. Interestingly,
activation of the elbow extensor had a greater effect on the extrinsic finger extensor (EDC)
and the intrinsic thumb flexor (FPB), while activation of the elbow flexor affected the
extrinsic finger flexor (FDS) to a greater degree. The activation of elbow muscles also
reduced intermuscular coherence between a subset of distal hand muscle pairs.

Muscle activation levels

The activation level of the extrinsic finger extensor, EDC, was significantly changed by
concurrent activation of the elbow muscles (p = 0.003), and the increase in EDC activation
level was greater under elbow extension than elbow flexion (23.2 % increase during 30 %
MEEax VS- 14.7 % increase during 30 % Mgr,.,,)- The activation of the extrinsic finger
flexor, FDS, showed a contrasting pattern to the EDC, as the increase in its activation level
was greater under elbow flexion than elbow extension (14.2 % increase during 30 % Mg, .,
vs. 2.0 % increase during 30 % Mgg,,,,,), although this difference did not reach statistical
significance (p = 0.132); the extrinsic finger extensor showed higher degree of covariation
with the elbow extensor, while the extrinsic finger flexor mainly covaried with the elbow
flexor.

Similar to EDC, the intrinsic thumb flexor (FPB) activation level was more affected by
elbow extension than flex-ion (44.6 % increase during 30 % Mgg ., Vs. 9.8 % increase
during 30 % MEgr,,,,)- Thus, it appears that, overall, eloow extensor activation led to a

greater change in the distal hand muscle activation level than elbow flexion did.

The observed change in the hand muscle activation level cannot be explained simply by
multi-joint reflex responses mediated through polysynaptic pathways that involve multiple
muscles of the hand and arm. The grip task was initiated only after subjects stabilized the
handle location by producing a sustained contraction of the elbow muscles against the
constant force provided by the robot (see “Methods” section). Therefore, a sustained
submaximal activation (as low as 30 % of the maximal contraction) of proximal elbow
muscles can induce a change in the multi-muscle coordination patterns of the hand,
supporting our hypothesis that proximal muscle activity can alter the activation patterns of
distal hand muscles.
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EMG-EMG coherence

Examination of the coherence values in this study provides insight into the potential neural
mechanism underlying the observed patterns of coupling between the distal and proximal
UE muscles. An EMG-EMG coherence estimate can quantify an oscillatory synchrony
between pairs of muscles, providing an objective measure of common synaptic drive shared
between motoneurons controlling the muscles of interest (Gibbs et al. 1997; Farmer et al.
1998; Grosse et al. 2003; Perez et al. 2006).

EMG-EMG coherence between hand muscles decreased during elbow muscle activation,
with the greatest effects occurring in the fband (16-35 Hz; Fig. 5). A significant decrease
in the coherence values in this band was observed in three out of the six muscle pairs (EDC-
FDS, FDS-FPB, FDS-FDI; p < 0.05), as well as a non-significant trend in EDC-FPB (p <
0.1), indicating that their common f-band neural input was substantially reduced with elbow
muscle activation. Coherence values in the a- and y-bands between distal muscle pairs were
also affected by proximal muscle activation, although these effects often did not reach
statistical significance and a relatively small number of muscle pairs were involved (a-band:
EDC-FDS, FDS-FPB, and FDS-FDI; p< 0.1, »~band: FDS-FDI; p < 0.01, EDC-FDS,
EDC-FPB, and FDS-FPB; p < 0.1).

B-Band coherence—The origin of f-band (16-35 Hz) coherence is typically regarded to
be cortical (Salenius et al. 1997; Halliday et al. 1998; Grosse et al. 2003), and a number of
studies have shown that the primary motor cortex is involved in the generation of EMG-
EMG coherence between hand muscles in the f~band during grip tasks. Previous studies
have shown that the EMG-EMG coherence in the f~band during grip tasks is modulated by
different factors, such as age (Gibbs et al. 1997; Farmer et al. 2007), task phase (i.e., ramp
vs. hold; Kilner et al. 1999), object property (Kilner et al. 2000), and sensory feedback
(Fisher et al. 2002). Reduced intermuscular coherence in the f-band can lead to less efficient
motor unit recruitment, e.g., increased co-contraction of agonist—antagonist muscles as
observed in this study, and often subsequent motor performance degradation (Baker et al.
1999; Farmer et al. 2007).

Here, we extend these findings by showing that the proximal UE muscle activation,
specifically elbow flexor activation, can decrease the degree of synchrony in the hand
muscles. Importantly, the muscle pairs that showed f-band coherence reduction account for
the major motor control mechanisms of the grip task: i.e., agonist—antagonist co-contraction
(EDC-FDS), between-digit coordination of the major flexors (FDS-FPB), and index finger
synergist muscles (FDS-FDI).

Coherence in other bands—In the a-band (6-15 Hz), elbow muscle activation also
affected intermuscular coherence of the same muscle pairs that showed a reduction in
band coherence (EDC-FDS, FDS-FPB, FDS-FDI). Although the significance of coherence
reduction in the fband was marginal (0.05 < p < 0.1), such reduction in the common inputs
to these muscles may also affect the motor control of the hand due to the importance of
proper coordination of the muscle pairs affected.

Elbow muscle activation appears to have had a more significant effect on the EMG-EMG
coherence of the distal hand muscles in the lower y-band (36-55 Hz) than on the coherence
in the a-band, as a total of four muscle pairs were either significantly (one pair with p <
0.01) or marginally (three pairs with p < 0.1) affected. A recent study on cortico- and
intermuscular coherence of spinal injury patients (Nishimura et al. 2009) suggested that -
band coherence may represent inputs from subcortical pathways such as reticulospinal and/
or rubrospinal tracts, which were found to play an important role in motor control of various
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functional hand movements (Baker 2011). y»~band coherence was also found to increase
specifically during strong isometric grip exertions and/or grasping movements (Brown
2000), which indicates the importance of intermuscular coherence in this band for grip tasks.

Methodological considerations

It must be acknowledged that not all of the hand muscles involved in the pinch grip task
were examined in this study, since the objective of this study was not to fully describe the
muscle coordination patterns employed to perform the task, but to identify the effects of
proximal muscle activation on selected key hand muscles involved in the task. Our findings
provide evidence of ‘involuntary’ proximal—distal interactions in the selected UE muscles,
and further analyses that examine the entire muscle set could provide a more comprehensive
description of this phenomenon.

It should be acknowledged that the extrinsic finger muscles examined in this study, EDC
and FDS, also cross the elbow joint and may be involved in moment production about the
elbow joint. The multi-articular nature of these muscles may have affected the coordination
patterns observed during concurrent elbow moment conditions. However, these muscles
have relatively small moment arms around the elbow joint (An et al. 1981) and usually act at
the elbow only when the finger and wrist joints are fully extended or flexed (Standring
2009). Thus, we do not expect that the change in extrinsic finger muscle occurred because
they were being recruited for elbow moment production.

In addition, we observed some degree of between-subject variability in the grip posture.
Although subjects were instructed to keep a specific finger posture (i.e., PIP and MCP joint
flexion with DIP joint extended) during the grip task, some subjects unconsciously altered
their finger posture during the experimental session. As finger posture could have a
significant impact on muscle coordination patterns of the hand (Kamper et al. 2006; Qui et
al. 2009), such deviation from the instructed posture could affect the activation level of
certain muscles, contributing to the within- and between-subject variability in the muscle
coordination patterns. However, we attempted to minimize such postural effects by
monitoring and correcting hand posture throughout the experiment and do not believe this
affected the results in any systematic way.

Given the size of the electrode, the electrodes placed on some muscles may have picked up
activity from adjacent muscles; for instance, the EMG signals of the FPB muscle may have
contained activity of the neighboring abductor pollicis brevis muscle. However, we
attempted to minimize such cross talk during electrode placement by testing several
movements associated with the muscle (for instance, monitoring the channel acquiring FPB
activity during thumb abduction).

The results of this study provide evidence for the presence of involuntary interactions
between proximal and distal UE muscles. Due to the nature of functional UE activities,
which often require simultaneous and coordinated movements of the distal (hand) and
proximal (elbow/shoulder) segments, this underlying proximal—-distal coupling could
potentially affect task performance, as evidenced by obligatory proximal-distal interactions
between patients with neurological disorders (e.g., Miller and Dewald 2012).

The activation patterns of the thumb intrinsic flexor (FPB) and the index finger extrinsic
extensor (EDC) were found to be most affected by concurrent elbow muscle activation. We
postulate that a rather complex neuromechanical adjustment could underlie the observed
change in the coordination pattern of the hand muscles. Note that the increase in EDC
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activation level was considerably higher than that of the FDS during concurrent elbow
extension (i.e., 30 % Mgg,,,,; Table 2). Such an imbalance could be the result of interrupted
multi-muscle coordination of the index finger with proximal muscle activation, as evidenced
by the changes in the intermuscular coherence values (e.g., reduction in EDC-FDS
coherence in the a-band and/or reduction in FDS-FDI coherence in the a- and y~bands; Fig.
5a). Theoretically, a larger increase in EDC activation (compared to that of FDS and FDI)
would result in a reduction in the palmar-directional fingertip force magnitude produced by
the index finger. At the same time, joint impedance of the index finger may also have
increased due to the increased activation of both the agonist and antagonist muscles of the
index finger (both EDC and FDS increased activation). In such a case, to meet the target
grip force level, the thumb would have to produce a larger amount of flexion force, which
may explain the increased activation level of the thumb flexor (FPB) that we observed. The
increased joint impedance of the index finger, due to increased co-contraction of the EDC
and FDS muscles, could have assisted in resisting the increased thumb tip force. We
acknowledge that such modification could have led to slight changes in the thumb/index
finger postures (compared to those obtained during no elbow moment conditions), which
could have induced small movement of the force transducer, but we observed neither
significant change in the thumb/finger postures nor visible movement of the transducer
across the different elbow moment conditions.

Note that, for the target task (i.e., pinch grip), there are two groups of muscles for each digit,
agonist muscles (e.g., FDS, FDI for the index finger; FPL, FPB for the thumb) and
antagonist muscles (e.g., EDC for the index finger; EPB, EPL for the thumb), thus a total of
four muscle groups (agonist/antagonist for the index finger, agonist/antagonist for the
thumb) are involved in the task. In order to produce the same level of grip force while
maintaining the finger/thumb posture, the change in the activation level of these four muscle
groups needs to be mechanically balanced as described above.

As mentioned above, previous studies have shown that intermuscular coherence in the 4
band during grip tasks is modulated by various factors. Here, we showed that one such
factor is the activation of proximal muscles. The observed degradation in motor synchrony
in the ~band may be an underlying mechanism of the observed changes in distal hand
muscle activation under proximal muscle activation, especially those caused by elbow flexor
activation. Conversely, the activation levels of some muscles (i.e., EDC and FPB) were
more affected by elbow extensor activation (Table 2). Since the intermuscular coherence in
the a- and y-bands between the finger and thumb muscles (i.e., EDC-FDS, FDS-FPB, and
FDS-FDI) was mainly affected by elbow extension (see Fig. 5a, d, e), our results may
suggest that the interaction between the elbow extensor and the distal hand muscles involves
either a spinal pathway (e.g., Christou et al. 2007; Takei and Seki 2010) or other subcortical
pathways such as brainstem pathways (Baker 2011).

In summary, concurrent activation of proximal UE muscles during grip task performance
induced significant changes in the coordination patterns of the distal hand muscles. There
was a clear difference between the effects of elbow flexor versus extensor activation on the
extrinsic finger muscles. Elbow extensor activation led to a greater increase in activation of
the extrinsic finger extensor (EDC) and intrinsic thumb flexor (FPB) compared to the other
distal muscles, while elbow flexor activation affected all four distal muscles to a similar
degree. The coherence analysis suggests that the effects of elbow extensor and flexor
activation on distal hand muscles may involve different pathways (i.e., f~band vs. a- and -
bands). The outcome of this study confirms the existence of involuntary coupling between
distal and proximal UE muscles. Such involuntary proximal—distal coupling in UE
musculature could have a significant impact on motor performance and consequent UE
functionality and may emerge more strongly in neurological diseases such as stroke.
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(a) Computer screen
(visual feedback)

Grip dynamometer  2-DOF planar robot
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Fig. 1.

Experimental setup. a Schematic of the setup; b graphical user interface (GUI) providing
information regarding elbow angle and grip force. The GUI is based on the simplest design
that can provide the necessary real-time information (grip force and elbow angle). To users,
the target task is simply to ‘keep the yellow circle inside the green target circle’(color figure
online)
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Typical force and EMG measurements during one experimental block (subject 1, session 2).
Temporal trajectories of a grip force Fg (dotted line target grip force; solid line measured
grip force), b force counteracting the imposed elbow moment Mg (positive: resisting elbow
extension; Mgg, negative: resisting elbow flexion; Mgg), and c-h EMG recordings. In the

experimental block shown, the following six elbow joint moments were applied: no

moment, 30 % MEF 2 15 % MgEay0 30 % MgE 540 30 % MEF,,,, @nd no moment, which
is also indicated by b. Note that only a subset of the EMG data (final 3-s at each Fg level)
were used for the data analysis
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EMG activation level of four muscles (a EDC, b FDS, ¢ FPB, d FDI) during grip force
generation (Fg) and varying elbow moment conditions (Mg) expressed as a percentage of
each muscle’s maximum activation. Error barsindicate one standard deviation from the

mean values
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EMG-EMG coherence of the six muscle pairs for a single subject under three elbow
moment conditions, i.e., no elbow moment, 30 % of maximum elbow flexion (30 %
MEF,2)» @nd 30 % of maximum elbow extension (30 % Mgg,y,,,): @ EDC-FDS, b EDC-
FPB, c EDC-FDI, d FDS-FPB, e FDS-FDI, and f FPB-FDI. The dotted horizontal lines
denote the upper 95 % confidence limit. For this subject, a significant reduction in
coherence values in the a-band of a subset of muscle pairs was apparent under elbow joint
moment conditions (a, ¢, e solid black arrows). Coherence between the FDS—FPB pair was
decreased mainly in the f~band (d dotted black arrow), and coherence between EDC-FPB
and FDS-FDI pairs were affected in the yband (b, e solid gray arrows). In contrast, for the
intrinsic muscle pair (f FPB—FDI), the coherence value slightly increased under elbow joint
moment conditions for this subject
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Integral of z-transformed coherence for six muscle pairs at the three frequency ranges under
three elbow moment conditions: a EDC-FDS, b EDC-FPB, ¢ EDC-FDI, d FDS-FPB, e

FDS-FDI, f FPB-FDI
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Pooled analysis: effects of elbow joint moment on coherence between a EDC-FDS and b
FDS-FPB. The dashed horizontal line denotes the upper 95 % confidence limit based on the
assumption of independence. a EDC-F8DS: biceps brachii activation (i.e., elbow flexion
moment) visibly reduced the coherence values across /- and y-bands (see arrow). b FDS-
FPB: a significant reduction in coherence value in the a- and f~bands was observed (see
arrow). A noticeable decrease in the magnitude of the cumulant density estimate is observed
under biceps brachii activation, while the reduction was not as significant under triceps
brachii activation
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Table 1

Results of three-way repeated-measures ANOVA: p values for the effects of factors and their interaction on
muscle activation

EDC FDS FPB FDI

Within-subject factor

Mg condition 0.003 0.132 0.005 0.260
Mg level 0.013 0.011 0.067 0.363
Fg 0.001 0.040 0.029 0.008

Between-subject factor
Gender 0.048 0.352 0.329 0.008
Interaction
Mg condition x Mg level  0.447 0.303 0.052 0.001
Mg condition x Fg 0017 0.292 0.624 0.584
Mg condition x gender 0.240 0.748 0.783 0.010

Mg level x Fg 0.353 0.050 0.632 0.883
Mg level x gender 0.347 0425 0918 0.701
Fg x gender 0.337 0.081 0.251 0.025

Bold values indicate p < 0.05

EDC extensor digitorum communis, FDS flexor digitorum superficialies, FDI first dorsal interosseous, FPB flexor pollicis brevis, ME elbow
moment, FG grip force

1duasnuey Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Exp Brain Res. Author manuscript; available in PMC 2015 March 01.



Page 25

(% 02) %8z (9% 8'S) % ¥'S2 (%e)%eEVT (9% 5'S) % T°0T ues|N
(%9T) %76 (%BTT)%TT- (%22)%s8 (%2T) %88 alewad

(% STT) % 6°€r (% 26)%SLy (%€72) %T6T (%16 %TTT 3[en 1a4

(% 9'6T) % 9'¥¥ (% TET) % 912 (%19 %86 (% 6'2) % 60T ues|y

(% 2°08) % T'LY (9 8'8T) % 822 (%6'9) %6 (% 8°0T) %26 alewad

(% t'0T) % G'ev (% t'8) % G1e (% 5'S) % €0T (% 99) %eTT 3[en gdd
(%€8)%0¢C (% 8'7) % ¥'T- (%8Y) %yl (%se)nse ues|y

(% 02)%e0- (%2°6) % T'S- (%92 % LS (%2 % LT alewad
(%€6)%0Y (%v) % LT (%99 %t (% SY) %0 3leN sa4d
(% T6)% e (9 8'S) % €'9T (% 6'G) % LT (%8T)% 99 ues|y

(% 0'TT) % 6'7€ (% T'8) %81 (%67)%T9 (% ¥°0) % 0'¢- alewad

(%52 %SeT (% 6°€) % 8TT (% 29) % 022 (% 0°€) % 8€T 3leN oa3

Exp Brain Res. Author manuscript; available in PMC 2015 March 01.

Leeetal.

CUTIN 0508 TOd VTN % ST £od MM % 0e 2od PMHFN 9 ST Tod

SUOIIPUOD JUBWIOW JUIOTMOG[T  JopueD  afsniy

uolreAnae ajasnw mogja Buuinp (Yod-T1od) sajosnw [eisip oy ayl JO [9A3] UOIIBAIIOR ay) Ul abueyd 9 (Qs) uesin
Z39l|qelL
NIH-PA Author Manuscript

NIH-PA Author Manuscript NIH-PA Author Manuscript



