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Inadvertent Contralateral Activity during a Sustained
Unilateral Contraction Reflects the Direction

of Target Movement
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Strong unilateral contractions are accompanied by excitatory effects to the ipsilateral cortex. This activity can even result in overt
contractions of muscles in the contralateral limb. We used this inadvertent, associated activity to study whether the cortical presentation
of movements is organized in a directional-related or a muscle-related reference frame. We assessed the contralateral activation for the
left index finger during a sustained maximal abduction of the right index finger. In the first experiment, both hands were held vertically
in a symmetrical orientation, and in the second experiment the hands were in an asymmetrical orientation (left hand, palm downward;
right hand, vertical). In both experiments, the direction of the contralateral associated contraction was upward, i.e., in the symmetrical
hand orientation the contralateral force increased mainly in abduction direction, whereas in the asymmetrical hand orientation the
contralateral force increased in the extension direction. Thus, the contralateral contractions reflected the direction of the target move-
ment rather than simply the activity of the muscles activated on the target side. These observations provide strong evidence that motor
commands are organized in an extrinsic, direction-related reference frame, as opposed to an internal muscle-related reference frame.

Introduction

Attempts at elucidating the functional organization of the motor
system have taken much effort for many years. Some research
groups consider the organization to reflect the activity of a target
set of muscle (Todorov, 2000; Griffin et al., 2008). This view is
challenged following observations indicating that the mapping is
even more complicated, including high-level parameters such as
movement direction (Georgopoulos et al., 1982; Kakei et al.,
1999; Georgopoulos, 2000) and distinct motor actions (for re-
view, see Graziano, 2006). Many of the conclusions are based on
electrical stimulation of cortical motor areas and single neuron
recordings in monkeys. In the present study, however, we used a
different strategy to resolve the question whether the CNS uses
the active muscle ensemble or the movement direction as the
most important control variable.

It is known that during strong unilateral contractions the ac-
tivity is not confined to the target muscles, but a copy of the
efferent commands projects toward the contralateral hemi-
sphere. This efferent copy can even result in overt contractions of
contralateral muscles (Curschmann, 1906; Cernacek, 1961;
Zijdewind and Kernell, 2001; Zijdewind et al., 2006). We refer to
this inadvertent activation of the contralateral muscles as “asso-
ciated activity.” Although the amount of this associated activity
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differs between subjects, the strength correlates strongly with the
strength and duration of the target contraction (Curschmann,
1906; Todor and Lazarus, 1986; Zijdewind and Kernell, 2001;
Shinohara et al., 2003). Because associated activity is inadvertent
and subjects are generally unaware of this activity, it provides an
excellent opportunity for studying underlying motor control
strategies. Therefore, we feel that we can use this activity to inves-
tigate whether the associated activity reflects the activity of the
target muscles per se or rather the direction of the intended
movement.

We assessed the associated activity of the left index finger
during a sustained maximal contraction with the right index fin-
ger in two experiments. In one experiment, both hands were in a
vertical position (midway between supination and pronation),
whereas in the second experiment, the left hand was fully prona-
ted (palm downward), and the right hand was in vertical position.
The results showed that the direction and the amount of associ-
ated activity was strongly dependent on the orientation of the
contralateral hand relative to that of the target hand, such that it
was mainly determined by the target movement direction rather
than by the identity of the voluntarily activated target muscles.

A short account of some of the present findings has been
published as an abstract (Zijdewind et al., 2008).

Materials and Methods

Subjects. We studied 12 healthy subjects (four male and eight female;
mean age, 33 * 10 years). All subjects gave their written informed con-
sent before participation in this study and were right handed as con-
firmed by the Edinburgh Handedness Inventory (Oldfield, 1971). The
local ethical committee of the University Hospital Groningen approved
all research procedures. All subjects participated in two experimental
sessions separated by more than a week.
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Experimental set-up. We used two experimental set-ups: (1) both
hands were in a vertical position, midway between supination and pro-
nation (symmetrical orientation), and (2) the right hand was in a vertical
position, but the left hand was fully pronated (palm of the hand down-
ward; asymmetrical orientation). A graphical overview of the set-up is
given in Figure 1. All subjects participated in both sessions. The order of
the sessions was randomized between subjects.

In both experimental set-ups, subjects sat behind an experimental
table with their arms on the table. The elbow angle was ~145°. An
()-shaped plate around the wrist stabilized the hands of the subjects in
both hand positions, and digits 3—5 and thumbs of both hands were fixed
such that only forces exerted by the index fingers were recorded. In the
symmetrical orientation, both hands were held vertically, whereas in the
asymmetrical orientation, the left hand was in a horizontal position. In
both hand positions, the index fingers were held slightly abducted within
a snugly fitting ring around the proximal interphalangeal joint (Zi-
jdewind and Kernell, 1994). The ring was connected to an isometric force
transducer and measured the index finger abduction force. The left force
transducer was also able to measure force in flexion and extension
direction.

In both positions, surface electromyography (EMG) of the first dorsal
interosseus (FDI) muscles were recorded with one electrode placed over
the muscle belly and a second electrode placed at the metacarpophalan-
geal joint of the index fingers. A band-shaped earth electrode was
strapped around the wrist. Subjects received visual feedback of their
target force via a screen placed in front of them and were verbally encour-
aged during the contractions. EMG and force signals were amplified and
collected on a computer equipped with a data-acquisition interface
(Cambridge Electronic Design; CED 1401; sampling frequency, 2000 and
500 Hz, for the EMG and force recordings, respectively).

Experimental protocol. In each of the two sessions (symmetrical and
asymmetrical orientation), the following measurements were
performed.

We assessed the maximal voluntary abduction force of the FDI muscle
in both left and right hands. Subjects performed three brief maximal
abductions alternating with the left and right index finger. After these
contractions subjects performed maximal contractions in flexion and
extension direction of the left index finger only. Each maximal voluntary
contraction (MVC) consisted of a contraction of 4 s followed by 30 s rest.
The largest MVC was designated as the “control” MVC. After the MV Cs,
subjects performed a sustained maximal contraction in abduction direc-
tion for 2 min with the right index finger. We gave no instructions to the
subjects with respect to the contralateral hand. Although the subjects had
both hands connected to a force transducer and were conscious of the
fact they had to generate force in both hands in turns, they were not aware
of our specific interest in the activity on the “nontarget” side.

Data analysis. EMG and force measurements were analyzed offline
with a computer equipped with Spike 2 for windows (version 5.16; Cam-
bridge Electronic Design).

For the brief MVCs, we measured the voluntary abduction force ex-
erted by the left and right index finger, and the peak associated force
exerted inadvertently by the contralateral finger in the ab/adduction
plane. In addition, for the left finger only, these forces were also measured
in the flexion/extension plane.

Force was expressed as absolute force (N) in the ab/adduction plane
and the flexion/extension plane. Abduction and extension were arbi-
trarily assigned a positive sign, adduction and flexion a negative sign. To
assess the relative level of the associated force, we also expressed force as
a percentage of the individuals’ MVC. Because MVC values differed in
flexion and extension direction, we determined mean group values for
the flexion and extension direction separately (if a subject produced
associated activity in extension direction, the force in flexion direction
was designated to zero and vice versa).

For the EMG of the target FDI, we calculated the root mean square
(RMS) for a period of 100 ms around the voluntary force peak.

During the sustained contraction, we calculated mean abduction force
and RMS EMG of the FDI for 10 s epochs in both right and left index
finger. Furthermore, in the left index finger, the mean force in extension/
flexion direction for each 10 s epoch was calculated. As during the brief
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A Symmetrical orientation

Ring around PIP joint
Fixation digit 3-5

C-shaped wrist plate

Figure 1.  Graphical overview of the symmetrical orientation (A) and the asymmetrical ori-
entation (B) and the fixation of the hand during the task, view from above. PIP joint, Proximal
interphalangeal joint.

contractions, abduction and extension were arbitrarily assigned a posi-
tive sign, adduction and flexion a negative sign. Additionally, the mean
force was expressed as a percentage of the MVC in the same direction.

For the brief MVCs, voluntary force was analyzed using a 2 (orienta-
tion) X 2 (hand) repeated-measures ANOVA. For the left index finger,
effects of hand orientation on the direction of the associated activity was
analyzed using a 2 (hand orientation) X 2 (direction of associated force)
repeated-measures ANOVA. If this interaction showed significant ef-
fects, post hoc analyses were performed for each force direction separately
with planned contrasts.

During the sustained 2 min contraction, voluntary force and RMS EMG
as well as associated RMS EMG values were analyzed with a 2 (hand orien-
tation) X 12 (time) repeated-measures ANOVA. To detect effects of hand
orientation on the direction of the associated force, we used a 2 (hand orien-
tation) X 2 (direction of associated activity) X 12 (time). If an interaction
was found between orientations, force direction and time, post hoc analyses
were performed for each force direction separately. Differences were tested
with a 2 (hand orientation) X 12 (time) repeated-measures ANOVA. We
present the group data as mean = SDs in the text and mean * SEMs in the
figures. Statistical significance was set at p << 0.05.

Results

Brief MVCs

Voluntary contractions

Maximal abduction force generated in the symmetrical orienta-
tion was 40.22 * 10.02 N for the right index finger and 38.89 *
11.76 N for the left index finger. These values were not signifi-
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p < 0.001) (Fig. 2A). No difference was
found in the degree of fatigue of the target
muscle across the two tested orientations
(mean final force, 12.50 * 3.74 N; 30.98 =
8.67 %MVC; no orientation effect, F(,
= 0.169; p > 0.6). The RMS EMG of the
FDI of the target hand also declined over
time (F(y,.101) = 12.642, p < 0.001), with-
out a difference between hand orientations
(mean final RMS EMG, 63.44 *= 17.42

%MVG; F, .1, = 0.627; p > 0.4) (Fig. 2 B).

Associated activity during the
sustained contraction
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Figure2.  Mean index finger abduction force (4) and RMS EMG of the first dorsal interosseus (B) of the target hand over 10s

epochs during a sustained maximal abduction with the right index finger (%MVC). The two lines represent the two experiments:
black symbols (uninterrupted line) refer to the experiment with the hands in a symmetrical orientation (both hands vertical,
midway between pronation and supination); white symbols (dashed line) refer to the experiment with the hands in an asymmet-
rical orientation (left hand fully pronated, right hand vertical). Asterisk denotes significant effect for time.

cantly different from the forces in the asymmetrical orientation:
42.14 £ 9.21 N for the right index finger and 41.75 * 8.35 N for
the left index finger (F(, ;,) = 1.533, p > 0.2). In the left index
finger, the maximal force in extension direction was smaller in
the vertical hand position compared with the fully pronated po-
sition (14.55 * 4.89 N vs 25.55 * 16.57 N, respectively; p =
0.018). In nine subjects, we also recorded maximal flexion force
of the left index finger in both positions. The contractions in
flexion direction did not show a difference between hand posi-
tions: in the vertical position, subjects attained 39.66 * 21.61 N
and in the horizontal position 33.83 = 13.07 N. The large SDs in
the extension and flexion forces were attributable to one subject
who was substantially stronger than the other subjects; exclusion
of this subject did not affect the statistical analysis; therefore, this
subject was retained in the data pool.

During the brief abductions with the left index finger, the
abduction was often accompanied by index finger flexion
(35.34 £ 12.99 %MVC, n = 8). Furthermore, in three subjects,
index finger flexion changed to extension during the contraction
(average extension force: 6.95 = 9.90 %MVC).

Associated contractions during brief MVCs

Most subjects showed associated contractions in the left index
finger in both hand orientations. However, the preferred direc-
tion of the associated contraction was different between hand
orientations (effect of orientation, F, ,;, = 9.691; p = 0.01).

In the symmetrical hand orientation, the associated force was
stronger in abduction direction (2.71 * 4.16 N; 6.06 * 9.27
%MVC) compared with flexion (3.32 = 5.09 %MVC) and exten-
sion direction (1.38 * 1.57 %MVC); absolute force in the flex-
ion/extension plane equaled —1.07 £ 2.34 N (resultant force in
flexion direction).

In the asymmetrical hand orientation, the associated forces
were stronger in abduction (2.05 = 3.25 N; 4.64 * 7.17 %MVC)
and extension direction (4.21 * 6.30 %MVC) than in flexion
direction (1.14 * 2.56 %MVC); absolute force in the flexion/
extension plane was 0.70 = 2.00 N (resultant force in extension
direction).

Sustained contraction
Voluntary contractions
As expected, in both the symmetrical and asymmetrical orienta-
tion the force of the target finger during the sustained maximal
contraction declined over time (effect of time, F(,, ,,,) = 148.27;

During the fatigue task, associated index
finger force was seen in both the symmet-
rical and asymmetrical orientation. How-
ever, the main direction of the associated
activity differed significantly (interaction
effect between orientation, direction and
time: F(,; 15, = 3.965, p < 0.001) (Fig. 3).

In the symmetrical hand orientation, the associated force in
the contralateral hand increased over time in abduction direction
t0 5.30 + 5.29 N (15.26 *+ 16.07 %MVGC; F,, ,,,, = 4497, p <
0.001) (Fig. 3A,C). No significant increase in associated force in
extension (final force, 3.27 = 5.71 %MVC) or flexion (final force,
6.22 = 15.03 %MVC) direction was seen (Fig. 3B,D) (final ab-
solute force, —0.74 = 2.07 N; F(;; 15,y = 1.022, p > 0.4). The
associated force in flexion/extension direction was variable be-
tween subjects; in the latter part of the contraction, five subjects
showed associated force in flexion direction, and three subjects
showed associated force in extension direction. In four subjects,
the force in flexion/extension direction was close to zero (< 2
%MVC).

In the asymmetrical hand orientation, no increase in associ-
ated force over time was seen in abduction (mean: 1.79 * 2.78 N,
2.84 = 0.89 %MVC; effect time: F(;, 15,y = 0.5, p > 0.5) (Fig.
3A,QC) or flexion direction (0.22 = 0.13 %MVC). Yet, in this
orientation, the force in the extension direction increased pro-
gressively to 15.54 £ 13.41 %MVC (absolute force, 3.01 = 3.17
N; F(y1.101) = 5.390; p < 0.001) (Fig. 3B,D).

The RMS EMG of the contralateral FDI showed a tendency
toward a significant effect of task (F, ,;, = 4.290, p = 0.063) (Fig.
3E). During the sustained contraction in the symmetrical hand
orientation, a larger and more consistent increase in EMG was
seen (to 24.24 *+ 26.14 %MVG; effect time, F(y; 15,y = 4.879;p <
0.001) compared with the RMS EMG increase in the asymmetri-
cal orientation (to 12.55 = 12.55 %MVG; effect time, F(}, 15, =
1.777; p = 0.065).

Discussion

Our data clearly provide strong evidence that the coding of motor
signals is organized in an external frame of reference (i.e., direc-
tion of force in space), rather than in an intrinsic reference frame
(i.e., muscle specific). Here, we show that the direction of inad-
vertent contralateral-associated activity, measured during a sus-
tained maximal voluntary contraction of the target hand, re-
flected the spatial direction of the generated target force. Our
study is of interest because the task that subjects purposely per-
formed (right index finger abduction) was similar in the two
conditions, yet the (inadvertent) output of the left hand differed
depending on its orientation. In review papers concerning con-
tralateral activation (Hoy et al., 2004; Carson, 2005; Cincotta and
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Ziemann, 2008), associated activity is of-
ten implicitly connected with the homolo-
gous muscle. Our observations suggest
that the direction of contralateral associ-
ated activity is organized according to
movement direction rather than in rela-
tion to active muscle identities. This obser-
vation demonstrates that the organization
of associated activity is more complicated
than previously thought. If we assume that
the copy of the command signal that is
projected to the nontarget hemisphere is
similar in the two setups, our data demon-
strates that the hand orientation actually
modulates the output of the command
signal.

During the brief maximal index finger
abductions with the hands in a symmetri-
cal orientation, the mean amount of asso-
ciated activity in the FDI and abduction
force was comparable with earlier studies
using index finger abduction (~5 %MVC)
(Zijdewind and Kernell, 2001; Shinohara
et al., 2003; Post et al., 2008). The small
amount of associated activity during the
brief contractions and at the start of the
sustained contraction (0-30 s) in combi-
nation with the large variability between
subjects reduces the chances of finding sta-
tistical significant differences. Therefore, it
is unclear whether the small difference be-
tween associated force in abduction and
extension direction represents a difference
in organization between brief and sus-
tained contractions or is just caused by
lack of statistical power. During the sus-
tained contraction, the differences in asso-
ciated activity across hand positions be-
came very apparent. It was already known
that the amount of associated activity in-
creases during a sustained contraction (Zi-
jdewind and Kernell, 2001), and this ob-
servation has recently been confirmed by
fMRI data showing an increase in ipsilat-
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Figure 3. A, B, Associated force in ab/adduction (A) and flexion/extension direction (B) of the left index finger during a
sustained maximal abduction with the right index finger. Data are averaged over 10 s epochs. The two lines represent the two
experiments: black symbols (uninterrupted line) refer to the experiment with the hands in a symmetrical orientation (both hands
vertical, midway between pronation and supination); white symbols (dashed line) refer to the experiment with the hands in an
asymmetrical orientation (left hand fully pronated, right hand vertical). €, Shows the mean associated force (%MVC) of the left
hand in abduction direction during the symmetrical and asymmetrical orientation. D shows the mean associated force in exten-
sion direction (%MVC); for calculation of the mean values, the force in flexion direction is designated as 0. In contrast to Cand D,
Aand B show the associated force calculated as the mean of the absolute forces (abduction and extension force was arbitrarily
designated as positive values and adduction and flexion as negative values). E shows the RMS EMG values obtained in the left first
dorsal interosseus. Asterisk denotes significant effect for time, and $ denotes significant interaction effect between hand orien-
tation and time ( p << 0.05). The error bars represent SEM.

eral activation of the precentral and post-

central gyrus during a sustained maximal

contraction (Post et al., 2009). In our opinion, this observation
demonstrates that the increase in associated activity during sus-
tained contractions is attributable to an increased central drive
toward the target muscles accompanied by increased activity to
the nontarget hemisphere resulting in increased associated activ-
ity. This implies that the small difference in direction sensitivity
during the brief contractions is very likely attributable to lack of
statistical power and not to a difference in command strategy
between brief and sustained contractions.

Several reviews (Hoy et al., 2004; Carson, 2005; Cincotta and
Ziemann, 2008) discuss the possible neuronal pathways involved
in associated activity. In short, the models attribute associated
activity to activation coming through ipsilateral pathways, con-
tralateral pathways, or an interaction between the ipsilateral and
contralateral areas [Zijdewind et al. (2006), their Fig. 1]. It seems
unlikely that associated activity via ipsilateral projections would
be strongly affected by the position of the ipsilateral, nontarget

hand. Therefore, we feel that the present data clearly indicate that
the associated activity comes through the cortex contralateral to
the muscle showing associated activity (see also Zijdewind et al.,
2006).

It is generally thought that the amount of associated activity is
not only affected by excitatory but also by inhibitory effects on
the ipsilateral motor cortex (Leocani et al., 2000; Aranyi and Ro-
sler, 2002). These inhibitory interactions are important in sup-
pressing the tendency to move in symmetry. Therefore, it is in-
teresting that our results underline data obtained in a study of
Duque et al. (2005). They studied the effects of hand position on
inhibition in the corticospinal tract to the contralateral FDI. Just
before index finger abduction with the hands in a symmetrical
orientation—in their study both hands were fully pronated—the
MEP was depressed compared with the asymmetrical orientation
(left hand fully pronated, right hand midway between pronation
and supination). Their data suggest that the distribution of inhi-
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bition of the ipsilateral cortex is also related to the direction of the
movement of the opposite hand rather than reflecting the active
muscles in the opposite hand.

Summarizing, our data extends previous data mainly ob-
tained in monkeys that demonstrate that neuronal activity in
motor areas is not simply related to a single muscle representa-
tion but reflects many features, such as direction of the move-
ment (Georgopoulos et al., 1982, 1986; Kakei et al., 1999), motor
actions (Graziano, 2006), and force production (Evarts, 1968). In
our set-up, we studied inadvertent movements of the opposite
index finger, and our results underline the experiments of Kakei
et al. (1999), suggesting that the coding of the voluntary move-
ment is strongly determined by an external reference frame as
opposed to a muscle-related (internal) reference frame. Further-
more, as we assume that the associated activity is the resultant of
a copy of the efference command toward the nontarget hemi-
sphere, our data propose a future study to determine whether
direction sensitivity as coded in the efference copy is a property of
the motor cortex or that it is the result of a (direction-sensitive)
modulation of the corticospinal output, e.g., by proprioceptive
feedback or visual input.
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