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Synergistic Activation Patterns of Hand Muscles in Left-
and Right-Hand Dominant Individuals
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Handedness has been associated with behavioral asymmetries between limbs that suggest specialized function
of dominant and non-dominant hand. Whether patterns of muscle co-activation, representing muscle synergies, also
differ between the limbs remains an open question. Previous investigations of proximal upper limb muscle synergies
have reported little evidence of limb asymmetry; however, whether the same is true of the distal upper limb and hand
remains unknown. This study compared forearm and hand muscle synergies between the dominant and non-dominant
limb of left-handed and right-handed participants. Participants formed their hands into the postures of the American
Sign Language (ASL) alphabet, while EMG was recorded from hand and forearm muscles. Muscle synergies were
extracted for each limb individually by applying non-negative-matrix-factorization (NMF). Extracted synergies were
compared between limbs for each individual, and between individuals to assess within and across participant
differences. Results indicate no difference between the limbs for individuals, but differences in limb synergies at the
population level. Left limb synergies were found to be more similar than right limb synergies across left- and right-
handed individuals. Synergies of the left hand of left dominant individuals were found to have greater population level
similarity than the other limbs tested. Results are interpreted with respect to known differences in the neuroanatomy
and neurophysiology of proximal and distal upper limb motor control. Implications for skill training in sports requiring
dexterous control of the hand are discussed.
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Introduction population is right-hand dominant, and left-hand
dominant individuals indicate preference for the
} o non-dominant arm more frequently than right-
use of one hand or the other for both activities of hand dominant individuals (Borod et al,, 1984). A
daily living and specialized skills such as playing traditional view, a global dominance hypothesis,
an instrument. Skill training for sport is often which emerged from much of this woric, posited

highly lateralized to the preferred hand, that the dominant arm is superior to the non-
especially for those skills which require a high

degree of fine motor control such as dart
throwing, pitching, and shooting. Traditionally,
inventories of hand preference for a set of tasks
have been used to define handedness or hand
dominance (Bryden, 1977; Oldfield, 1971).
Handedness inventories indicate about 90% of the

Most individuals show a preference for

dominant arm in all aspects of control. However,
more thorough investigation of inter-imb
differences in motor behavior has led to a
competing hypothesis that the dominant and non-
dominant limb may show different specialization
(Woytowicz et al., 2018). The dynamic-dominance
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hypothesis of motor lateralization (Sainburg,
2002), suggests that in right-hand dominant
individuals the dominant right arm is specialized
for predictive control of dynamics to produce
smooth and efficient movements, whereas the
non-dominant left arm is specialized for stability
to unanticipated perturbations (Sainburg, 2005).
Subsequent work showed the dynamic
dominance hypothesis holds for left-hand
dominant individuals, however limb
specialization =~ asymmetry = was
primarily due to greater predictive control of
dynamics on the non-dominant arm than is
typical in right-hand dominant individuals
(Przybyla et al., 2012). There is now a wealth of
behavioral evidence in support of the dynamic-
dominance hypothesis (for review, Sainburg,
2014), however, the neural underpinnings of
motor lateralization and handedness are less clear
(Andersen and Siebner, 2018).

The investigation of modularity in muscle
co-activation has aided our understanding of
motor control and motor pathology (Andersen
and Siebner, 2018), yet has been sparsely used in
the study of handedness. A long-standing
hypothesis in motor control questions whether
dexterous coordination of a musculoskeletal
system with numerous redundant degrees of
freedom (Bernstein, 1967; Latash, 2012; Tresch
and Jarc, 2009; Tresch et al., 1999) may be
simplified through the co-activation of specific
groups of muscles that form basis sets, commonly
referred to as muscle synergies, from which
complex actions can be assembled (for review,
Bizzi and Cheung, 2013; Bizzi et al,, 1991; Tresch
and Jarc, 2009). Though criticisms of this thesis
have been put forward, such as for example that
synergies may be artifacts of the musculoskeletal
constraints of the limb or biomechanical
constraints of the task (Kutch and Valero-Cuevas,
2012), the use of muscle synergies to describe and
compare fixed regularities in muscle activation
remains a valuable tool for the study of motor
control and has been widely applied across
species and tasks.

The limited research testing for
ditferences in synergistic co-activation of muscles
of the upper limb, as a function of handedness,
have primarily focused on the shoulder and
elbow during whole arm movements. In the most
rigorous comparison of dominant and non-

decreased
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dominant upper limb synergies to date, left and
right arm shoulder and elbow muscle synergies
were extracted during a center out reaching task
under different load conditions in 41 right-handed
healthy individuals (Pellegrino et al, 2020).
Results indicated a high degree of synergy
similarity between the limbs across all force
conditions, despite significant differences in
muscle activation, suggesting differences in the
activation of motor modules but invariance in
module structure. In a second study, inter-limb
ditferences in shoulder and elbow muscle
synergies were extracted during a whole arm
isometric force task in healthy right handed
individuals, as control comparison to assess
ditferences in the affected and unaffected limbs of
individuals with hemiparesis due to stroke (Roh
et al, 2013). Results indicated a high degree of
similarity not only between the right and left
limb, but also between participants in the sample.
In a study that included both left- and right-hand
dominant individuals, Duthilleul and coworkers
(Duthilleul et al., 2015) observed that the number
of upper limb muscle synergies observed during
circular arm movements were similar between
dominant and non-dominant limbs but different
between left- and right-hand dominant
individuals for gross movements (wide circles). In
contrast, finer movements (smaller circles) were
associated with higher number of synergies for
dominant arm, but no difference between left- and
right- handed individuals. Notably, this is the
only study to include muscles of the forearm in
analysis.

The above-mentioned work has set a
foundation for understanding patterns of muscle
co-activation associated with handedness in the
proximal upper limb. However, it is well-known
that the corticospinal control of the proximal
upper limb is different from that of the distal
upper limb. For example, there is a greater density
of minimally divergent monosynaptic
corticospinal projections to the alpha motor
neurons that innervate the intrinsic hand muscles
compared to those alpha motor neurons that
innervate the proximal muscles of the upper arm
(Rathelot and Strick, 2006; Rathelot and Strick,
2009; Zaaimi et al., 2018). Therefore, it cannot be
assumed that findings relating muscle synergies
and handedness for the proximal limb would also
be found in the distal limb and hand. In this
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investigation we specifically tested the similarity
of hand muscle synergies between the non-
dominant and dominant arm of right-handed and
left-handed individuals. EMG data were extracted
from voluntary movements in the American Sign
Language posture set. This task provides wide
variability of hand postures and finger
individuation and has previously been used for
hand synergy investigation (Ajiboye and Weir,
2009). Comparisons of synergies were made
between the limbs of each individual to test for
ditferences in inter-imb synergy similarity
between left- and right-hand dominant
individuals, and between limbs of all individuals
in order to describe limb-specific synergy
similarity across the sample population.

Methods

Participants

Ten young healthy participants with no
known  history of neurological disease
participated  following informed consent in
accordance with the Institutional Review Board of
Northeastern University. Five participants were
right-hand dominant (27.8 8.0 years old) and five
participants were left-hand dominant (22.8 3.6
years old) according to the Edinburgh
Handedness Inventory (Oldfield, 1971).
Electromyography

Surface EMG (Trigno, Delsys Inc. Natick,
MA, USA) was recorded from 15 muscles: 1st
dorsal interosseus (FDI), extensor indicus (EI), 3rd
dorsal interosseous (3DI), 3rd lumbrical (3LUM),
adductor pollicis brevis (ADPB), abductor pollicis
brevis (ABPB), abductor digiti minimi (ADM),
flexor digiti minimi (FDM), flexor carpi radialis
(FCR), flexor carpi ulnaris (FCU), flexor digitorum
superficialis (FDS), extensor digitorum (EDC),
and extensor carpi radialis (ECR), extensor
carpi ulnaris (ECU), brachioradialis (BRD). All
EMG data were sampled at 1000Hz.
Experimental Task

Data were acquired for the right and lett
limbs in two separate sessions, less than one week
apart. Participants were seated with the elbow
supported and wrist free to move. In each session,
participants shaped their hand into letters and
numbers of the American Sign Language (ASL)
posture set (Fig. 1) presented as pictures on a
computer screen (33 postures, 3 repetitions, 99
trials). Dynamic letters ‘J" and ‘Z" were omitted,
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along with the number “0”, which is visually the
same as the letter “O”. For each character,
participants were given two seconds to form the
posture, six seconds to maintain it, and two
seconds to return to the relaxed starting posture.
Participants were instructed to form each pose
with sufficient force to maintain the posture as if
they were signing to someone seated across from
them. Participants were specifically instructed to
limit motion at the elbow during posturing. All
participants were naive to ASL prior to
participation.

EMG Processing & Synergy Extraction

All data processing was performed offline
using custom analyses in Matlab (Mathworks
Inc.). EMG data (size m, muscles) from each ASL
pose (p) was filtered with a zero phase fourth
order Butterworth bandpass filter with cutoffs at
10Hz and 300Hz. The mean absolute value (MAYV)
of the filtered EMG within a 2 second time
window (5.5 — 7.5 sec from trial start) was
determined for each muscle and normalized to the
corresponding muscle’s within trial maximum
activation. The time window for MAV extraction
was chosen to capture steady state activation
associated with maintenance of the pose. Data for
each pose across all trials were concatenated into
a matrix [size: muscles (15) x poses (99)] for each
hand individually.

Non-negative matrix factorization (Lee
and Seung, 1999) was used to extract muscle
synergies and their corresponding activation
coefficients from the recorded muscle activity. For
a preselected rank (N) representing the number of
synergies to be included, EMG matrices (M) were
factorized into a synergy matrix (B, size m x p)
containing a linear combination of time invariant
non-negative vectors and an activation matrix (A,
size p x N) containing the pose-dependent non-
negative activation coefficients of each synergy
(Equation 1).

M =BA—¢ (Equationl)

The extracted synergies (B) reflect the spatially
fixed regularities (Kargo and Giszter, 2008;
Safavynia and Ting, 2012) in muscle groupings
that are common across the formation of different
poses. NMF finds B and A by minimizing the
squared norm of the residual (g), under the
assumption that it follows a Gaussian distribution



92

Synergistic activation of hand muscles and dominance

that is zero mean and uncorrelated. The algorithm
iteratively updates the model parameters until the
squared norm of the residual changes by less than
0.001 over ten iterations.

To select the rank (N) to be used in
subsequent analysis, the NMF process was
repeated 10,000 times (in order to increase the
likelihood of the NMF approximating the global
minima) for each possible number of synergies 1
to 15 (the number of muscles examined).

SSE _ X(M;;—(BA);;

SST %(My;—M)

(Equation 2)
For the best fit run at each rank, the proportion of
variance explained by the model (R?) was
determined as described in Equation 2, where SSE
is the sum of squared error, SST is the total sum of
squares, subscripts (i,j) denote the corresponding
entry of M, and M is the average over all entries of
M (Devarajan and Cheung, 2014). Rank N for
subsequent analysis was chosen as the minimum
number of synergies needed to reconstruct 90% of
the variance in the data from which they were
derived (R? = .90). This methodology has been
used extensively for the purpose of deriving a low
dimensional representation of synergistic muscle
activation (Duthilleul et al.,, 2015; Sawers et al,,
2015; Tresch et al., 2006; Tresch and Jarc, 2009),
and has been described by our group previously
(Giinay et al,, 2019; Jacobs-Skolik et al., 2020).
Quantification of Similarity Between Synergies

To compare individual synergies between
ditferent hands, dot products were computed
between all possible pairs of synergies (one from
each hand), and a greedy search procedure was
used to define matching pairs. The best-matching
pair was defined as the one with the highest dot
product; this pair was removed, and the next best
matching pair was selected as the highest dot
product among the remaining synergy pairs. This
process continued until there were no more
unpaired synergies left in the set of lower rank
(Tresch et al., 1999). If rank ditfered between sets,
the set with the higher rank was left with an
unmatched synergy(ies). A similarity index (SI)
describing the global similarity in synergistic
muscle activation was determined by averaging
the dot products for the chosen pairings.
Statistical Design

To assess differences in the number of
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synergies required to achieve R? = .90 between
hands [Right Dominant Right Hand (RD-RH),
Right Dominant Left Hand (RD-LH), Left
Dominant Right Hand (LD-RH), Left Dominant
Left Hand (LD-LH)], we conducted a 2-way
ANOVA with factors of Dominance (RD, LD) and
Side (RH, LH). To compare synergy similarity of
the right hand and left hand (RH & LH pairs)
between RD and LD participants, an independent
samples t-test was used to test for differences in
SI. To assess differences in synergy similarity
associated with side or dominance between RD
and LD individuals, we determined the SI of
synergy pairs made from each hand of LD
participants to each hand of RD participants.
Separate independent samples t-tests were used
to test for ditferences in SI between right (RD-RH
& LD-RH) and left hands (RD-LH & LD-LH), and
between dominant (RD-RH & LD-LH) and non-
dominant hands (RD-LH & LD-RH). Each
comparison group (i.e. RD-RH & LD-RH)
contained values from 25 hand pairs. Similarity of
hand specific synergies across participants was
determined by obtaining SI values of synergy
pairs made from matching all hands of the same
type (i.e. every RD-RH hand to every other RD-
RH). This procedure yielded a total of 10 unique
pairs excluding pairing any hand to itself.
Differences in the similarity of hand specific
synergies (RD-RH, RD-LH, LD-RH, LD-LH) were
tested using a 2-way ANOVA with factors of
Dominance (RD, LD) and Side (RH, LH). Alpha
values for all tests were set to .05. Post-hoc tests
with correction for multiple comparisons were
applied where main effects or interactions were
found to be significant. All statistical analyses
were conducted using SPSS (version 20; SPSS,
Chicago, IL).

Results

Across all participants and all arms 8.7
+1.0 (range: 8-11) synergies were required to
reconstruct the original EMG data at R2 = .90
(Table 1, Fig. 2). On average a greater number of
synergies were observed for LD participants,
however a 2-way ANOVA with factors Hand
(RH, LH) and Dominance (RD, LD) indicated no
significant main effect of Hand (Fi16 = 3.459, p =
.081), or Dominance (F116 = 0.00, p = 1.000), and no
Hand x Dominance interaction (Fiis = 0.216, p =
.648).
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Matched pairs of LH & RH synergies for
an example left-hand dominant participant and
right-hand dominant participant are shown in
Figure 3. The SI between LH & RH synergies for
LD participants was .77 + .05 (range: .70 - .83), and
for RD participants was .74 + .06 (range: .66 - .83).
No significant difference in SI of the RH & LH
was observed between LD and RD participants (ts
=.660, p = .528).

Specific comparisons of similarity index
(SI) between LD and RD participants were used to
assess differences in synergy similarity between
the left-hand (LD-LH & RD-LH) and right-hand
(LD-RH & RD-RH), and ditferences in synergy
similarity between dominant (LD-LH & RD-RH)
and non-dominant hand (LD-RH & RD-LH). SI of
left hands (75 + .05, range: .63 -.85) was
significantly greater (ts = 2.85, p = .006) than SI of
right hands (.70 + .05, range: .60 -.80). In contrast,
SI of non-dominant hands (.72 + .05, range: .66 -
.89) was not significantly ditferent (ts = 2.85,

p=.006) than SI of dominant hands (72 + .06, range:
.62 -.82), see Fig. 4.

Hand specific SI across participants was
found for LD-LH (.79 + .06, range: .73 -.88), LD-
RH (.71 + .03, range: .68 -.75), RD-LH (.73 + .05,
range: .65 -.80), and RD-RH (.69 + .06, range: .62 -
.77). A 2-way ANOVA to test for differences in
hand specific SI indicated a significant main effect
of Hand (Fi3 = 13.746, p = .001), and a significant
main etfect of Dominance (F13 = 10.055, p = .003),
but no Hand x Dominance interaction (Fi3 =
1.815, p = .186). Post-hoc independent samples t-
tests with Bonferroni correction for multiple
comparisons (.05/6 = .008) indicated significant
ditferences in population level synergy similarity
between LD-LH & RD-RH (ts = -4.112, p < .001)
and between LD-LH & LD-RH (tis = -3.882, P =
.001), and a trend level ditference between LD-LH
& RD-LH (tis =-2.963, P = .008).

EDU
ECU
ECR
FDS
FCU

FCR
- BRAD
3LUM
301
FDM
ADM
ADPB
ABPB
El
FDI

Figure 1

Experimental setup. Left. The participant reproduces the ALS posture shown on the computer screen.
Right. EMGs acquired during the production of three hand postures in the ASL alphabet are presented.
The shaded regions indicate the window used for analysis.
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Left. Participant mean (+sd) reconstruction (R?) for each hand for ranks (1-15). R? increases monotonically with
increased rank. Right. Number of muscle synergies required to reconstruct task EMG data satisfying R2 > .9.

LH|RH
LD 0.92 0.86 0.84 0.81 0.79 0.76 0.62 0.27
EDU " i} o -
= . v . ! - -
2} .F - I [ — r
[
LY A T -~ -
30l 1] | % &
FDM | i lﬁl IIJ ] -j
ADPB o [ = [ §] - L {
- - - - | _—
fpy —— | - 0
RD Syn. 1 Syn. 2 Syn. 3 Syn. 4 Syn.5 Syn. 6 Syn.7 Syn. B
I =]
£c0 - § - - =
ECR -} O [ = L
FOS | | | 1]
= = ‘ ' 5
e o L ke -
Fou - [ H
ADes ¥ f ] !
ABPB [ = | | 1}
o ¥ — | - "
0.95 0.88 0.83 0.78 0.71 0.68 0.67 0.15
Figure 3.

Greedy search matched left hand (black) and right hand (gray) synergy pairs for a left hand dominant
(LD, top, participant 3), and a right hand dominant (RD, bottom, participant 8) participant.
Numbers above or below synergy pairs indicate the pairwise dot product.

Journal of Human Kinetics - volume 76/2021 hitp://www.johk.pl




by Don Liang et al.

10.95
10.9
10.85
| -
| RD-LHvs.LD-RH| | LD-RHvs. LD-RH | s
[ n
[ | |
= e
1:.“:!1] .II!I ! ("i'.- H | 0.7
0.65
0.6

Figure 4

Similarity indexes showing comparison between every arm used in the study. Hotter colors

indicate a higher similarity index signifying greater similarity of synergies between paired arms.
Boxes indicate group comparisons. Within arm analysis of LD-LH is highlighted in blue to draw
attention to the comparatively high similarity of limbs within this grouping.

Table 1
Number of muscle synergies required to reconstruct task EMG data satisfying R2 22.19 fir each hand tested.
51-LD $2-1D 53-LD 54-1D 55-1LD Mean
LH 11 8 8 10 9 9.2
RH 10 9 8 9 9 9
56 - RD S7-RD 58 -RD 59 -RD 510 -RD
LH 10 8 8 8 7 8.2
RH 8 8 8 9 9 84
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Discussion

In this study we examined whether limb
dominance and side are associated with specific
temporally invariant patterns of muscle co-
activation during volitional movement. Unlike
prior investigations which focused on the
proximal upper limb (Duthilleul et al, 2015;
Pellegrino et al, 2020; Roh et al, 2013), we
focused on the intrinsic and extrinsic hand
muscles of the distal upper limb and used a task
that required a relatively high degree of finger
individuation.

Our data reveals two main findings. First,
that similarity of hand muscle synergies among
left hands (across LD and RD individuals) was
greater than that of right hands. Second, synergy
similarity in the sample population was greater
for the LD-LH case than the other hands tested
(LD-RH, RD-LH, RD-RH). Unfortunately, only
one of the three previous studies that compared
synergies between the limbs tested both LD and
RD individuals, limiting our ability to make direct
comparisons to prior work. Duthilleul and
colleagues (Duthilleul et al, 2015) reported two
main findings regarding synergy composition
between the limbs as a function of handedness.
For gross movements of the arm (wide circle
drawing), LD individuals showed greater synergy
complexity (more synergies) than RD individuals,
though no difference in synergy complexity was
noted between the dominant and non-dominant
limbs. In contrast, for finer-grained movements
(small circles) the LD-LH showed lower
complexity than other arms tested. These results
are in contrast to the results of the present study
where a greater, though not statistically
significant, number of synergies was observed for
the LD-LH condition compared to other hands,
perhaps indicating differences between proximal
and distal LD-LH synergies. Despite this
ditference, our study and that of Duthilleul both
seem to depart from evidence suggesting similar
behavior of the dominant hand in LD and RD
individuals, and less asymmetry of limb
specialization in LD individuals (Dassonville et
al,, 1997; Oldfield, 1971; Przybyla etal., 2012).

Quantitative analysis of limb kinematics
in LD individuals has shown that reduced limb
asymmetry is primarily due to greater dominant
limb-like behavior of the non-dominant limb
(Przybyla et al,, 2012). It has been suggested that

greater recruitment of ipsilateral motor cortex
resulting in more symmetrical activation of the
hemispheres, may be the neurological substrate of
reduced behavioral asymmetry in left hand
dominant individuals (Dassonville et al., 1997).
However, whether these results reflect a
consequence or cause of handedness remains an
active research topic (Andersen and Siebner,
2018). Furthermore, we know of no study that has
specifically looked at population variability of
limb-specific behavior or hemispheric activation
asymmetry in left- and right-handed individuals.
We therefore offer a speculative explanation as to
why in this study LD-LH synergies appeared to
be more invariant in the population than
synergies of other limbs. One possibility is that
population invariance of LD-LH synergies results
from the demands imposed on left-hand
dominant individuals to use their left hands in the
context of environments designed mainly for
right-handed users. Given that most objects we
interact with require right-handed manipulation,
the left hand of left-hand dominant individuals,
despite being specialized for predictive control
per the dynamic-dominance hypothesis, may be
forced into a stabilization role during bimanual
activities, allowing the right hand to manipulate
the object (Przybyla et al, 2012). Extended
practice in a motor skill, for example a musical
instrument, can shape muscle co-activation
patterns, in essence creating use-dependent
specialization of synergies (Gentner et al,, 2010). It
is possible that more varied use of the left hand by
left-hand dominant individuals manifests in a
more generic set of synergies than is seen in other
limb-dominance combinations, thereby explaining
greater similarity of LD-LH synergies within the
population. However, the existence of a causal
relationship between use-dependent neural
reorganization and greater symmetry of
hemispheric activation is still —unknown
(Andersen and Siebner, 2018).

As previously stated, our results did not
reveal significant differences between the non-
dominant and dominant limb at the individual or
population level, in contrast to what might be
expected from Kkinematic analyses showing
specialized roles for the dominant and non-
dominant limb as postulated in the dynamic
dominance hypothesis (Sainburg, 2002; Sainburg,
2005). This result is in general agreement with

Journal of Human Kinetics - volume 76/2021
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previous investigations of the inter-limb synergy
similarity of proximal upper limb muscles
(Pellegrino et al., 2020; Roh et al.,, 2013), despite
several reasons to suspect differences between the
proximal and distal limb. Foremost, the degree to
which the dynamic dominance hypothesis, which
has mainly been predicated on experiments
involving reach movements, holds for movement
of the fingers remains unclear. A study of
isometric finger force production and force
stabilization supports the idea that the dominant
limb may be specialized for adjustments to
performance variables, however no evidence was
found for non-dominant specialization for
stabilizing steady-state isometric forces, as would
be predicted by dynamic dominance (Zhang et al.,
2006). While conclusions from a study of isometric
force production may not be transferable to
movements such as those used in the present
study, the study by (Zhang et al., 2006) provides
grounds for likely differences in inter-limb
synergy similarity between proximal and distal
limb segments.

Differences in the mneurophysiological
substrates of proximal and distal limb control,
when viewed in the context of cortical differences
associated with motor lateralization and
handedness, provide a second reason to
hypothesize that inter-limb synergy similarity
may ditfer between the upper-arm and hand. It is
well established that the alpha motor neurons
innervating the distal upper-limb and hand
receive a greater density of less divergent,
monosynaptic, corticospinal projections than
those synapsing onto motor neurons controlling
the proximal limb, which often involve spinal
interneurons (Rathelot and Strick, 2006; Rathelot
and Strick, 2009; Zaaimi et al, 2018). Though
some evidence in support of cortical synergies
exists (Leo et al, 2016), it is spinal interneurons
that have been consistently identitied as an origin
of synergistic muscle activation (Bizzi and
Cheung, 2013; Hart and Giszter, 2010). However,
ditferences in spinal anatomy and physiology are
sparsely discussed in relation to handedness, and
handedness is generally approached in the
literature as something that is cortical in origin
(Andersen and Siebner, 2018). Indeed, evidence
indicating that fine motor control of the hand is
dependent on direct projections from the
contralateral motor cortex (MI1) to spinal

© Editorial Committee of Journal of Human Kinetics
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motorneurons (Lawrence and Kuypers, 1968;
Muir and Lemon, 1983) has fueled hypotheses
that handedness is reflected in the functional and
structural hemispheric asymmetries in M1 (for a
review, Andersen and Siebner, 2018; Goble and
Brown, 2008; Hammond, 2002). Investigations
have typically focused on handedness-related
asymmetries in M1 structure (Amunts et al., 1996),
functional topography (Triggs et al, 1999;
Volkmann et al, 1998), activation during
unilateral movement (Dassonville et al., 1997;
Solodkin et al, 2001), cortical excitability
(Brouwer et al., 2001; Ziemann and Hallett, 2001),
functional connectivity (Pool et al, 2014), and
effects of lesion due to stroke (Mani et al., 2014;
Schaefer et al, 2009; Schaefer et al, 2012).
Pellegrino and coauthors (Pellegrino et al, 2020)
suggest the reason that differences in proximal
upper-limb muscle synergies between arms were
found only for synergy activation coefficients but
not in number and structure of the muscle
synergies themselves, is that the synergies
observed are best attributed to muscle activation
by spinal interneuron circuits. They do speculate
that this finding may not hold for fine movements
of the hand due to more direct cortical control.
However, we did not find evidence that such a
ditference exists between dominant and non-
dominant limb.

Several factors limit the interpretation of
results in this study. First, the study was limited
by a small sample size, though it was comparable
to that of (Duthilleul et al,, 2015). All participants
reported to be naive to ASL, however no history
was taken on other forms of specialized mass
practice with the hand, such as dart throwing,
video gaming, or musical instrument playing.
However, if such extreme skill specialization was
present in our sample, it would have likely
reflected as an outlier in the data, which was not
the case. Finally, only a single task was used;
therefore, it remains unknown whether synergies
observed here were specitfic to the task or
generalizable to a broader repertoire of hand
function.

Here we investigated dexterous but not
skilled movements. It has been suggested that the
acquisition of new motor skills may involve the
development of new muscle synergies, merging
or fractionation of current synergies, or change
their temporal activation (Asaka et al., 2008;
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Cheung et al, 2020; Frere and Hug, 2012). We
hypothesize that a greater difference in muscle
synergies between the dominant and non-
dominant hand than was observed in this study
may exist for individuals whose athletic training

individuals could improve training methods
especially in sports that have high demands on
precision in fine motor skills such as dart
throwing,
milliseconds can be the difference between a win

pitching, or e-sports where

has created a large limb asymmetry for a highly or loss.
specialized skill. Further examination into hand
muscle synergies of left- and right-hand dominant

Acknowledgements

This work was supported in part by NIH grants ROINS085122 & 2R01HDO058301 (ET), NSF
grants CPS1544895 & IIS1715858 (DE), CBET-991804550 (ET, DE, DB), and CMMI-M3X-1935337 (ET, DE,
MY).

References

Ajiboye AB, Weir RF. Muscle synergies as a predictive framework for the EMG patterns of new hand
postures. | Neural Eng, 2009; 6: 036004

Amunts K, Schlaug G, Schleicher A, Steinmetz H, Dabringhaus A, Roland PE, Zilles K. Asymmetry in the
human motor cortex and handedness. Neuroimage, 1996; 4: 216-222

Andersen KW, Siebner HR. Mapping dexterity and handedness: recent insights and future challenges.
Current Opinion in Behavioral Sciences, 2018; 20: 123-129

Asaka T, Wang Y, Fukushima ], Latash ML. Learning effects on muscle modes and multi-mode postural
synergies. Exp Brain Res, 2008; 184: 323-338

Bernstein NA. The co-ordination and regulation of movements. Pergamon Press, Oxford, 1967;

Bizzi E, Cheung VC. The neural origin of muscle synergies. Front Comput Neurosci, 2013; 7: 51

Bizzi E, Mussa-Ivaldi FA, Giszter S. Computations underlying the execution of movement: a biological
perspective. Science, 1991; 253: 287-291

Borod JC, Caron HS, Koff E. Left-handers and right-handers compared on performance and preference
measures of lateral dominance. Br | Psychol, 1984; 75 (Pt 2): 177-186

Brouwer B, Sale MV, Nordstrom MA. Asymmetry of motor cortex excitability during a simple motor task:
relationships with handedness and manual performance. Exp Brain Res, 2001; 138: 467-476

Bryden MP. Measuring handedness with questionnaires. Neuropsychologia, 1977; 15: 617-624

Cheung VCK, Cheung BMF, Zhang JH, Chan ZYS, Ha SCW, Chen CY, Cheung RTH. Plasticity of muscle
synergies through fractionation and merging during development and training of human runners.
Nat Commun, 2020; 11: 4356

Dassonville P, Zhu XH, Uurbil K, Kim SG, Ashe ]. Functional activation in motor cortex reflects the direction
and the degree of handedness. Proc Natl Acad Sci U S A, 1997; 94: 14015-14018

Duthilleul N, Pirondini E, Coscia M, Micera S. Effect of handedness on muscle synergies during upper limb
planar movements. Annu Int Conf IEEE Eng Med Biol Soc, 2015; 2015: 3452-3455

Frere ], Hug F. Between-subject variability of muscle synergies during a complex motor skill. Front Comput
Neurosci, 2012; 6: 99

Gentner R, Gorges S5, Weise D, aufm Kampe K, Buttmann M, Classen ]J. Encoding of motor skill in the
corticomuscular system of musicians. Curr Biol, 2010; 20: 1869-1874

Goble DJ, Brown SH. The biological and behavioral basis of upper limb asymmetries in sensorimotor
performance. Neurosci Biobehav Rev, 2008; 32: 598-610

Giinay SY, Yarossi M, Brooks DH, Tunik E, Erdogmus D. Transfer learning using low-dimensional
subspaces for EMG-based classification of hand posture. Int IEEE EMBS Conf Neural Eng, 2019; 2019:
1097-1100

Hammond G. Correlates of human handedness in primary motor cortex: a review and hypothesis. Neurosci
Biobehav Rev, 2002; 26: 285-292

Hart CB, Giszter SF. A neural basis for motor primitives in the spinal cord. ] Neurosci, 2010; 30: 1322-1336

Journal of Human Kinetics - volume 76/2021 hitp://www.johk.pl




by Don Liang et al. 99

Jacobs-Skolik SL, Liang D, Brooks DH, Erdogmus D, Yarossi M, Tunik E. A Muscle Synergy Framework for
Cross-Limb Reconstruction of Hand Muscle Activity Distal to a Virtual Wrist-Level Disarticulation.
Annu Int Conf IEEE Eng Med Biol Soc, 2020; 2020: 3285-3288

Kargo W], Giszter SE. Individual premotor drive pulses, not time-varying synergies, are the units of
adjustment for limb trajectories constructed in spinal cord. ] Neurosci, 2008; 28: 2409-2425

Kutch J], Valero-Cuevas F]. Challenges and new approaches to proving the existence of muscle synergies of
neural origin. PLoS Comput Biol, 2012; 8: €1002434

Latash ML. The bliss (not the problem) of motor abundance (not redundancy). Exp Brain Res, 2012; 217: 1-5

Lawrence DG, Kuypers HG. The functional organization of the motor system in the monkey. I. The effects of
bilateral pyramidal lesions. Brain, 1968; 91: 1-14

Lee DD, Seung HS. Learning the parts of objects by non-negative matrix factorization. Nature, 1999; 401: 788-
791

Leo A, Handjaras G, Bianchi M, Marino H, Gabiccini M, Guidi A, Scilingo EP, Pietrini P, Bicchi A, Santello
M. A synergy-based hand control is encoded in human motor cortical areas. Elife, 2016; 5: e13420

Mani S, Przybyla A, Good DC, Haaland KY, Sainburg RL. Contralesional Arm Preference Depends on
Hemisphere of Damage and Target Location in Unilateral Stroke Patients. Neurorehabil Neural Repair,
2014; 28: 584-593

Muir RB, Lemon RN. Corticospinal neurons with a special role in precision grip. Brain Res, 1983; 261: 312-316

Oldfield RC. The assessment and analysis of handedness: the Edinburgh inventory. Neuropsychologia, 1971; 9:
97-113

Pellegrino L, Coscia M, Casadio M. Muscle activities in similar arms performing identical tasks reveal the
neural basis of muscle synergies. Exp Brain Res, 2020; 238: 121-138

Pool EM, Rehme AK, Fink GR, Eickhotf SB, Grefkes C. Handedness and effective connectivity of the motor
system. Neuroimage, 2014; 99: 451-460

Przybyla A, Good DC, Sainburg RL. Dynamic dominance varies with handedness: reduced interlimb
asymmetries in left-handers. Exp Brain Res, 2012; 216: 419-431

Rathelot JA, Strick PL. Muscle representation in the macaque motor cortex: an anatomical perspective. Proc
Natl Acad Sci U S A, 2006; 103: 8257-8262

Rathelot JA, Strick PL. Subdivisions of primary motor cortex based on cortico-motoneuronal cells. Proc Natl
Acad Sci U S A, 2009; 106: 918-923

Roh J, Rymer WZ, Perreault EJ, Yoo SB, Beer RE. Alterations in upper limb muscle synergy structure in
chronic stroke survivors. | Neurophysiol, 2013; 109: 768-781

Safavynia SA, Ting LH. Task-level feedback can explain temporal recruitment of spatially fixed muscle
synergies throughout postural perturbations. | Neurophysiol, 2012; 107: 159-177

Sainburg RL. Evidence for a dynamic-dominance hypothesis of handedness. Exp Brain Res, 2002; 142: 241-258

Sainburg RL. Handedness: differential specializations for control of trajectory and position. Exerc Sport Sci
Rev, 2005; 33: 206-213

Sainburg RL. Convergent models of handedness and brain lateralization. Front Psychol, 2014; 5: 1092

Sawers A, Allen JL, Ting LH. Long-term training modifies the modular structure and organization of
walking balance control. | Neurophysiol, 2015; 114: 3359-3373

Schaefer SY, Haaland KY, Sainburg RL. Dissociation of initial trajectory and final position errors during
visuomotor adaptation following unilateral stroke. Brain Res, 2009; 1298: 78-91

Schaefer SY, Mutha PK, Haaland KY, Sainburg RL. Hemispheric specialization for movement control
produces dissociable differences in online corrections after stroke. Cereb Cortex, 2012; 22: 1407-1419

Solodkin A, Hlustik P, Noll DC, Small SL. Lateralization of motor circuits and handedness during finger
movements. Eur | Neurol, 2001; 8: 425-434

Tresch MC, Cheung VC, d'Avella A. Matrix factorization algorithms for the identification of muscle
synergies: evaluation on simulated and experimental data sets. | Neurophysiol, 2006; 95: 2199-2212

Tresch MC, Jarc A. The case for and against muscle synergies. Curr Opin Neurobiol, 2009; 19: 601-607

Tresch MC, Saltiel P, Bizzi E. The construction of movement by the spinal cord. Nat Neurosci, 1999; 2: 162-167

© Editorial Committee of Journal of Human Kinetics



100 Synergistic activation of hand muscles and dominance

Triggs W], Subramanium B, Rossi F. Hand preference and transcranial magnetic stimulation asymmetry of
cortical motor representation. Brain Res, 1999; 835: 324-329

Volkmann J, Schnitzler A, Witte OW, Freund H. Handedness and asymmetry of hand representation in
human motor cortex. ] Neurophysiol, 1998; 79: 2149-2154

Woytowicz EJ, Westlake KP, Whitall ], Sainburg RL. Handedness results from complementary hemispheric
dominance, not global hemispheric dominance: evidence from mechanically coupled bilateral
movements. | Neurophysiol, 2018; 120: 729-740

Zaaimi B, Dean LR, Baker SN. Different contributions of primary motor cortex, reticular formation, and
spinal cord to fractionated muscle activation. ] Neurophysiol, 2018; 119: 235-250

Zhang W, Sainburg RL, Zatsiorsky VM, Latash ML. Hand dominance and multi-finger synergies. Neurosci
Lett, 2006; 409: 200-204

Ziemann U, Hallett M. Hemispheric asymmetry of ipsilateral motor cortex activation during unimanual
motor tasks: further evidence for motor dominance. Clinical Neurophysiology, 2001; 112: 107-113

Corresponding author:

Mathew Yarossi, Ph.D.

Bouvé College of Health Sciences

Department of Physical Therapy, Movement and Rehabilitation Sciences
336 Huntington Ave, 404 Robinson Hall

Boston, MA 02115, USA

Phone: +1 617-373-4536

Fax: +1 617-373-7930

E-mail: m.yarossi@northeastern.edu

Journal of Human Kinetics - volume 76/2021 http://www.johk.pl




