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Abstract1)

Background: Despite muscle latency times and patterns were used as broad examination tools to

diagnose disease and recovery, previous studies have not compared the dominant arm to the non-dominant

arm in muscle latency time and muscle recruitment patterns during reaching and reach-to-grasp

movements.

Objects: The present study aimed to investigate dominant and non-dominant hand differences in

muscle latency time and recruitment pattern during reaching and reach-to-grasp movements. In addition,

by manipulating the speed of movement, we examined the effect of movement speed on neuromuscular

control of both right and left hands.

Methods: A total of 28 right-handed (measured by Edinburgh Handedness Inventory) healthy subjects

were recruited. We recorded surface electromyography muscle latency time and muscle recruitment patterns

of four upper extremity muscles (i.e., anterior deltoid, triceps brachii, flexor digitorum superficialis, and

extensor digitorum) from each left and right arm. Mixed-effect linear regression was used to detect

differences between hands, reaching and reach-to-grasp, and the fast and preferred speed conditions.

Results: There were no significant differences in muscle latency time between dominant and

non-dominant hands or reaching and reach-to-grasp tasks (p>.05). However, there was a significantly

longer muscle latency time in the preferred speed condition than the fast speed condition on both reaching

and reach-to-grasp tasks (p<.05).

Conclusion: These findings showed similar muscle latency time and muscle activation patterns with

respect to movement speeds and tasks. Our findings hope to provide normative muscle physiology data

for both right and left hands, thus aiding the understanding of the abnormal movements from patients

and to develop appropriate rehabilitation strategies specific to dominant and non-dominant hands.
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Introduction

Almost 90% of people worldwide are right-handed

and their dominant hand, the right hand, has different

functional roles and movement control strategies com-

pared to the non-dominant hand, the left hand

(Carson et al, 1993a; Corballis, 1997; Coren et al, 1977;

Sainburg et al, 2000). People who are right handed

prefer to use their right hand for tasks requiring pre-

cision control, such as writing or hammering (Annett,

1992; Hammond, 2002). In contrast, the non-dominant

left hand is used for stabilizing posture or holding

objects (Duff and Sainburg, 2007; Kuhtz-Buschbeck et

al, 2000; Schabowsky et al, 2007). According to the

“dynamic dominance” hypothesis, this hand preference

might be due to the different functional advantage of

each hand, such that the dominant hand is specialized

for coordinating intersegmental dynamics adapting to

altered inertial conditions, whereas non-dominant hand

is specialized for achieving stable final positions

(Bagesteiro and Sainburg, 2000; Duff and Sainburg,

2007; Schaefer et al, 2009).

The discrepancy between right and left hands,

their performance, and use is also shown in patients
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Variable Right handed

Gender (male/female) 14/14

Age (years) 22.1±2.3
a

Height (㎝) 166.3±8.1

Weight (㎏) 64.3±13.1

EHIb (%) 83.3±13.4
a
mean±standard deviation,

b
Edinburgh Handedness

Inventory.

Table 1. Participant’s characteristics (N=28)

with neurological disorders. Mani et al (2013) found

that stroke patients with left hemisphere damage

generated greater errors in the trajectory curvature

and movement direction during reaching, whereas er-

rors in movement extent were greatest in stroke pa-

tients with right hemisphere damage. In addition, pa-

tients with left hemisphere damage showed the in-

creased use of their contralateral hand (right hand)

compared to patients with right hemisphere damage,

who used their contralateral hand (left hand), despite

all patients being right handed. To investigate

whether asymmetries in hand preference and motor

control are associated with asymmetries in neural

control by central and peripheral nervous systems,

further research is needed.

Muscle latency time and muscle recruitment pat-

terns using electromyograph (EMG) have been often

used to understand neuromuscular mechanisms for

upper extremity control in individuals with and with-

out diseases (Cools et al, 2002; Cools et al, 2003;

Peters et al, 2018; Sabatini, 2002; Wagner et al,

2007). Cools et al (2002) evaluated muscle latency

times of anterior deltoid, upper, middle, and lower

trapezius muscles in normal shoulders during un-

expected arm movements. They found that muscle

latency time of the anterior deltoid was shorter than

all portions of the upper trapezius, and the muscle

activation pattern was not altered with fatigue but

delayed. More recently, Wagner et al (2007) studied

muscle activation and recovery of upper extremities

during reaching movements in acute and subacute

stages of stroke patients, and age-matched control

subjects. Findings were that muscle activations of

upper extremity muscles in control subjects occurred

prior to start of movement, whereas the hemiparetic

group had delayed muscle onsets. After partial re-

covery in the subacute phase, muscle onsets were

similar to normal subjects.

Despite that muscle latency times and patterns are

used as broad examination tools for monitoring re-

covery, there is a lack of studies that compare domi-

nant to non-dominant arms in muscle latency time

and recruitment patterns. To our knowledge, there

are no muscle physiological studies that have been

conducted to understand the difference between

reaching and reach-to-grasp movements as move-

ment speed changes. Grosskopf et al (2006) reported

no significant effects of hand for reaction time dur-

ing the reach-to-grasp task in both the fast and

preferred conditions, while others found that

left-handed participants showed shorter reaction

times than right-handed (van Doorn, 2008). A basic

feature such as muscle latency time and patterns of

the right and left hands are inadequate.

Therefore, the purpose of this study was to inves-

tigate dominant and non-dominant arm differences in

muscle latency time and recruitment patterns during

reaching and reach-to-grasp movements. In addition,

by manipulating the speed of movement, we exam-

ined the effect of movement speed on neuromuscular

control of both right and left hands.

Methods

Subjects

The demographic characteristics and information of

the 28 subjects, which include gender, age, height,

weight, and edinburgh handedness inventory (EHI)

score are shown in Table 1. Healthy, young adults

(n=28; 14 men, 14 women) were recruited from the J

University. Inclusion criteria were right handedness as

measured by Edinburgh Handedness Inventory

(Oldfield, 1971) and the ability to move upper ex-

tremities without problems and understand ex-

perimental instructions. Exclusion criteria were pres-
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A B C

Figure 1. A: starting position, B: reaching, C: reach-to-grasp.

ence of neurological or musculoskeletal diseases and

previous upper extremity surgery six months prior to

the start of the experiment. All subjects understood

the purpose of this experiment and agreed to consent

information.

Instrumentation

Surface EMG (wireless Trigno EMG system,

Delsys Inc., MA, USA) was used to measure muscle

latency time and recruitment patterns in both right

and left upper extremities. After removing excessive

hair, skin was abrasively wiped with an alcohol pad.

The electrodes were attached to the prepared skin

using double-sided tape. Once the electrode signal

quality was assessed, the electrodes were secured

with a light wrap of Coban™ or tape to minimize

changes in the electrode locations. Surface EMG data

were collected on each arm from four upper ex-

tremity muscles: anterior deltoid (AD), triceps brachii

(TB), flexor digitorum superficialis (FDS), and ex-

tensor digitorum communis (ED). These muscles are

the primary muscles for reaching and grasping, as

shown in previous studies (Peters et al, 2018;

Wagner et al, 2007). Electrodes were placed parallel

to each muscle based on the recommendations from

the surface EMG for a non-invasive assessment of

muscles (SENIAM). The AD electrode was placed at

one finger width distal and anterior to the acromion.

The TB electrode was placed at 50% on the line be-

tween the posterior acromion and the olecranon at

two finger widths medial to the line, as recom-

mended by the SENIAM (Hermens et al, 2000). The

FDS electrode was placed at the distance along the

forearm from the medial epicondyle of the elbow and

the distance from the medial border of the forearm

(Butler et al, 2005). The ED electrode was placed in

the middle of the forearm, approximately half the

distance between the radial and ulnar borders (Mogk

et al, 2003). Our EMG system contained the accel-

erometer, thus, during movement, we obtained both

the raw EMG signals sampled at 1,920 ㎐ and the

raw accelerometer signals sampled at 148 ㎐.

Experimental procedures

The subject sat down with their back to a chair

and their trunk was fixed with a belt to prevent

compensational movements during experiments (Carr

et al, 2004). At the starting position, subjects placed

their shoulder and elbow joints at 0˚, and hip and

knee joints at 90˚ flexion with eyes closed (Figure

1A). The subjects were instructed to either reach or

reach-to-grasp the objects presented at 50 ㎝ straight

from each person’s navel on their belt. For the

reaching task, a cylinder (10 ㎝ in diameter and 4 ㎝

in height), while a water bottle (5.5 ㎝ in width and

15 ㎝ in height) was used for the reach-to-grasp

task (Figure 1B, 1C). There were two movement

speed conditions; a fast condition where the subjects

moved as fast as they could, and a preferred con-

dition, where subjects moved at their preferred speed.

Two experimenters conducted all test procedures. One

experimenter operated the EMG system and gave a

start signal by saying “start”. The other experimenter

wore an accelerometer on their right arm and moved

it with start cue. This accelerometer data was used

as a stimulus signal during signal processing (see
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Figure 2. The example of defining muscle latency time from one representative. Dashed line:
the accelerator on the experimenter’s hand was used as a stimulus input. Thick line: muscle
onset, which was a first point exceed three SD of baseline activity. Muscle latency time is
defined as a period between stimulus input (dashed line) and muscle onset (thick line).

below). When given the start signal, the subject

reached or reached-to-grasp toward the target object

after opening their eyes. Once the subject reached to-

ward or held the object, they maintained that position

for 5 seconds and returned to the starting position.

The experimental order for two tasks (reaching and

reach-to-grasp), two conditions (fast and preferred

speed conditions), and two hands (right and left

hands) were randomized using the Latin square

method. The subjects repeated each movement three

times and first movement was used for the further

data analysis.

Signal processing and data analysis

All raw EMG signals were full-wave rectified and

band-pass filtered (single pass, Butterworth, 10-500 ㎐

bandpass filter of the fifth order) with a notch filter

for rejection of 60 ㎐. After rectifying, filtering, and

normalizing, data were processed into the root mean

square with a window of 150 ㎳. Muscle latency re-

sponse was determined by the period between the in-

put stimulus from the accelerometer on the ex-

perimenter and muscle onset. To define muscle onset,

the mean and standard deviation (SD) of baseline ac-

tivity 200 ㎳ prior to stimulus input were calculated.

The first time point that the EMG signal was above

three SD of baseline activity and maintained for at

least 50 ㎳ was described as the muscle onset time.

If the baseline activity was too high or low, 50% of

the peak EMG activity was defined as the muscle

onset time (Suehiro et al, 2018; Cowan et al, 2001;

Gilleard et al, 1998). Custom software was written in

MATLAB (Mathworks, Massachusetts, MA, USA) for

signal processing and muscle latency time. The ex-

ample for calculating muscle latency time for one

representative is shown in Figure 2.

Statistical analysis

Differences in muscle latency time between hands,

conditions, and tasks were analyzed using mixed

models with individuals taken as random effects. In

this statistical model, hand (two levels), condition
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Reaching Reach-to-grasp

Hand side Preferred speed Fast speed Preferred speed Fast speed

AD
a Dominant 1284.98±880.08 896.40±621.62

b
* 1229.47±866.45 1030.39±729.47*

Non dominant 1388.82±887.21 962.01±678.84* 1245.07±917.57 1293.01±780.22*

TB
c Dominant 1326.10±678.72 1121.20±679.32* 1785.74±1702.39 1056.99±648.64*

Non dominant 1223.71±850.63 1073.34±587.37* 1472.08±863.98 909.01±569.99*

FDSd
Dominant 1383.16±698.23† 1111.39±555.21*† 1464.55±822.35† 1057.63±605.29*†

Non dominant 1630.11±921.87† 1180.75±757.21*† 1541.06±1805.01† 930.17±648.25*†

EDe
Dominant 1289.22±754.57 1015.31±572.62* 1450.24±747.20 1243.94±585.69*

Non dominant 1265.60±767.32 948.59±567.66* 1408.88±817.33 1192.26±508.67*
aanterior deltoid, bmean±standard deviation, ctriceps brachii, dflexor digitorum superficialis, eextensor digitorum

communis, *significant difference between preferred speed and fast speed (p<.05), †significant difference of FDS

from other muscles (p<.05).

Table 2. Muscle latency times (Unit : ㎳)

(two levels), and task (two levels) were fixed factors

and categorical variables. As a sub-analysis, in each

reaching or reach-to-grasp task conditions, muscle

activation patterns were studied using mixed models.

Post-hoc analyses were performed using the Tukey

Test to correct for multiple comparisons. Statistical

significance levels were set to .05 and all results are

reported as average ± SD. The statistical analyses

were carried out using R Statistical Software (R

statistical software, R Core Team, Vienna, Austria).

Results

The descriptive statistics for the muscle latency

times are summarized in Table 2. There were no sig-

nificant differences in muscle latency time between

dominant and non-dominant hands, or between reach-

ing and reach-to-grasp tasks (p>.05). However, there

was a significantly longer muscle latency time in the

preferred speed condition than the fast speed condition

on both reaching and reach-to-grasp tasks (p<.05)

(Figure 3). For muscle activation patterns, the FDS

muscle latency time was significantly longer than for

AD, TB, and ED muscles during the reaching task,

but this longer latency time become similar to other

muscles during the reach-to-grasp task, where all

muscles were activated simultaneously (p<.05).

Discussion

In this study, we examined interlimb differences in

muscle latency time and recruitment patterns of ante-

rior deltoid, triceps brachii, flexor digitorum super-

ficialis, and extensor digitorum communis muscles.

Subjects made reaching and reach-to-grasp move-

ments with preferred and fast speeds. When given

the start signal, the subject reached toward or held

the object after opening their eyes, they maintained

that position for 5 seconds and returned to the start-

ing position. Both arms performed the task equally

well, as there were no significant differences in mus-

cle latency time and activation patterns. However, the

fast condition had shorter muscle latency time than

those of the preferred condition for both arms.

Muscle latency times for right and left hands were

not significantly different, regardless of task con-

ditions and movement speed. In an analogous task to

that studied here, van Doorn (2008) revealed that the

reaction time for the left hand was 30 ㎳ faster the

right hand during a frontal reaching movement using

a hand-held stylus. In addition, the left hand took

longer to execute movements than the right hand,

suggesting that the left hand increases movement

accuracy by reducing reaction time, but increases

movement execution time required for overcoming

the left hand’s inherent noise and less-accurate
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A B

Figure 3. The average muscle latency times for all muscles during reaching and
reach-to-grasp movements across all subjects. Each bar indicates each upper extremity
muscle (A: reaching, B: reach-to-grasp).

movements (Annett et al, 1979; Carson, 1992; Carson

et al, 1993b). Contrarily, other studies have reported

that reaction time for left and right hands were sim-

ilar in both the fast and preferred conditions

(Grosskopf et al, 2006).

Although muscle latency time in our study can be

viewed as a proxy of the movement preparation,

similar to reaction time, it does not necessarily in-

dicate that the actual movement starts from the mus-

cle onset point. It is possible that the initial muscle

activation for the left and right hands occurs simul-

taneously, but that the left hand requires less time

for starting movements it relies on online feedback

control. Alternatively, the right hand uses the

‘feedforward’ strategy; thus, it may require more time

from muscle onset to movement start to prepare the

proceeding movement (Yadav et al, 2014). Further re-

search is needed to support this idea.

Upper and forearm muscles in this study demon-

strated distinct task-related activation patterns.

During the reaching task, muscle latency time of the

FDS was longer than those of the AD, TB, and ED

(Tukey's honest significant difference, p<.03 for all).

In contrast, the FDS activated simultaneously with

other muscles during the reach-to-grasp task. This

is a similar result of the previous studies showing

that wrist flexors and extensors were activated later

than those of the AD, posterior during simple reach-

ing movements (Wagner et al, 2007). This task-spe-

cific muscle activation might be due to specific cir-

cuits performing a sensorimotor transformation of the

object’s visual properties and task environment into a

set of motor commands that will result in the appro-

priate preparation of upper extremity muscles for

completing the task efficiently (Jeannerod et al, 1995).

This transformation involves a parieto-frontal circuit,

where the posterior parietal cortex reconstructs and

interprets properties of the object, and the ventral

premotor area selects the type of movement to be

performed (Stark et al, 2007; Murata et al, 1997;

Luppino et al, 2000). These areas are also involved

in motor planning and the preparation for both stim-

ulus-triggered and voluntary movements (Cisek et al,

2010; Shenoy et al, 2013); thus, the short muscle la-

tency time in the fast condition in this study might

be due to programmed controls from these areas.

The limitations of this study were that subjects

initiated the reaching movement when they heard the

“go” cue with their eyes closed. After the “go” cue,

they opened their eyes and found the target location.
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This experimental design led to longer muscle latency

time compared to other studies. Also, the fact that

each subjects developed the individual strategies to

avoid hitting the desk may act as a confounding fac-

tor in this study. In addition, since the accelerator on

the experimenter’s hand was used as a stimulus input

for muscle latency calculation, our data might be less

accurate than other devices, such as the electrical

switch to indicate stimulation. Although subjects were

instructed to relax their arm at the starting position,

they could not completely rest their upper extremities

due to the effect of gravity. This might lead to early

activation of the TB muscles, among others. Future

investigations should emphasize muscle recruitment

patterns and muscle latency time combined with a

kinematic variable, such as reaction time or velocity,

to better understand the anticipatory control of upper

extremity movements for the right and left hands.

Conclusion

This study revealed that left and right hands are

similar in muscle latency time and muscle recruitment

patterns during reaching and reach-to-grasp tasks in

young healthy adults. Both arms showed similar

muscle latency time and muscle activation patterns

with respect to movement speeds and tasks. Our

findings provide normative muscle physiology data for

both right and left hands. Therefore, it will be helpful

to understand abnormal movements from patients and

can be the basic information to investigate the neuro-

logical, physiological, and biomechanical differences

between dominant and non-dominant hands.

References

Annett J, Annett M, Hudson PT, et al. The control

of movement in the preferred and non-preferred

hands. Q J Exp Psychol. 1979;31(Pt 4):641-652.

https://doi.org/10.1080/14640747908400755

Annett M. Five tests of hand skill. Cortex. 1992;

28(4):583-600.

Bagesteiro LB, Sainburg RL. Handedness: dominant

arm advantages in control of limb dynamics. J

Neurophysiol. 2000;88(5):2408-2421. https://doi.org/

10.1152/jn.00901.2001

Butler TJ, Kilbreath SL, Gorman RB, et al. Selective

recruitment of single motor units in human flexor

digitorum superficialis muscle during flexion of

individual fingers. J Physiol. 2005;567(Pt 1):301-

309. https://doi.org/10.1113/jphysiol.2005.089201

Carr JH, Shepherd RB. Stroke Rehabilitation:

Guidelines for Exercise and Training to Optimize

Motor Skill. Oxford, Butterworth-Heinemann,

2003:1-300.

Carson RG, Elliott D, Goodman D, et al. The role of

impulse variability in manual-aiming asymmetries.

Psychol Res. 1993;55(4):291-298.

Carson RG, Goodman D, Chua R, et al. Asymmetries

in the regulation of visually guided aiming. J Mot

Behav. 1993;25(1):21-32. https://doi.org/10.1080/

00222895.1993.9941636

Carson RG. Visual feedback processing and manual

asymmetries: An evolving perspective. Adv

Psychol. 1992;85:49-65.

Cisek P, Kalaska JF. Neural mechanisms for inter-

acting with a world full of action choices. Annu

Rev Neurosci. 2010;33:269-298. https://doi.org/10.

1146/annurev.neuro.051508.135409

Cools AM, Witvrouw EE, De Clercq GA, et al.

Scapular muscle recruitment pattern: Electro-

myographic response of the trapezius muscle to

sudden shoulder movement before and after a fa-

tiguing exercise. J Orthop Sport Phys Ther. 2002;

32(5):221-229. https://doi.org/10.2519/jospt.2002.32.

5.221

Cools AM, Witvrouw EE, Declercq GA, et al.

Scapular muscle recruitment patterns: Trapezius

muscle latency with and without impingement

symptoms. Am J Sports Med. 2003;31(4):542-

549. https://doi.org/10.1177/03635465030310041101

Corballis MC. The genetics and evolution of



한국전문물리치료학회지 2018년 25권 3호 51-59

Phys Ther Korea 2018;25(3):51-59

- 58 -

handedness. Psychol. Rev. 1997;104(4):714-727.

Coren S, Porac C. Fifty centuries of right-handedness:

The historical record. Science. 1977;198(4317):

631-632.

Cowan SM, Bennell KL, Hodges PW, et al. Delayed

onset of electromyographic activity of vastus

medialis obliquus relative to vastus lateralis in

subjects with patellofemoral pain syndrome.

Arch Phys Med Rehabil. 2001;82(2):183-189.

https://doi.org/10.1053/apmr.2001.19022

Duff SV, Sainburg RL. Lateralization of motor adap-

tation reveals independence in control of tra-

jectory and steady-state position. Exp Brain

Res. 2007;179(4):551-561. https://doi.org/10.1007/

s00221-006-0811-1

Gilleard W, McConnell J, Parsons D. The effect of

patellar taping on the onset of vastus medialis

obliquus and vastus lateralis muscle activity in

persons with patellofemoral pain. Phys Ther.

1998;78(1):25-32. https://doi.org/10.1093/ptj/78.1.25

Grosskopf A, Kuhtz-Buschbeck JP. Grasping with the

left and right hand: A kinematic study. 2006;

168(1-2):230-240. https://doi.org/10.1007/s00221-

005-0083-1

Hammond G. Correlates of human handedness in pri-

mary motor cortex: A review and hypothesis.

Neurosci Biobehav Rev. 2002;26(3):285-292.

https://doi.org/10.1016/S0149-7634(02)00003-9

Hermens HJ, Freriks B, Disselhorst-Klug C, et al.

Development of recommendations for SEMG

sensors and sensor placement procedures. J

Electromyogr Kinesiol. 2000;10(5):361-374.

https://doi.org/10.1016/S1050-6411(00)00027-4

Jeannerod M, Arbib MA, Rizzolatti G, et al. Grasping

objects: the cortical mechanisms of visuomotor

transformation. Trends Neurosci. 1995;18(7):314-

320. https://doi.org/10.1016/0166-2236(95)93921-J

Kuhtz-Buschbeck JP, Sundholm LK, Eliasson AC, et

al. Quantitative assessment of mirror movements

in children and adolescents with hemiplegic cer-

ebral palsy. Dev Med Child Neurol. 2000;42(11):

728-736.

Luppino G, Rizzolatti G. The Organization of the

Frontal Motor Cortex. News Physiol Sci.

2000;15:219-224.

Mani S, Mutha PK, Przybyla A, et al. Contralesional

motor deficits after unilateral stroke reflect hemi-

sphere-specific control mechanisms. Brain 2013;

136(Pt 4):1288-1303. https://doi.org/10.1093/brain/

aws283

Mogk JP, Keir PJ. The effects of posture on forearm

muscle loading during gripping. Ergonomics

2003;46(9):956-975. https://doi.org/10.1080/0014013

031000107595

Murata A, Fadiga L, Fogassi L, et al. 1997. Object

representation in the ventral premotor cortex (area

F5) of the monkey. J Neurophysiol. 1997;78(4):

2226-2230. https://doi.org/10.1152/jn.1997.78.4.2226

Oldfield RC. The assessment and analysis of handed-

ness: the Edinburgh inventory. Neuropsychologia.

1971;9(1):97-113. https://doi.org/10.1016/0028-3932

(71)90067-4

Peters KM, Kelly VE, Chang T, et al. Muscle re-

cruitment and coordination during upper-ex-

tremity functional tests. J Electromyogr Kinesiol.

2018;38:143-150. https://doi.org/10.1016/j.jelekin.

2017.12.002

Sabatini AM. Identification of neuromuscular synergies

in natural upper-arm movements. Biol Cybern.

2002;86(4):253-262. https://doi.org/10.1007/s00422-

001-0297-7

Sainburg RL, Kalakanis D. Differences in control of

limb dynamics during dominant and non-

dominant arm reaching. J Neurophysiol. 2000;

83(5):2661-2675. https://doi.org/10.1152/jn.2000.83.

5.2661

Schabowsky CN, Hidler JM, Lum PS. Greater reli-

ance on impedance control in the nondominant

arm compared with the dominant arm when

adapting to a novel dynamic environment. Exp

Brain Res. 2007;182(4):567-577. https://doi.org/

10.1007/s00221-007-1017-x

Schaefer SY, Haaland KY, Sainburg RL. Hemispheric

specialization and functional impact of ipsile-



한국전문물리치료학회지 2018년 25권 3호 51-59

Phys Ther Korea 2018;25(3):51-59

- 59 -

This article was received August 10, 2018, was

reviewed August 10, 2018, and was accepted

September 10, 2018.

sional deficits in movement coordination and

accuracy. Neuropsychologia. 2009;47(13):2953-

2966. https://doi.org/10.1016/j.neuropsychologia.

2009.06.025

Shenoy K, Sahani M, Churchland MM. Cortical con-

trol of arm movements: a dynamical systems

perspective. Annu Rev Neurosci. 2013;36:337-359.

https://doi.org/10.1146/annurev-neuro-062111-1

50509

Stark E, Asher I, Abeles M. Encoding of reach and

grasp by single neurons in premotor cortex is

independent of recording site. J Neurophysiol.

2007;97(5):3351-3364. https://doi.org/10.1152/jn.

01328.2006

Suehiro T, Ishida H, Kobara K, et al. Altered trunk

muscle recruitment patterns during lifting in in-

dividuals in remission from recurrent low back

pain. J Electromyogr Kinesiol. 2018;39:128-133.

https://doi.org/10.1016/j.jelekin.2018.02.008

van Doorn RR. Manual asymmetries in the temporal

and spatial control of aimed movements. Hum

Mov Sci. 2008;27(4):551-576. https://doi.org/10.

1016/j.humov.2007.11.006

Wagner JM, Dromerick AW, Sahrmann SA, et al.

Upper extremity muscle activation during recov-

ery of reaching in subjects with post-stroke

hemiparesis. Clin Neurophysiol. 2007;118(1):164-

176. https://doi.org/10.1016/j.clinph.2006.09.022

Yadav V, Sainburg RL Limb dominance results from

asymmetries in predictive and impedance control

mechanisms. PLoS One. 2014;9(4):e93892.

https://doi.org/10.1371/journal.pone.0093892


