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Abstract
Two experiments were designed to determine response biases resulting from production of force in the contralateral limb and 
head position. Participants were required to react with one limb while tracking a sinewave template by generating a pattern of 
force defined by the sinewave with the contralateral limb or watching a cursor move through the sinewave. In Experiment 1, 
participants had to react with their right or left limb while their head was in a neutral position. In Experiment 2, participants 
had to react with their left limb while their head was turned 60° to the left or right. A color change of the waveform signaled 
participants to produce an isometric contraction with the reacting limb. Reaction time was calculated as the time interval 
between the color change of the waveform and the initiation of the response. The results indicated mean reaction time for 
the left limb was significantly influenced by force production in the right limb. During left limb reactions, reaction time was 
faster for trials in which both limbs initiated force simultaneously as compared to trials in which the left limb initiated force 
while the right limb was producing force. Mean reaction time for the right limb was not influenced by force production in 
the contralateral limb. The results are consistent with the notion that crosstalk can influence the time required to react to 
stimuli but this influence occurs at the point of force initiation and is asymmetric in nature with the dominant limb exerting 
a stronger influence on the non-dominant limb than vice versa. However, we did not find a similar effect for head position 
via the tonic neck response.
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Introduction

The ability to respond quickly to environmental stimuli has 
been implicated as a key factor in safeguarding health and 
independence. For example, reaction time (RT) has been 
associated with balance stability and risk of falls (e.g., Lajoie 
and Gallagher 2004 and Lord et al. 1993) as well as the fit-
ness to drive automobiles (e.g., Andrews and Westerman 
2012 and Christoforou et al. 2013). Therefore, understanding 
factors that may facilitate or interfere with an individuals’ 
ability to react has both practical and theoretical importance. 
Recent research on RT has indicated that the ability to react 

with one limb is influenced by the activation of an ongoing 
movement by the contralateral limb (Kennedy et al. 2013). 
This influence was attributed to neural crosstalk.

Neural crosstalk is believed to result when a mirror image 
of the command(s) sent to one muscle group is also dis-
patched to the homologous muscles of the contralateral limb 
(e.g., Cattaert et al. 1999 and Swinnen 2002). This happens 
when both hemispheres send commands to the contralateral 
limb via the crossed corticospinal pathways while concur-
rently sending the same command to the ipsilateral limb via 
the uncrossed corticospinal pathways (Cardoso de Oliveira 
2002; Cattaert et al. 1999). When the commands to both 
limbs are congruent (e.g., both limbs are producing the same 
action), interference is not likely to occur (Maki et al. 2008) 
and may even stabilize task performance when the contralat-
eral and ipsilateral signals are integrated (e.g., Cardoso de 
Oliveira 2002 and Kagerer et al. 2003). However, tasks that 
require the limbs to produce disparate actions (e.g., differ-
ent amplitudes, directions, forces, frequencies) may suffer 
ongoing interference believed to result from the conflicting 
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information or partial intermingling of signals controlling 
the limbs (e.g., Cardoso de Oliveira 2002; Kagerer et al. 
2003; Maki et al. 2008; Marteniuk et al. 1984).

Neural crosstalk may influence actions at both the execu-
tion and planning levels (e.g., Cardoso de Oliveira 2002; 
Heuer et al. 2001, 2002; Marteniuk et al. 1984; Spijkers et al. 
1997). Interference at the execution level is associated with 
motor output from efferent motor commands whereas inter-
ference at the planning level is associated with the specifica-
tion process prior to the execution of the task goal (Cardoso 
de Oliveira 2002; Heuer et al. 2001, 2002; Marteniuk et al. 
1984; Spijkers et al. 1997). Reaction time tasks are com-
monly used as an indirect measure to examine influences 
at the planning level (e.g., Diedrichsen et al. 2001; Hazel-
tine et al. 2003; Hoyer and Bastian 2013; Obhi and Goodale 
2005). Tasks requiring disparate relationships between the 
limbs should necessitate greater processing demands to 
inhibit and/or counter act the crosstalk from the contralat-
eral limb than bimanual tasks that require the same action 
(Aramaki et al. 2010). This increased processing demand 
should result in increased RTs in tasks that require different 
patterns of activation for each limb. Indeed, in an experiment 
examining the effects of tasks demands (same or disparate 
actions for each limb) on motor planning (RT) while partici-
pants learned a novel bimanual isometric pinch force task, 
RT and errors increased when the task involved asymmetric 
forces compared to symmetric forces (Hoyer and Bastian 
2013). Similarly, research has demonstrated increased RT in 
tasks that require the limbs to produce different amplitudes, 
directions, and frequencies compared to tasks that require 
the limbs to produce the same action (e.g., Daffertshofer 
et al. 2005; Hazeltine et al. 2003; Heuer et al. 2001, 2002; 
Spijkers et al. 1997). Note, however, that in many of these 
experiments, the participants were asked to initiate both left 
and right limb actions in response to stimuli.

Using an experimental design different from much of the 
previous research methods that examined how RT was influ-
enced by bimanual discrete movements such as button press-
ing, sliding, or reaching movements (e.g., Diedrichsen et al. 
2001, 2003; Hazeltine et al. 2003; Hoyer and Bastian 2013; 
Heuer et al. 2001; Obhi and Goodale 2005; Spijkers et al. 
1997), Kennedy et al. (2013) used a RT task to determine 
whether the activation of a muscle group (flexors or exten-
sors) used to produce an ongoing movement with the right 
limb influenced the RT and associated initiation of elbow 
flexion or extension movements of the left limb. The results 
indicated mean reaction of the left limb was significantly 
influenced by the concurrent type of movement (flexion/
extension) of the right limb. Reaction times were shorter on 
trials in which both limbs were initiating movements with 
homologous muscles as compared to trials in which the 
limbs were initiating movement with non-homologous mus-
cles. Interestingly, this influence only occurred at the point 

of muscle activation; no differences were detected when 
the stimuli were presented during the ballistic phase of the 
movement. This result is consistent with a series of experi-
ments that have examined neural crosstalk at the execution 
level and demonstrated interference in one limb that could 
be associated with the initiation and release of force in the 
contralateral limb (Kennedy et al. 2015, 2016a, b). When the 
task involved the production of isometric forces produced 
by the homologous muscles of the two limbs, perturbations 
consistent with neural crosstalk were observed in the force 
and force velocity times series for the left limb that were 
coincident with the initiation and release of a force pulse 
by the right limb (Kennedy et al. 2015). It is important to 
note, however, that Kennedy et al. (2013) only examined the 
influence of right limb movement on left limb RT while the 
series of experiments investigating neural crosstalk at the 
execution level used continuous isometric forces.

It has been hypothesized that the effect of neural cross-
talk is partially dependent on force, with higher forces 
resulting in stronger crosstalk effects and lower forces in 
weaker ones (Heuer et al. 2001). Indeed, perturbations such 
as those observed in the series of experiments investigat-
ing neural crosstalk at the execution level (Kennedy et al. 
2015, 2016a, b) are typically not observed in similar tasks 
performed in near frictionless environments (e.g., Boyles 
et al. 2012; Kovacs et al. 2010a, b; Kovacs and Shea 2010, 
2011). Although, isolated perturbations have been observed 
in a similar type of task in which participants were required 
to coordinate hand-held pendula (Sternad et al. 2007). Note, 
that the force requirements associated with coordinating 
hand-held pendula are greater than when the task is per-
formed in near frictionless environments. As such, RT tasks 
that require the production of force rather than movement 
may provide additional insights on how actions in one limb 
influence responses in the contralateral limb.

In addition, it has been suggested that head position 
may facilitate or interfere with movement planning and/or 
execution (Heuer and Klein 1999; Klein and Heuer 1999). 
Research has indicated that the influence of head position 
on response biases is dependent on the direction in which 
the head is turned with respect to the involved flexors and 
extensors (Shea et  al. 1995). Evidence suggest that the 
mechanism responsible is associated with the asymmetric 
tonic neck reflex (Hellebrandt et al. 1956; Shea et al. 1995). 
Asymmetric tonic neck responses are thought to reflexively 
heighten neural responsiveness of extensor muscles in the 
direction of head position and dampen the responsiveness 
of the contralateral extensor muscles (Easton 1972). The 
asymmetric tonic neck reflex is a primitive reflex found in 
newborn infants and is thought to integrate by 3 months of 
age (Gabbard, 2016). However, the asymmetric tonic neck 
response has been observed in children up to 9 years of age 
(Parr et al. 1974) and healthy adults in tasks which required 
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participants to turn their head to the left or right (Bruijn 
et al. 2013; Heuer and Klein 1999). The asymmetric tonic 
neck response has also been observed in healthy adults in 
tasks that required the production of grip force (Berntson 
and Torello 1977) and tasks requiring force production with 
larger muscle groups (Deutsch et al. 1987; Hellebrandt et al. 
1956).

Facilitation (interference) via the asymmetric tonic neck 
response may modify the muscular tone of flexors and exten-
sors of the upper limbs (Shea et al. 1995). This could impact 
response initiation (reaction time) and response execution 
(duration). For example, in an experiment investigating the 
influence of head rotation on bimanual rotation of a steer-
ing device, Heuer and Klein (1999) reported shorter RTs 
for rotations (head and handle-bars) in the same directions. 
Similarly, Klein and Heuer (1999) investigated the influ-
ence of eccentric head position on bimanual rotation of a 
steering wheel and reported different kinematics associated 
with response execution (amplitude of response, duration of 
response) between right and left head positions. Our inter-
est is on whether head position can also influence responses 
(reaction time, response duration) in one limb based on 
actions produced by the contralateral limb.

Experiment 1

Experiment 1 employed a RT task in which participants 
were required to produce an isometric force pulse with one 
limb while either generating a sinusoidal pattern of force by 
controlling a cursor to track a sinewave template with the 
contralateral limb (experimental task) or watching a cur-
sor move through the sinewave pattern (control task). The 
purpose of the experiment was to determine whether the 
production of force with one limb influenced an individuals’ 
ability to respond to a stimulus with the contralateral limb 
and if so, whether this influence was associated with the 
initiation and/or release of force in the contralateral limb. 
Faster RTs in trials that require both limbs to initiate force 
simultaneously using homologous muscles and slower RTs 
in trials that required a non-homologous pattern of muscle 
activation between the limbs would be consistent with the 
notion that neural crosstalk can influence the time required 
to react to a stimulus.

Methods

Participants

Eleven young adults (mean age 21.4, range 20–24 years; 
8 females and 3 males) participated in the experiment. 
All participants were right limb dominant according to a 
standardized survey (Oldfield 1971; mean 87.5, STD 10.7, 

min = 74.4, max = 100). The Institutional Review Board at 
Texas A&M University approved the procedures, and par-
ticipants provided written informed consent before participa-
tion in the study. The participants had no prior experience 
with the experimental task and were not aware of the specific 
purposes of the study.

Apparatus

The apparatus consisted of two static force measurement 
systems, each of which included a force transducer and an 
amplifier that converted the force exerted against the trans-
ducer into a voltage representing the instantaneous value of 
the applied force. One force transducer was attached to an 
adjustable metal frame mounted on the left side of a standard 
padded treatment table and the other force transducer was 
mounted on the right side (Fig. 1a). The voltages represent-
ing the applied forces were converted to digital values (16 
bit) using an AD converter (DAS-16 Series Board, Keithley 

Fig. 1   Illustration depicting the experimental arrangement (a), the 
sinewave, the potential stimulus position on the sinewave task (b), 
and examples of the left and right limb force trace for one partici-
pant in the experimental task conditions (c). Note the RT stimulus 
was a change in color of the cursor moving along the sinewave and 
was presented at one of 6 locations on one the cycles of the sinewave 
form. RT was calculated as the time interval between the presentation 
of the stimulus (color change of the cursor) and the initiation of the 
response. RD was calculated as interval of time from the initiation of 
the response until the force waveform crossed the upper goal (6 N)
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MegaByte Corp, MA, USA) installed on the computer. The 
computer was programmed to sample at 200 Hz. A goal 
template and a cursor representing the applied forces were 
displayed in a 1.64 × 1.23 m image projected on the wall in 
front of the participant.

Procedure

Prior to entering the testing area, participants were randomly 
assigned to an order in which they would to be tested under 
four conditions. The four conditions were comprised of the 
limb used to react (left or right) and whether the participant 
was required to track the sinewave template by generating 
a pattern of force (experimental condition) or simply watch 
the cursor move through the sinewave pattern (control con-
dition). Participants were then placed in a supine position 
on a treatment table with their head slightly elevated with a 
pillow to view a projected image on the wall located 2 m in 
front of the participant (Fig. 1a). The force transducers were 
adjusted so that the participant’s arm just below the wrist 
contacted the transducer so that they could produce iso-
metric force utilizing left and/or right triceps. This position 
allows for isolation of force produced by the limbs without 
the effects of gravity and mechanical/elastic stretch proper-
ties of the muscles and tendons.

In both the left and right experimental task conditions, 
the target pattern of force for one limb was defined by a 
sinewave template in the display (Fig. 1b). The participants 
were asked to exert force with the designated limb so that 
the cursor projected on the wall in front of them moved 
along the path defined by the sinewave. The maximum force 
required to produce the pattern illustrated by the sinewave 
pattern was 5 N. The participant maintained the cursor for 
the contralateral limb below a horizontal line positioned 
below the sinewave display while they tracked the sinewave 
with their assigned limb (Fig. 1c). They were instructed 
to maintain the contralateral limb position until the cursor 
depicting the force exerted by the limb tracking the sinewave 
changed color. The color change was the stimulus to exert 
a rapid force pulse with the contralateral limb so that the 
cursor moved from the bottom to the top of the display as 
quickly as possible. The required force to move the cursor 
from the bottom to the top of the display was 6 N. In one 
experimental condition, the participant tracked the sinewave 
with their right limb and reacted to the change in cursor 
color with the left limb. In the other experimental condi-
tion, the participant tracked the sinewave with their left limb 
and reacted with their right limb. Participants were told that 
there were no accuracy requirements for the limb they were 
to react with other than to move the cursor from the bottom 
to the top of the display.

In the control conditions, participants were instructed to 
observe the cursor move through the sinewave pattern. Note 

that no tracking force was required. Participants were simply 
asked to monitor the cursor that moved along the sinewave 
path. Participants were asked to place their limb designated 
for reaction in the instructed position until the cursor moving 
along the sinewave changed color at which time they were 
instructed to exert force with that limb in an attempt to move 
the cursor from the bottom to the top of the sinewave display 
as quickly as possible.

Participants were given two trials to practice tracking the 
sinewave template by increasing and decreasing the force 
produced by the right or left limb, depending on condition. 
Participants were also given two trials to visually track the 
movement of the cursor through the sinewave in the con-
trol conditions. On Trials 3–22, participants were asked to 
complete 20 test trials of 6 s each. The RT stimulus (cursor 
color change) only occurred once in each trial. The position 
at which the cursor changed color was varied across trials 
with half of the color changes occurring while the cursor 
was moving up and half while the cursor was moving down. 
Stimulus positions 1–3 corresponded to the production of 
force and 4–6 corresponded to the release of force (see 
Fig. 1b). The cycle in which the stimulus occurred and the 
position within a cycle (Fig. 1b) was varied across trials. The 
stimuli occurred in the same positions in the sinewave for 
the experimental and control conditions although the order 
was changed across conditions.

Measures and data analysis

The force time series for the left and right limbs for all con-
ditions were analyzed in the same manner. Prior to analysis, 
the force time series for the left and right limb were dual-
passed filtered (Butterworth, 10 Hz). Reaction time (RT) 
was determined as the interval from the presentation of the 
stimuli (cursor color change) to the time when the limb ini-
tiated force. Response duration (RD) was calculated as the 
interval of time from the initiation of the response until the 
force waveform crossed the upper goal (6 N) (see Fig. 1b). 
The dependent variables of RT and RD were analyzed in 
separate Condition (experimental, control) × Reacting limb 
(left, right) × Stimulus position (1–6) analyses of variance 
(ANOVAs) with repeated measures on all factors.

The force time series for the limb producing the sin-
ewave pattern in the experimental were filtered in the 
same manner as that for the reacting limb. The analysis 
involved calculating constant error (CE). CE for the track-
ing limb was defined as the difference between the force 
produced by the participant’s tracking limb and the sin-
ewave template at the time the stimulus was presented and 
was analyzed in a tracking Limb (right, left) × Stimulus 
position (1–6) ANOVA with repeated measures on both 
factors. Significant main effects were further analyzed 
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with Duncan’s new multiple range test and significant 
interactions were further analyzed with simple main 
effects. An α = 0.05 was used for all tests.

Results

Figure 2 provides illustrations depicting the RT at each 
stimulus position on the sinewave for the left (a) and right 
(b) limbs in both the experimental and control conditions. 
In addition, mean CE for the tracking limb in the experi-
mental condition at each of the positions where the stimu-
lus to react was presented is provided for both the right 
(b) and left (d) limbs.

Reaction time (RT)

The analysis detected a main effect of condition, 
F(1,10) = 35.98, p < .01, as expected, with RT shorter for 
the control condition (M = 388 ms, STD 39 ms) than the 
experimental condition (M = 492 ms, STD 83 ms). The main 
effect of stimulus position, F(5,50) = 4.78, p < .01, was also 
significant. In addition, the Condition × Stimulus position, 
F(5,50) = 2.78, p < .05, and the Reacting limb × Condi-
tion × Stimulus position, F(5,163) = 4.06, p < .05, interac-
tions were also significant. Simple main effects analysis for 
the left limb did not detect a difference between the control 
and experimental conditions at Stimulus position 1, while 
significant differences between the control and experimen-
tal conditions at Stimuli positions 2–6. Simple main effects 

Fig. 2   Illustration depicting the mean left limb RT at each of the 
positions where the stimulus to react was presented for the experi-
mental task and control conditions (a), the mean right limb force and 
the sinewave template at the time the stimulus was presented for the 
experimental condition (b), the mean right limb RT at each of the 

positions where the stimulus to react was presented for the experi-
mental and control conditions (c), and the mean left limb force and 
the sinewave template at the time the stimulus was presented for the 
experimental condition (d)
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analysis for the right limb detected RT differences between 
the control and experimental conditions at all stimuli posi-
tions (1–6).

Response duration (RD)

The analysis did not detect any main effects or interactions.

Constant error tracking (CE)

The analysis detected a main effect of stimulus position, 
F(5,50) = 10.33, p < .01. Duncan’s new multiple range test 
indicated that CE at Stimulus positions 3 and 4 were more 
negative than that at the other positions that were not dif-
ferent from each other (see Fig. 2b, d). Note, that mean CE 
at all stimulus positions was less than ± 0.6 N from the sin-
ewave template.

Discussion

Experiment 1 used a RT task to determine whether the ini-
tiation and/or release of force in one limb influenced an 
individuals’ ability to respond to a stimulus with the con-
tralateral limb at the planning level. We predicted shorter 
RTs when both limbs initiated a force pulse simultane-
ously and longer RTs when non-homologous muscles were 
activated. This prediction was based upon the notion that 
crosstalk would facilitate reactions when both limbs were 
activating homologous muscles due to the integration of 
contralateral and ipsilateral signals, whereas crosstalk 
would complicate processing when the reaction involved 
non-homologous muscles due to the conflicting informa-
tion or a partial intermingling of the signals controlling the 
two limbs (Kagerer et al. 2003; Marteniuk et al. 1984). The 
results of Experiment 1 indicated that mean RT for the left 
limb was influenced by the initiation of force by the right 
limb. More specifically, the results indicated faster RTs for 
left limb reactions at Stimulus position 1, when both limbs 
initiated a force pulse simultaneously. Interestingly, we did 
not find a similar pattern of results with right limb reactions. 
Note, Kennedy et al. (2013) did not examine the influence 
of left limb movements on right limb reactions. However, 
the results of the current investigation are consistent with 
the serious of experiments using the continuous bimanual 
force tasks in which perturbations associated with neural 
crosstalk were observed in the force and force velocity times 
series for the left limb but not for the right limb (Kennedy 
et al. 2015, 2016a, b). Overall, these results are consistent 
with the notion that neural crosstalk is asymmetric in nature 
with the dominant limb exerting a stronger influence on the 
non-dominant limb than vice versa (e.g., Maki et al. 2008 
and Stinear and Byblow 2004).

In addition, we predicted that RT would be longest 
at Stimulus position 4. This prediction was based on the 
results found by Kennedy et al. (2013), who used a similar 
experimental design to investigate the influence of move-
ment, rather than isometric force, with the right limb on RT 
responses with the left limb. Kennedy et al. (2013) found 
that RTs were shorter on trials in which both limbs were 
initiating movements with homologous muscles (Stimulus 
position 1) and longer on trials in which the limbs were ini-
tiating movements with non-homologous muscles (Stimulus 
position 4). However, during the current investigation, the 
mean RT was no longer at Stimulus position 4 when com-
pared to Stimulus positions 2, 3, 5, and 6. It is important 
to note the movement task used by Kennedy et al. (2013) 
required participants to initiate an extension movement and 
initiate a flexion movement to reverse direction whereas the 
task in the current investigation only required participants to 
initiate a force pulse. Taken together, the results of these two 
investigations suggest that the influence of the right limb on 
the left limb occurs during the initiation phase of the action.

Experiment 2

An asymmetric pattern of results was observed in Experi-
ment 1. Left limb reactions were influenced by the initiation 
of force by the right limb, but mean RT for the right limb 
was not influenced by force production by the left limb. It 
has been suggested that head position may influence manual 
RT and contribute to RT asymmetries via asymmetric tonic 
neck reflexes (Barthélémy and Boulinguez 2002; Heuer and 
Klein 1999; Klein and Heuer 1999). Reflex effects could 
modulate the time needed to react to a stimulus (reaction 
time). In addition, the potential effects of head position may 
modify the muscular tone of flexors and extensors of the 
upper limbs (Shea et al. 1995), this could result in different 
kinematic characteristics (response duration) depending on 
whether the head is turned towards or away from the reacting 
limb. The purpose of Experiment 2 was to replicate the find-
ings of the left limb reaction condition and to determine if 
head position also influenced reaction and/or response dura-
tion. Experiment 2 employed the same RT task as in Experi-
ment 1, however, the head was turned 60° to the left or right.

Methods

Participants

Eighteen young adults (mean age 22.1, range 19–25 years; 9 
females and 9 males) participated in the experiment. All par-
ticipants were right limb dominant according to a standard-
ized survey (Oldfield 1971; mean 88.1, STD 13.7, min = 60, 
max = 100). The Institutional Review Board at Texas A&M 
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University approved the procedures, and participants pro-
vided written informed consent before participation in the 
study. The participants had no prior experience with the 
experimental task and were not aware of the specific pur-
poses of the study.

Apparatus

The same apparatus used in Experiment 1 was used in 
Experiment 2.

Procedure

The same general procedure used for Experiment 1 was used 
in Experiment 2 with participants tested under the same con-
ditions (experimental and control) at the same 6 stimulus 
positions. However, participants were tested with different 
head positions (left and right). Note that the limb used to 
react was not manipulated. Participants were placed in a 
supine position on a treatment table with their head turned 
60° to the left or right to view a projected image on the 
wall located 2 m to the side of the participant. All partici-
pants used their left limb to react to the stimuli and tracked 
the sinewave by generating a pattern of force (experimental 
condition) with their right limb or simply watched the cur-
sor move through the sinewave pattern (control condition).

Measures and data analysis

The same measures used in Experiment 1 were used in 
Experiment 2. The dependent variables of RT and RD 
were analyzed in separate Condition (experimental, con-
trol) × Head position (left, right) × Stimulus position (1–6) 
ANOVAs with repeated measures on all factors. CE for the 
tracking limb in the experimental condition was analyzed 
in a Head position (right, left) × Stimulus position (1–6) 
ANOVA with repeated measures on both factors. Signifi-
cant main effects were further analyzed with Duncan’s new 
multiple range test and significant interactions were further 
analyzed with simple main effects. An α = 0.05 was used 
for all tests.

Results

Figure 3 provides illustrations depicting the RT at each 
stimulus position on the sinewave for the left (A) and right 
(B) head positions in both the experimental and control con-
ditions. In addition, mean CE for the tracking limb in the 
experimental condition is presented for each of the stimu-
lus positions is provided for both the right (B) and left (D) 
limbs.

Reaction time (RT)

The analysis detected a main effects of condition, 
F(1,17) = 66.99, p < .01, with RT shorter for the control 
condition (M = 398 ms, STD 39 ms) than the experimental 
condition (M = 483 ms, STD 83 ms) and stimulus position, 
(5,85) = 8.49, p < .01. The Condition × Stimulus position, 
F(5,85) = 3.07, p < .01, interaction was also significant. 
Simple main effects analysis for stimulus positions across 
conditions did not detect a difference between the control 
and experimental conditions at Stimulus position 1, while 
significant differences between the control and experimental 
conditions was found at all stimulus positions. Simple main 
effects analysis for conditions across stimulus position did 
not detect differences across positions for the control condi-
tion. However, RT was lower for Stimulus position 1 than 
for all other stimulus position for the experimental condition.

Response duration (RD)

The analysis did not detect any main effects or interactions.

Constant error tracking (CE)

The analysis detected a main effect of stimulus position, 
F(5,85) = 10.33, p < .01. Duncan’s new multiple range test 
indicated that CE at Stimulus positions 3 and 4 were more 
negative than that at the other positions that were not differ-
ent from each other (see Fig. 3b, d). Note, that mean CE at 
all stimulus positions were less than ± 0.6 N (see Fig. 3b, d).

Discussion

Experiment 2 used a RT task with the head turned 60° to the 
left or right to determine whether head position also influ-
enced left limb RT. We predicted that we would replicate the 
pattern of results observed in Experiment 1 with left limb 
reactions. More specifically, we predicted that mean RTs 
would be faster when the stimulus was presented at Position 
1 and longer at all other stimuli positions. We also predicted 
differences in mean RT and mean RD for all stimuli posi-
tions (in both control and experimental conditions) when 
the head was positioned to the left side of the body. This 
prediction was based upon the literature examining response 
biases associated with the asymmetric tonic neck response 
(Heuer and Klein 1999; Klein and Heuer 1999; Shea et al. 
1995). Turning the head towards the limb producing the 
action (left, right) is thought to enhance extension while 
turning the head away from the limb producing the action is 
thought to diminish extension (e.g., Hellebrandt et al. 1956 
and Shea et al. 1995). Although the results of Experiment 
2 replicated the findings of Experiment 1 with faster RTs 
observed at Stimulus Position 1, there were no differences 
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between mean RT for head position. In addition, there were 
no differences between RD for head position.

General discussion

Two experiments were designed to determine response 
biases resulting from the production of force in the contralat-
eral limb and head position. The results of both experiments 
indicated mean RT for the left limb was significantly influ-
enced by force production in the right limb. During left limb 
reactions, RT was faster for trials in which both limbs initi-
ated force simultaneously as compared to trials in which the 
left limb initiated force while the right limb was producing 
or releasing force, regardless of head position (Experiment 

2). Mean RT for the right limb was not influenced by force 
production in the contralateral limb (Experiment 1).

Left limb reactions

The results indicated mean RT for the left limb was sig-
nificantly faster when the right limb was initiating force. 
Faster RTs at stimulus position 1 is consistent with a num-
ber of investigation that have demonstrated faster RT when 
both limbs produced the same (symmetric) action compared 
to tasks that require disparate (asymmetric) actions (e.g. 
Daffertshofer et al. 2005; Hoyer and Bastian 2013; Spijkers 
et al. 1997). Symmetric bimanual actions, which activate 
homologous muscles simultaneously, may be facilitated 
when the contralateral and ipsilateral signals are integrated. 

Fig. 3   Illustration depicting the mean left limb RT with the head 
turned 60° to the left for the experimental and control conditions at 
each of the positions where the stimulus to react was presented (a), 
the mean right limb force and the sinewave template at the time the 
stimulus was presented for the experimental condition (b), the mean 
left limb RT when the head was turned 60° to the right for the experi-

mental and control conditions at each of the positions where the 
stimulus to react was presented (c), and the mean right limb force and 
the sinewave template at the time the stimulus was presented for the 
experimental condition when the head was positioned 60° to the right 
(d)
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Indeed, previous investigations have indicated that par-
ticipants are faster, more accurate, and more stable during 
bimanual tasks when homologous muscles are activated 
compared to when non-homologous muscles are activated 
(e.g., Carson et al. 2000; Li et al. 2004; Salter et al. 2004).

It has been debated whether the differences between 
the activation of symmetric and asymmetric actions are 
related to the increased processing demands associated 
with the inhibition of neural crosstalk when non-homolo-
gous muscles are activated or with a cost-effective benefit 
when the same information is available to both limbs during 
homologous muscle activation (e.g., Aramaki et al. 2010). 
While the current investigation cannot directly answer this 
question, the results indicated that participants were able 
to respond significantly faster during trials that required 
symmetric activation of homologous muscles (Stimulus 
Position 1) compared to asymmetric activation patterns (all 
other stimulus positions) during left limb RTs. This result 
indicates that the processing demands associated with sym-
metric bimanual actions are less demanding than asymmet-
ric bimanual actions. This finding is consistent with those 
found by Aramaki et al. (2010) who compared neural activ-
ity during bimanual symmetric and asymmetric movements 
with the sum of the activity during unimanual movement. 
Their results indicated that during symmetric movements, 
the neural substrates of bimanual movements demonstrated 
a cost-effective benefit due to the sharing of information to 
both limbs whereas a greater effort to keep the non-dominant 
limb stable was associated with asymmetric movements.

During the unimanual control condition in the current 
investigation, a program-controlled cursor moved in the 
pattern defined by the sinewave template and as with the 
experimental condition a change in the color of the cur-
sor was the stimulus to produce a force pulse. Numerous 
investigations have demonstrated longer RTs in bimanual 
compared to unimanual tasks (see Klapp 2010 for review). 
As such, we predicted that RTs would be faster at all stimuli 
positions for the unimanual control task when compared to 
the experimental task. Interestingly, however, there were no 
significant differences between the unimanual and bimanual 
RTs at Stimulus position 1 for the left limb reactions. This 
result indicates that symmetric bimanual actions require no 
extra processing demands when compared with unimanual 
actions. This result supports the notion that neural cross-
talk may facilitate the performance of symmetric bimanual 
actions by reducing the processing costs associated with the 
task when the same information is available to both limbs 
(Aramaki et al. 2010).

Right limb reactions

An asymmetric pattern of results was observed in Experi-
ment 1. A number of investigations have indicated that 

interference between the limbs is asymmetric in that one 
limb is more affected by the interference than the other limb 
(e.g., Aramaki et al. 2005; Cattaert et al. 1999; de Poel et al. 
2007; Kennedy et al. 2015, 2016b; Kagerer et al. 2003; Maki 
et al. 2008; Peters 1985; Semjen et al. 1995). Research has 
pointed to issues related to hand dominance as the source 
of the asymmetry (e.g., Treffner and Turvey 1995). Perfor-
mance differences between the dominant and non-dominant 
limbs can be observed in many motor tasks. For example, 
individuals are more stable and accurate with the dominant 
limb than with the non-dominant limb during finger tap-
ping tasks (e.g., Peters 1981, 1985), they are more accurate 
at producing the spatial and temporal goals of a task with 
the dominant limb than with the non-dominant limb (e.g., 
Carson et al. 1997; Gooijers et al. 2013; Semjen et al. 1995; 
Swinnen et al. 1997), and trajectory distortions and direc-
tion reversals most often occur in the non-dominant limb 
(Byblow et al. 1994; Semjen et al. 1995).

It has been suggested that hand dominance affects biman-
ual coordination via an asymmetry in the strength of neural 
crosstalk with the dominant hemisphere exerting a stronger 
influence on the non-dominant limb than vice versa (Ara-
maki et al. 2005; Cattaert et al. 1999; Kagerer et al. 2003; 
Maki et al. 2008). Indeed, Cattaert et al. (1999) successfully 
developed a neural crosstalk model for bimanual interfer-
ence based on the left limb receiving an attenuated mirror 
image of the commands sent to the right limb. The simula-
tion reproduced characteristics observed with asymmetric 
bimanual circle drawing such as, increasing movement fre-
quencies, decline of circular trajectories, and weakening of 
the phase coupling between the limbs (Cattaert et al. 1999). 
The results from the current investigation were consistent 
with the model produced by Cattaert et al. (1999). That is, 
neural crosstalk was asymmetric with force production with 
the dominant limb influencing the RT in the non-dominant 
limb whereas force production with the non-dominant limb 
did not influence RT in the dominant limb.

Head position

Previous investigations have indicated that lateral head posi-
tion can influence motor performance of upper body tasks 
(e.g., Shea et al. 1995). Asymmetric tonic neck responses 
are thought to reflexively heighten neural responsiveness 
of extensor muscles in the direction of head position and 
dampen the responsiveness of the contralateral exten-
sor muscles (Easton 1972). Given that participants were 
required to react with their left limb by producing an iso-
metric contraction with the extensor muscle of the elbow 
joint (triceps), while their head was turned 60° to the left or 
right (Experiment 2) we predicted faster RT and RD when 
the head was positioned towards the left side of the body and 
slower RT and RD when the head was positioned to the right 
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side of the body in both the control and experimental con-
ditions. However, head position did not influence reaction 
time or response duration in the current investigation. This 
result is partially consistent with an experiment by Klein 
and Heuer (1999), who investigated the interactions between 
eccentric head positions on bimanual rotation of a steering 
device. They found differences in the response execution 
with eccentric head position but not for response initiation. 
This result indicated that head position effects response 
execution, but not movement planning.

Facilitation (interference) via the asymmetric tonic neck 
response should affect force production resulting in addi-
tional (weaker) forces depending on the direction in which 
the head is turned with respect to the flexors and extensors 
involved in the task (Shea et al. 1995). As such, kinematic 
variables related to force production (e.g., response dura-
tion and amplitude of response) should be impacted by 
head position. Indeed, movement reversal time and the 
amplitude of the response were affected by head position in 
the experiments by Heuer and Klein (1999) and Klein and 
Heuer (1999). However, head position did not influence the 
execution of the response (RD) in the current investigation 
(see Fig. 3) in either the control or experimental conditions. 
One possibility for these results may be related to the force 
requirements of our task. Shea and colleagues, for example, 
found that the magnitude of the effect of head position on 
a learned force task tended to increase as the force of the 
contraction increased. This is consistent with a number of 
investigations that have indicated tonic neck responses in 
healthy adults are associated with increased force require-
ments (e.g., Hellebrandt et al. 1956; Heuer and Klein 2001; 
Ikai 1950). The force requirements for the RT task in the 
current investigation was minimal (i.e. 6 N). Perhaps if the 
force requirements for the RT response were greater, we may 
have seen an influence of head position.

In addition, head position did not influence RT in the 
current investigation (see Fig. 3). This result is similar to 
those reported by Klein and Heuer (1999) with no effect of 
eccentric head position on RT. However, Heuer and Klein 
(1999) did find an effect of head rotation with shorter RTs 
for handle-bar rotations in the same direction (Experiment 
2). Given that eccentric head position did not influence RT 
while head rotation did we have to consider the difference 
between the two types of head positions. The eccentric head 
position used by Heuer et al., similar to the current investi-
gation, required participants to position their head laterally 
(left or right) during a block of trials whereas participants 
were required to rotate their head laterally (left and right) 
during a trial. It is possible that rotating the head while con-
currently planning a movement response in same direction 
facilitated RT while turning the head in the opposite direc-
tion interfered with movement planning. Interesting, Heuer 
and Klein (2001) also found a bias in the random generation 

of leftward and rightward handle-rotation in the same direc-
tion as eccentric head position. Taken together, these results 
point more towards directional constraints associated with 
movement specification of the head and limbs in the same 
vs. different direction than modulation of force production 
via the tonic neck response.

Indeed, Heuer et al. attributed their results to neural cross-
talk occurring at different levels of action control (Heuer 
et al. 2001). Execution level neural crosstalk was responsible 
for differences in response amplitude while programming 
level neural crosstalk was responsible for differences in RT 
when the head and handle-bar rotation occurred in the same 
direction compared to trials when the head and handle-bar 
rotation occurred in opposite directions. While our results 
are consistent with the notion that neural crosstalk can influ-
ence the time to respond to a stimulus (Experiment 1), we 
do not find a similar effect for head position via the tonic 
neck response (Experiment 2). It is possible, however, that 
neural crosstalk may facilitate or inhibit movement planning 
depending on whether the same or different head/limb direc-
tions are concurrently specified.

Conclusion

A RT task was used to determine response biases resulting 
from the production of force in the contralateral limb and 
head position. The results indicated that mean RT for the left 
limb was influenced by the initiation of force by the right 
limb, regardless of head position. However, mean RT for the 
right limb was not influenced by force production by the left 
limb. The results are consistent with the notion that neural 
crosstalk can influence the time required to react to a stimu-
lus but this influence is associated with the initiation of force 
in the contralateral limb and is asymmetric in nature with 
the dominant limb exerting a stronger influence on the non-
dominant limb than vice versa. However, we did not find a 
similar effect for head position via the tonic neck response.

Compliance with ethical standards 

Conflict of interest  The authors have not received any financial sup-
port in this study and declare no conflict of interest.

References

Andrews EC, Westerman SJ (2012) Age differences in simulated 
driving performance: compensatory processes. Accid Anal Prev 
45:660–668

Aramaki Y, Honda R, Okada T, Sadato N (2005) Neural correlates of 
the spontaneous phase transition during bimanual coordination. 
Cereb Cortex 16:1338–1348



3263Experimental Brain Research (2019) 237:3253–3264	

1 3

Aramaki Y, Osu R, Sadato N (2010) Resource-demanding versus 
cost-effective bimanual interaction in the brain. Exp Brain Res 
203:407–418

Barthélémy S, Boulinguez P (2002) Manual asymmetries in the direc-
tional coding of reaching: further evidence for hemispatial effects 
and right hemisphere dominance for movement planning. Exp 
Brain Res 147(3):305–312

Berntson GC, Torello MW (1977) Expression of magnus tonic neck 
reflexes in distal muscles of prehension in normal adults. Phys-
iol Behav 19:585–587

Boyles J, Panzer S, Shea CH (2012) Increasingly complex bimanual 
multi-frequency coordination patterns are equally easy to per-
form with on-line relative velocity feedback. Exp Brain Res 
216:515–525

Bruijn SM, Massaad F, MacLellan MJ, Van Gestel L, Ivanenko YP, 
Duysens J (2013) Are effects of the symmetric and asymmetric 
tonic neck reflexes still visible in healthy adults? Neurosci Lett 
556:89–92

Byblow WD, Carson RG, Goodman D (1994) Expressions of asym-
metries and anchoring in bimanual coordination. Hum Move 
Sci 13:3–28

Cardoso de Oliveira S (2002) The neuronal basis of bimanual coor-
dination: recent neurophysiological evidence and functional 
models. Acta Psychol 110:139–159

Carson RG, Thomas J, Summers JJ, Walters MR, Semjen A (1997) 
The dynamics of bimanual circle drawing. Q J Exp Psychol 
50:664–683

Carson RG, Riek CJ, Smethurst JF, Lison Parraga JF, Byblow WD 
(2000) Neuromuscular-skeletal constraints upon the dynam-
ics of unimanual and bimanual coordination. Exp Brain Res 
131:196–214

Cattaert D, Semjen A, Summers JJ (1999) Simulating a neural cross-
talk model for between-hand interference during bimanual circle 
drawing. Biol Cybern 81:343–358

Christoforou Z, Karlaftis MG, Yannis G (2013) Reaction times of 
young alcohol-impaired drivers. Accid Anal Prev 61:54–62

Daffertshofer A, Peper CL, Beek PJ (2005) Stabilization of biman-
ual coordination due to active interhemispheric inhibition: a 
dynamical account. Biol Cybern 92:101–109

de Poel HJ, Peper CE, Beek PJ (2007) Handedness-related asym-
metry in coupling strength in bimanual coordination: furthering 
theory and evidence. Acta Psychol 124:209–237

Deutsch H, Kilani H, Moustafa E, Hamilton N, Hebert JP (1987) 
Effects of head-neck position on elbow flexor muscle torque 
production. Phys Ther 67:517–521

Diedrichsen J, Hazeltine E, Kennerley S, Ivry RB (2001) Moving 
to directly cued locations abolishes spatial interference during 
bimanual actions. Psychol Sci 12:493–498

Diedrichsen J, Hazeltine E, Nurss WK, Ivry RB (2003) The role of 
the corpus callosum in the coupling of bimanual isometric force 
pulses. J Neurophysiol 4:2409–2418

Easton TA (1972) On the use of normal reflexes. Am Sci 60:591–599
Gabbard C (2016) Lifelong motor development, 7th edn. Wolters 

Kluwer, Philadelphia
Gooijers J, Caeyenberghs K, Sisti H, Geurts M, Heitger MH, Lee-

mans A, Swinnen SP (2013) Diffusion tensor imaging metrics 
of the corpus callosum in relation to bimanual coordination: 
effect of task complexity and sensory feedback. Hum Brain 
Mapp 34:241–252

Hazeltine E, Diedrichsen J, Kennerley SW, Ivry RB (2003) Bimanual 
cross-talk during reaching movements is primarily related to 
response selection, not the specification of motor parameters. 
Psychol Res 67:56–70

Hellebrandt FA, Houtz SJ, Partidge MJ, Walters CE (1956) Tonic 
neck reflexes in exercise of stress in man. Am J Phys Med 
35:144–159

Heuer H, Klein W (1999) Structural constraints on the coordination 
of concurrent rotations of the head and a steering device. Mot 
Control 3:39–66

Heuer H, Klein W (2001) Eccentric head positions bias random genera-
tion of leftward and rightward handle-bar rotations. Acta Psychol 
106:23–49

Heuer H, Kleinsorge T, Spijkers W, Steglich W (2001) Static and pha-
sic cross-talk effects in discrete bimanual reversal movements. J 
Mot Behav 33:67–85

Heuer H, Spijkers W, Steglich C, Kleinsorge T (2002) Parametric 
coupling and generalized decoupling revealed by concurrent and 
successive isometric contractions of distal muscles. Acta Psychol 
111:205–242

Hoyer EH, Bastian AJ (2013) The effects of task demands on bimanual 
skill acquisition. Exp Brain Res 226:193–208

Ikai M (1950) Tonic neck reflex in normal persons. Jpn J Physiol 
1:118–124

Kagerer FA, Summers JJ, Semjen A (2003) Instabilities during 
antiphase bimanual movements: are ipsilateral pathways involved? 
Exp Brain Res 151:489–500

Kennedy DM, Wang C, Shea CH (2013) Reacting while moving: influ-
ence of right limb movement on left limb reaction. Exp Brain Res 
230:143–152

Kennedy DM, Boyle JB, Rhee J, Shea CH (2015) Rhythmical bimanual 
force production: homologous and non-homologous muscles. Exp 
Brain Res 233:181–195

Kennedy DM, Boyle JB, Wang C, Shea CH (2016a) Bimanual force 
production: cooperation and interference. Psychol Res 80:34–54

Kennedy DM, Rhee J, Shea CH (2016b) Symmetric and asymmetri-
cal influences on force production in 1:2 and 2:1 bimanual force 
coordination tasks. Exp Brain Res 234:287–300

Klapp ST (2010) Comments on the classic Henry and Rogers (1960) 
paper on its 50th anniversary: resolving the issue of simple versus 
choice reaction time. Res Q Exer Sport 81:108–112

Klein W, Heuer H (1999) The effects of eccentric head positions 
on leftward and rightward turns of a handle-bar. Acta Psychol 
103:311–329

Kovacs AJ, Shea CH (2010) Amplitude differences, spatial assimila-
tion, and integrated feedback in bimanual coordination. Exp Brain 
Res 202:519–525

Kovacs AJ, Shea CH (2011) The learning of 90 degrees continuous 
relative phase with and without Lissajous feedback: external 
and internally generated bimanual coordination. Acta Psychol 
136:311–320

Kovacs AJ, Buchanan JJ, Shea CH (2010a) Perceptual and attentional 
influences on continuous 2:1 and 3:2 multi-frequency bimanual 
coordination. J Exp Psychol Hum Percept Perform 36:936–954

Kovacs AJ, Buchanan JJ, Shea CH (2010b) Impossible is nothing: 5:3 
and 4:3 multi-frequency bimanual coordination. Exp Brain Res 
201:249–259

Lajoie Y, Gallagher SP (2004) Predicting falls within the elderly com-
munity: comparison of postural sway, reaction time, the Berg bal-
ance scale and the Activities-specific Balance Confidence (ABC) 
scale for comparing fallers and non-fallers. Arch Gerontol Geriatr 
38:11–26

Li Y, Levin O, Carson RG, Swinnen SP (2004) Bimanual coordination: 
constraints imposed by the relative timing of homologous muscle 
activation. Exp Brain Res 217:1–5

Lord SR, Caplan GA, Ward JA (1993) Balance, reaction time, and 
muscle strength in exercising and nonexercising older women: a 
pilot study. Arch Phys Med Rehabil 74:837–839

Maki Y, Wong KFK, Sugiura M, Ozaki T, Sadato N (2008) Asymmet-
ric control mechanisms of bimanual coordination: an application 
of directed connectivity analysis to kinematic and functional MRI 
data. Neuroimage 42:1295–1304



3264	 Experimental Brain Research (2019) 237:3253–3264

1 3

Marteniuk RG, MacKenzie CL, Baba DM (1984) Bimanual movement 
control: information processing and interaction effects. Q J Exp 
Psychol 37:335–365

Obhi SS, Goodale MA (2005) Bimanual interference in rapid discrete 
movements is task specific and occurs at multiple levels of pro-
cessing. J Neurophysiol 94:1861–1868

Oldfield RC (1971) The assessment and analysis of handedness: The 
Edinburgh inventory. Neuropsychologia 9:97–113

Parr C, Routh DK, Byrd MT, McMillan J (1974) A developmental 
study of the asymmetrical tonic neck reflex. Dev Med Child Neu-
rol 16:329–335

Peters M (1981) Handedness: coordination of within- and between—
hand alternating movements. Am J Psychol 94:633–643

Peters M (1985) Constraints on the coordination of bimanual move-
ments and their expression in skilled and unskilled subjects. Q J 
Exp Psychol A 37:171–196

Salter JE, Wishart LR, Lee TD, Simon D (2004) Perceptual and 
motoric contributions to bimanual coordination. Neurosci Lett 
363:102–107

Semjen A, Summers JJ, Cattaert D (1995) Hand coordination in biman-
ual circle drawing. J Exp Psychol Hum Percept 21:1139–1157

Shea CH, Guadagnoli MA, Dean M (1995) Response biases: tonic 
neck response and aftercontraction phenomenon. J Mot Behav 
27:41–51

Spijkers W, Heuer H, Kleinsorge T, van der Loo H (1997) Prepara-
tion of bimanual movements with same and different amplitudes: 

specification interference as revealed by reaction time. Acta Psy-
chol 96:207–227

Sternad D, Wei K, Diedrichsen J, Ibry RB (2007) Intermanual interac-
tions during initiation and production of rhythmic and discrete 
movements in individuals lacking a corpus callosum. Exp Brain 
Res 176:559–574

Stinear D, Byblow WD (2004) An interhemispheric asymmetry in 
motor cortex disinhibition during bimanual movement. Brain 
Res 1022:81–87

Swinnen SP (2002) Intermanual coordination: from behavior principles 
to neural-network interactions. Nat Rev 3:350–361

Swinnen SP, Jardin K, Meulenbroek R, Dounskaia N, HofkensVan-
DenBrandt M (1997) Egocentric and allocentric constraints in the 
expression of patterns of interlimb coordination. J Cogn Neurosci 
9:348–377

Treffner PJ, Turvey MT (1995) Handedness and the asymmetric 
dynamics of bimanual rhythmic coordination. J Exp Psychol 
21:318–333

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Response biases: the influence of the contralateral limb and head position
	Abstract
	Introduction
	Experiment 1
	Methods
	Participants
	Apparatus
	Procedure

	Measures and data analysis
	Results
	Reaction time (RT)
	Response duration (RD)
	Constant error tracking (CE)

	Discussion

	Experiment 2
	Methods
	Participants
	Apparatus
	Procedure

	Measures and data analysis
	Results
	Reaction time (RT)
	Response duration (RD)
	Constant error tracking (CE)

	Discussion

	General discussion
	Left limb reactions
	Right limb reactions
	Head position

	Conclusion
	References




