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Abstract: When manipulating objects with both hands, the corpus callosum (CC) is of paramount impor-
tance for interhemispheric information exchange. Hence, CC damage results in impaired bimanual per-
formance. Here, healthy young adults performed a complex bimanual dial rotation task with or without
augmented visual feedback and according to five interhand frequency ratios (1:1, 1:3, 2:3, 3:1, 3:2). The
relation between bimanual task performance and microstructural properties of seven CC subregions (i.e.,
prefrontal, premotor/supplementary motor, primary motor, primary sensory, occipital, parietal, and tem-
poral) was studied by means of diffusion tensor imaging (DTI). Findings revealed that bimanual coordi-
nation deteriorated in the absence as compared to the presence of augmented visual feedback. Simple
frequency ratios (1:1) were performed better than the multifrequency ratios (non 1:1). Moreover,
performance was more accurate when the preferred hand (1:3–2:3) as compared to the nonpreferred
hand (3:1–3:2) moved faster and during noninteger (2:3–3:2) as compared to integer frequency ratios
(1:3–3:1). DTI findings demonstrated that bimanual task performance in the absence of augmented visual
feedback was significantly related to the microstructural properties of the primary motor and occipital region
of the CC, suggesting that white matter microstructure is associated with the ability to perform bimanual
coordination patterns in young adults. Hum Brain Mapp 34:241–252, 2013. VC 2011 Wiley Periodicals, Inc.

Keywords: bimanual coordination; visual feedback; corpus callosum; DTI; fractional anisotropy

r r

INTRODUCTION

In many day-to-day activities a high degree of collabora-
tion between the hands is required, such as tying your
shoelaces or opening a bottle. Such coordinated move-

ments of the hands, especially their directional specifica-

tions and temporal coupling, rely on communication

through the corpus callosum (CC) as demonstrated by

studies on patients who underwent partial or complete
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callosotomy [Eliassen et al., 1999, 2000; Kennerley et al.,

2002; Preilowski, 1972; Sternad et al., 2007]. The CC forms

the primary communication link between both hemi-

spheres, and is known as the largest white matter (WM)

structure in the human brain.

Diffusion tensor imaging (DTI) is a noninvasive mag-

netic resonance technique that provides information about

microstructural organization of white matter bundles by

measuring the directionality of water diffusion, expressed

by means of fractional anisotropy (FA) [Basser et al., 1994;

Beaulieu, 2002; Tournier et al., 2011]. Recently, DTI has

been introduced in the search for variations in brain struc-

ture underlying bimanual coordination with some promis-

ing findings. For example, Johansen-Berg et al. [2007]

reported that interindividual variations in asynchronous

bimanual finger-thumb opposition movements were pre-

dicted by variation in WM organization of the CC mid-

body. Sullivan et al. [2001] and Muetzel et al. [2008]

reported relations between FA in the splenium of the CC

and the speed of an alternating finger tapping task. Bon-

zano et al. [2008] reported that performance on a repetitive

finger opposition task with both hands simultaneously

was impaired in patients with multiple sclerosis, showing

lower FA values in the CC. Especially damage to anterior

parts of the CC, exchanging information between prefron-

tal and motor regions of the two hemispheres, correlated

with bimanual performance. These findings help us under-

stand the role of changes in callosal organization in bima-

nual coordination. However, no DTI studies have yet

included a broader umbrella of complex bimanual task

conditions, thereby varying the degree and nature of inter-

hemispheric communication required. Accordingly, it

remains unclear how specific this brain-behavior associa-

tion is as a function of the task conditions.
Most of the aforementioned DTI studies have used the

Witelson classification [1989] of the CC or examined only
three CC subregions, i.e., the genu, body, and splenium.
These subdivisions were often suboptimal because they
were predominantly based on nonhuman primates. In
addition, the Witelson scheme may not necessarily reflect
functionally distinct regions. In the present study, we
introduced a more specific classification of the CC, based
on tractography that allows for a distribution of FA val-
ues to functionally distinct CC regions [Hofer and
Frahm, 2006; Huang et al., 2005]. We partitioned the CC
into seven subregions based on its connections to the (1)
prefrontal regions, (2) premotor and supplementary
motor areas, (3) primary motor cortex, (4) primary sen-
sory cortex, (5) occipital, (6) parietal, and (7) temporal
cortex. We investigated the organization of the seven
CC subregions in healthy young adults in relation to
performance on a bimanual visuomotor task, which is a
computerized version of the ‘‘Etch-a-sketch’’ device (for
earlier versions, see Preilowski [1972] and Mueller et al.
[2009]). This bimanual coordination task allowed us (a)

to manipulate the key behavioral principles of bimanual
motor coordination (see further) and (b) to further
explore the importance of visual feedback for task
performance.

Previous literature on bimanual coordination has
revealed performance deterioration when trying to per-
form spatially different movements with both hands at the
same time [Franz et al., 1991, 2001; Swinnen, 2002; Swin-
nen et al., 2002, 2003; Wenderoth et al., 2003] or when less
preferred, antiphase relations are adopted [Carson et al.,
1997; Kelso, 1984; Semjen et al., 1995; Summers et al., 1995;
Swinnen, 2002; Swinnen et al., 1997b, 1998; Temprado
et al., 1999]. Constraints also occur when trying to perform
movements with a different temporal structure. A general
finding from the finger tapping literature is that simple
rhythms, in which one frequency is an integer multiple of
the other (e.g., 1:1, 2:1, 3:1), are performed more accurately
than polyrhythms (e.g., 2:3, 3:5) [Deutsch, 1983; Klapp
et al., 1985; Peper et al., 1995b; Summers et al., 1993; Swin-
nen, 2002; Treffner and Turvey, 1993]. Moreover, the dom-
inant hand is more accurate than the nondominant hand
in both the spatial and temporal domain when performing
bimanual movements [Carson et al., 1997; Semjen et al.,
1995; Summers et al., 1995; Swinnen et al., 1996]. During
multifrequency coordination tasks, performance is better
when the preferred hand executes the faster of the two fre-
quencies [Byblow and Goodman, 1994; Peters, 1985].

Even though constraints are apparent in bimanual
movements, they can be overcome by means of practice
and/or experimental manipulations that drive the per-
former towards the task goal, such as visual aids or task
conceptualization [Debaere et al., 2003; Franz et al., 2001;
Franz and McCormick, 2010; Kovacs et al., 2010; Lee et al.,
1995; Ronsse et al., 2011; Swinnen et al., 1997a]. We aimed
to test the previously mentioned bimanual constraints in
our newly designed task and expected these to be more
pronounced in the absence of augmented visual feedback.

Importantly, a major focus of this study was the exami-
nation of the relationship between the microstructural or-
ganization of the CC (as determined with DTI) and
performance on the bimanual coordination tasks. We
hypothesized that correlations between task performance
and measures of structural organization in the described
CC subregions would be dependent on the level of task
complexity and the availability of augmented visual feed-
back. More specifically, we expected that the CC substruc-
tures connecting bilateral prefrontal and sensorimotor
areas would become increasingly important for more com-
plex, multifrequency movements than for simple, isofre-
quency movements, because prefrontal activity would gain
prominence with supervising and supporting processing
in the sensorimotor areas. Moreover, internally guided
movements (in the absence of augmented visual feedback)
were hypothesized to be more demanding for the bilateral
prefrontal areas and the supporting anterior CC substruc-
tures than externally-guided movements (with augmented
visual feedback) [Goldberg, 1985].
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MATERIALS AND METHODS

Subjects

Thirty undergraduate students of the University of
Leuven (23 females, 7 males, mean age 20.5, SD ¼ 1.4 years,
range 19–25) participated in the experiment. Subjects were
all right-handed as determined by the Oldfield Handedness
scale [Oldfield, 1971] [mean laterality 94.7 � 8.4 (S.D.),
range 70–100] and had no history of neurological or psychi-
atric disorders. They were naı̈ve with respect to the task
and had normal or corrected-to-normal vision. Informed
written consent was obtained from each participant prior to
testing according to the Declaration of Helsinki. The experi-
mental protocol received approval from the local ethical
committee of the University of Leuven.

Apparatus and Task Description

Two sessions were administered: a behavioral session
followed by a DTI scanning session within a week. During
the behavioral session, participants were seated comfort-
ably at a table in front of a computer monitor with both
lower arms resting on two custom-made adjustable ramps.
At the end of each ramp, 8 cm below the plane, a dial was
mounted on a horizontal support consisting of a flat disc

(diameter 5 cm) and a vertical peg. The dials were rotated
by holding each peg between the thumb and index finger
(see Fig. 1). High precision shaft encoders were aligned
with the axis of rotation of the dials to record angular dis-
placement (Avago Technologies, sampling frequency ¼ 100
Hz, accuracy ¼ 0.089�). Forearms rested on the ramps cov-
ered with foam to maximize comfort and minimize fatigue.
Direct vision of both hands and forearms was occluded by
a horizontal table-top bench that was placed over the fore-
arms of the subject (see Fig. 1). The left and right dial con-
trolled the movement of a red cursor along the vertical and
horizontal axis, respectively. When the left dial was rotated
to the right (clockwise), the cursor moved up; when turned
to the left (counterclockwise), the cursor moved down.
When the right dial was rotated to the left (counterclock-
wise), the cursor moved to the left, when rotated to the
right (clockwise), the cursor moved to the right. The gain
was set to 10 U rotation�1, indicating that drawing a hori-
zontal/vertical line on the screen of 150 U required 15 com-
plete rotations of the right/left dial, respectively.

Visual feedback of actual performance consisted of a
moving red dot with a 1-cm long tail displayed on the
screen. The target was a white cursor which remained
motionless in the center of the screen for 1 s, after which it
began to move from the center of the display (a black 15
� 15 cm2), along a blue target line, to the periphery (see
Fig. 1), indicative of the bimanual coordination pattern to
be produced (see further). The target moved at a constant
rate for a total duration of 7 s. After 7 s the screen turned
black, regardless of the subject’s location on the screen,
and the next target line would appear after a random
interval of 4–6 s. The goal of each trial was to generate the
correct direction and speed by turning the dials, to
produce a line with the equivalent angle. In other words,
subjects had to match the red cursor with the white cursor
in space and time as accurately as possible.

Four coordination patterns were introduced: two in
which the left and right dial moved in the same direction,
either clockwise (CW) or counterclockwise (CCW), and
two in which the left and right dial moved toward (IN) or
away from each other (OUT) (see Fig. 2). The coordination
patterns were performed according to one of the following
frequency ratios between the left and right hand, deter-
mining the precise slope (angle) of the target line on the
screen, using the convention of referring to the left hand
first, and the right hand second (L:R): 1:1, 1:3, 2:3, 3:1, and
3:2. For example, a 1:3 frequency ratio indicated that the
left hand moved three times slower than the right hand.
The combination of coordination patterns (4) and fre-
quency ratios (5) resulted in 20 experimental target path-
ways (see Fig. 2). In addition, two tracking conditions
were administered: with augmented visual feedback of
actual performance on the screen (FB) and without
(NoFB). In the FB condition, the blue target line, the white
target and the red cursor (online visual feedback) were
presented on the screen. In the NoFB condition, a static
visual display of a blue target line was presented, but the

Figure 1.

Experimental setup. (A) Subject seated in front of a computer

screen displaying the task. The response apparatus consisted of

two dials fixated on a ramp. (B) The hands were covered with a

horizontal table-top bench during the experiment. (C) Display

on the screen during a single trial. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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target and subject-controlled cursor remained invisible. An
auditory stimulus was provided to indicate the start and
end of the trial. Participants were then required to track
the target pathway based on their mapping of the coordi-
nation pattern onto the target line representation and by
using proprioceptive cues.

Subjects performed 12 trial blocks, 6 with feedback (FB)
and 6 without feedback (NoFB), with 2–3 min of rest
between blocks. Each trial block consisted of 20 distinctive
target lines presented in a pseudorandom order. Trial
blocks of FB and NoFB were alternated, with the starting
condition being randomized across subjects. Prior to data
recording participants were allowed to practice each of the
20 lines in both FB conditions, for a duration of 10 min, to
become familiar with the task variants. At completion of
the behavioral experiment, participants were asked to rate
the difficulty of the task (in general, per movement direc-
tion and per frequency ratio) on a scale from 1 to 10 (1 is
very easy, 10 is very difficult). The behavioral part of the
experiment typically lasted 90 min. Computer program-
ming for this task was done using LabView, version 8.5.

Data Analysis

The data of the bimanual coordination task were ana-
lyzed using both Labview (8.5) software (National Instru-
ments, Austin, TX) and MATLAB R2008a. On each trial,
the x- and y- positions of the target and the cursor were
sampled in real time at 100 Hz. Per target line the slope
error was calculated as a measure of accuracy. Slope error
compared the slope produced by the participant relative to
the target slope, which was calculated using the following
multistep procedure: (1) the slope angle of each target line

was determined by calculating the arctangent of the target
frequency ratio:

tan�1ðxleft=xrightÞ ¼ hlineð�Þ

where xleft is defined as the frequency of the left dial and
xright the frequency of the right dial. (2) A linear least
square was then fitted to the line drawn by the participant
at the end of each trial. (3) The participant’s slope angle
was determined similarly to the slope angle of the target
line, using the arctangent of the slope of the subject. (4)
The absolute difference between the slope angle of the
subject and the slope angle of the target was defined as
the slope error expressed in degrees (�).

To determine whether subjects generally met the task
requirements, all data were transformed into z-scores [(X -
MEAN)/SD)]. A trial was classified as an outlier and dis-
carded from the analysis when z values were greater than
|3|. On average 3% of the data points were removed
from the dataset [range 0–11.3%; SD 2.40].

Image Acquisition

A Siemens 3 T Magnetom Trio MRI scanner (Siemens,
Erlangen, Germany) with standard head coil was used for
image acquisition. For all subjects, a high resolution T1-
weighted structural image was acquired using magnetiza-
tion prepared rapid gradient echo (MPRAGE; TR ¼ 2300
ms, echo time (TE) ¼ 2.98 ms, 1 � 1 � 1.1 mm3 voxels,
field of view (FOV): 240 � 256 mm2, 160 sagittal slices) for
anatomical detail. Diffusion tensor images were acquired
using the following parameters: single-shot spin-echo; slice
thickness ¼ 2.5 mm, TR ¼ 8700 ms, TE ¼ 116 ms, number
of diffusion directions ¼ 150, b values were 700, 1000, and
2800 s mm�2, number of sagittal slices ¼ 58, voxel size ¼
2.5 � 2.5 � 2.5 mm3. Total scan time was 30 min.

DTI Processing

Data analysis was performed on 24 of 30 participants
due to (motion) artefacts and drop-out. The DTI data were
analyzed and processed using the following multistep
procedure:

a. The raw diffusion weighted data and the nondiffusion
weighted images were loaded into ExploreDTI [Lee-
mans et al., 2009] and we ‘‘looped’’ through the sepa-
rate diffusion weighted imaging volumes at a high
frame rate to check for any obvious artifacts in the
data, such as large signal dropouts and geometric dis-
tortions. Moreover, we inspected the images in differ-
ent ‘‘orthogonal’’ views (i.e., not only in the image
plane that the data were acquired in) to detect any
interslice and intravolume instabilities (e.g., the ‘‘zebra
pattern’’). We also quickly toggled between the views

Figure 2.

Schematic representation of the bimanual coordination task. The

20 target pathways are represented: five frequency ratios (1:1,

1:3, 2:3, 3:1, 3:2) between the left and right hand and four differ-

ent coordination patterns (CW, CCW, IN, OUT).

r Gooijers et al. r

r 244 r



of the first and last acquired diffusion weighted image
to observe subtle system drifts. Finally, we checked
the residual map, reflecting the difference between the
modeled and the measured signal [Tournier et al.,
2011]. With such a residual map one can detect arti-
facts that are not always visible on the FA map or on
the individual diffusion weighted images.

b. The DTI data sets were corrected for subject motion
and eddy current induced geometric distortions [Lee-
mans and Jones, 2009]. In summary, the diffusion
weighted images were realigned to the nondiffusion
weighted image using an affine coregistration method
based on mutual information with cubic interpolation
to resample the images [Klein et al., 2010]. During
this correction procedure, the b-matrix was adjusted
for the rotational component of subject motion to
ensure correct diffusion tensor estimates.

c. The diffusion tensor model was fitted to the data using
the Levenberg–Marquardt nonlinear regression method
[Marquardt, 1963]. The diffusion measure FA was sub-
sequently calculated as described previously by Basser
and Pierpaoli [1996]. FA values range from 0 to 1,
where 0 represents maximal isotropic diffusion (i.e.,
equal amount of diffusion in all directions), or lack of
directional organization, and 1 represents maximal ani-
sotropic diffusion (i.e., only movement parallel to the
major axis of a WM tract), and higher values reflecting
‘‘more’’ organized tissues such as in WM tracts.

d. We reinspected the data in three orthogonal planes in
a ‘‘loop’’ format to ensure that the motion/distortion
correction was performed correctly and that no addi-
tional artifacts were introduced into the data.

e. DTI data were transformed to MNI space to maxi-
mize uniformity in terms of intersubject brain angu-
lation. In doing so, the subregions of the CC in the
subsequent fiber tractography analysis can be
defined in a standardized way. The first step in the
DTI coregistration process to MNI space consisted of
the construction of a population-based MNI template
[Mori et al., 2008; Van Hecke et al., 2008]. With this
template, an affine, and, subsequently, a high-dimen-
sional nonaffine DTI-based coregistration technique
could be applied to obtain the final DTI data sets in
MNI space [Leemans et al., 2005; Van Hecke et al.,
2007]. In the nonaffine coregistration approach, the
images are modeled as a viscous fluid, imposing a
constraint on the local deformation field. During
normalization, the Jacobian is constrained to reduce
the chance of forcing the underlying brain structures
in an anatomically nonplausible way. This viscous
fluid model was optimized for aligning multiple dif-
fusion tensor components and has been applied suc-
cessfully in a wide range of applications, where
adjusting for morphological intersubject (and inter-
group) differences, such as, for instance, ventricle
size, is considered to be of paramount importance
[Hecke et al., 2010; Hsu et al., 2010; Sage et al., 2009;

Verhoeven et al., 2010]. Based on a recently devel-
oped simulation framework, the nonaffine DTI-based
coregistration method, in particular, has been shown
to provide highly accurate registration results [Van
Hecke et al., 2009].

f. Deterministic streamline tractography of the CC was
performed for each subject by manually drawing
regions of interest in ExploreDTI [Leemans et al.,
2009] by the same operator (J.G.). FA thresholds to
initiate and continue tracking were set to 0.15; the
maximum angle was thresholded at 40�; and step size
1 mm. Tractography was performed using two-
dimensional regions of interest at the midline of the
brain. All regions of interest were drawn according to
specific anatomical landmarks and a priori deter-
mined rules that were followed carefully and consis-
tently for each subject [Catani and de Schotten, 2008].
Intra- and interrater reliability of this approach has
been shown in a previous study in patients with pro-
gressive supranuclear palsy [Ito et al., 2008].

ROIs Definition

According to the recently described paradigm by Hofer
and Frahm [2006], the CC can be geometrically partitioned
into five vertical regions using the following strategy. The
most anterior sixth of the entire CC makes up the first ROI
(CC1/Prefrontal), containing fibers projecting into the pre-
frontal region. The second ROI (CC2/Premotor), consisting
of the remaining part of the anterior half of the CC, contains
fibers projecting to premotor and supplementary motor
areas. A third ROI (CC3/Primary motor) is the posterior
half minus the posterior third and refers to fibers projecting
into the primary motor cortex. Next, the fourth ROI (CC4/
Primary sensory) is defined as the posterior one-third minus
posterior one-fourth and contains fibers interconnecting both
primary sensory cortices. The remaining part of the posterior
half of the CC was further divided according to Huang’s
scheme [2005]. The splenium was divided into an occipital
(CC5), a parietal (CC6), and a temporal (CC7) region in
which occipital fibers are found in the posterior inferior
region of the splenium, parietal fibers are spread across a
wide area in the posterior–superior region of the splenium
and temporal fibers are found in the anterior-inferior region
of the splenium of the CC. Mean FA values were then calcu-
lated in the seven ROIs for all participants. Regions of inter-
est (ROIs) were drawn within the CC of each participant on
the midsagittal plane of FA maps (see Fig. 3).

Statistical Analysis

For slope error, a 2 � 4 � 5 (feedback � coordination
pattern � frequency ratio) repeated measures ANOVA
was performed. Feedback consisted of two levels, i.e., FB
and NoFB. Coordination pattern contained four levels, i.e.,
inwards (IN), outwards (OUT), clockwise (CW), and
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counterclockwise (CCW). Frequency ratio comprised five
levels, i.e., 1:1, 1:3, 2:3, 3:1, 3:2. In addition, to explore the
effect of hand allocation, we collapsed the frequency ratios
in which the right hand was leading (1:3 and 2:3) and the
frequency ratios in which the left hand was leading (3:1
and 3:2) and performed a 2 � 2 (feedback � hand)
repeated measures ANOVA. A similar 2 � 2 (feedback �
movement pattern) repeated measures ANOVA was per-
formed to explore the effects of movement patterns during
1:1 frequency ratios. Inwards and outwards coordination
patterns were grouped as ‘‘inphase’’ movements and
clockwise and counterclockwise coordination patterns
were grouped as ‘‘antiphase’’ movements. Significant main
and interaction effects were further explored by post hoc
tests using Tukey correction. In addition to the significant
main effects, only the interaction effects concerning the
feedback factor are of direct interest and will be described.

To examine the microstructural differences among the
seven CC subregions a one-way repeated measures ANOVA
was conducted. Forward stepwise regression models were
employed to test whether FA in specific CC subregions is
predictive of performance on this bimanual coordination
task. The F-to-enter was set to 1.0 and the F-to-remove was
set to 0.5. All statistical analyses were performed with Statis-
tica 8 (StatSoft, Tulsa) using an a-level of 0.05.

RESULTS

Behavioral Data

Using a 2 � 4 � 5 repeated measures ANOVA,
analysis of slope error revealed a main effect of feedback,

indicating that the error of the slope angle was generally
lower (indicative of better performance) when online vis-
ual feedback information was available (see Table I). A
significant main effect was also observed with respect to
frequency ratio. The main effect of coordination pattern
was not significant. No significant interaction effect was
found between feedback and coordination pattern. How-
ever, the feedback � frequency ratio interaction was sig-
nificant (see Table I). Post-hoc Tukey revealed that the
slope error was higher in the no visual feedback condi-
tion as compared to the visual feedback condition across
all frequencies (P < 0.01), except for the 1:1 ratio (P >
0.05). For the NoFB condition slope error was smallest
for the 1:1 frequency ratio and gradually increased with
increasing frequency difference (P < 0.001). Figure 4 rep-
resents this finding, referred to as the ‘‘seagull’’ effect by
virtue of its resemblance to the bird’s wings. Tukey post-
hoc tests also revealed the asymmetry of the seagull in
the NoFB condition, i.e., slope error for the 3:1 frequency
ratio was higher than for the 1:3 (P < 0.05) and 2:3 ratios
(P < 0.001) and the 3:2 frequency ratio revealed a higher
slope error than the 2:3 ratio (P < 0.05). For the FB condi-
tion, the 3:1 frequency ratio revealed a higher error score
than both the 1:1 (P < 0.001) and 2:3 frequency ratio (P
< 0.01). The three-way interaction between feedback,
coordination pattern, and frequency ratio was not
significant.

In addition, the left hand leading conditions and the
right hand leading conditions were grouped. A 2 � 2
(feedback [FB - NoFB] � hand [left - right]) repeated meas-
ures ANOVA was conducted and revealed a main effect
of FB and a main effect of Hand (see Table I). No signifi-
cant interaction effect was found. Further exploration
revealed that slope error was smaller when visual

TABLE I. Slope error

Effect df F P

Three-way repeated measures ANOVA

Feedback 1 153.66 <0.001

Frequency ratio 4 24.01 <0.001

Coordination pattern 3 1.85 >0.050
Feedback � frequency ratio 4 18.56 <0.001

Feedback � coordination pattern 3 1.43 >0.050
Feedback � frequency ratio �

coordination pattern
12 0.754 >0.050

Two-way repeated measures ANOVA—Effect of hand

dominance

Feedback 1 148.15 <0.001

Hand 1 7.35 <0.050

Feedback � hand 1 1.37 >0.050
Two-way repeated measures ANOVA—Effect of coordination

mode

Feedback 1 2.61 >0.050
Movement pattern 1 12.10 <0.010

Feedback � movement pattern 1 1.14 >0.050

Figure 3.

Seven regions of interest. Prefrontal (yellow), premotor/SMA (red),

primary motor (cyan), primary sensory (orange), parietal (purple),

temporal (magenta), occipital (green). [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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feedback was present and when the right instead of the
left hand adopted the higher frequency.

Finally, we collapsed the in- and outward coordination
patterns (inphase movements) and the CW and CCW pat-
terns (antiphase movements) for the 1:1 frequency ratio. A
2 � 2 (feedback [FB - NoFB] � movement pattern [inphase
- antiphase]) repeated measures ANOVA revealed a main
effect of movement pattern, indicating that mean slope
error was smaller when moving the hands inphase. No
significant main effect of FB or interaction effects were
found (see Table I).

DTI Results

Regional effects of fractional anisotropy

A repeated measures ANOVA on the seven CC subre-
gions revealed a significant main effect of region [F(6,138)
¼ 48.41, P < 0.001)] (see Fig. 5). Post-hoc Tukey demon-
strated that FA values were higher in the parietal (CC6)
and occipital region of the CC (CC5) as compared to the
other regions (P < 0.001).

Relation between white matter
organization and bimanual coordination

Because of the minor impact of the four different coordina-
tion patterns they were combined in the subsequent analysis.
Moreover, we decided to only use the data of the 1:1 and 3:1
frequency ratios without consideration of the others, because
(1) post-hoc data of the main effect of frequency ratio and (2)
data of experienced difficulty (63% of the subjects rated the
3:1 ratio as most difficult and 81.5% of the subjects rated the
1:1 ratio as the most unproblematic) revealed that 1:1 resulted

in the best performance and 3:1 in the worst performance.
Accordingly, this parsimonious strategy preserved the broad
spectrum of performance differences among the frequency
ratios while reducing the likelihood of Type I errors.

To evaluate the amount of variance that was explained
by the FA values of the seven CC subregions, we per-
formed a forward stepwise regression analysis on the slope
error of 1:1 NoFB/FB and 3:1 NoFB/FB conditions. Predic-
tors for each model were FA values of the selected CC
regions. The dependent measure obtained during the visual
FB conditions was not significantly predicted by the FA val-
ues of the CC regions. However, significant models were
found for the NoFB conditions. FA of the occipital region (b
¼ �0.61, P < 0.01) contributed significantly to the predic-
tion of slope error during 1:1 frequency ratio coordination.
Furthermore, slope error during performance of the 3:1 ra-
tio showed a significant association with FA of the primary
motor region (b ¼ -0.66, P < 0.01). Corresponding correla-
tion plots are depicted in Figures 6 and 7, respectively. A
summary of the regression analyses is shown in Table II.

DISCUSSION

This study shows that quantitative DTI information ena-
bles associating the microstructural organization of specific
CC substructures with behavioral functions in healthy
young adults. Bimanual coordination was assessed with a
unique bimanual visuomotor task and revealed all but one
of the previously described behavioral constraints. White
matter integrity of some of the CC substructures was pre-
dictive of bimanual performance during the more
demanding internally-guided movement condition without
augmented visual FB, but this prediction was not modu-
lated by task complexity features.

Figure 5.

FA values for the seven subregions of the CC.

Figure 4.

Slope error for each frequency ratio. Full line and dashed line

represent nonaugmented (NoFB) and augmented (FB) trials. We

refer to the left hand first and the right hand second (L:R).
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Bimanual Constraints and Overcoming

Constraints

Consistent with previous research, the isofrequency ratios
(1:1) resulted in better performance than the multifrequency
ratios (i.e., 1:3, 3:1, 2:3, and 3:2). Comparison among the
multifrequency ratios demonstrated that the 1:3 and 3:1 fre-
quency ratios resulted in higher error scores than the 2:3
and 3:2 frequency ratios, respectively. Previous research on
multifrequency coordination revealed a distinction between
rhythms with harmonic (e.g., 2:1, 3:1, etc) and nonharmonic
(e.g., 3:2, 5:4, etc.) frequency ratios. Specifically, literature on
finger tapping tasks demonstrated that tapping simple
rhythms was more accurate than tapping polyrhythms
[Deutsch, 1983; Klapp et al., 1985; Peper et al., 1995a;
Summers et al., 1993; Treffner and Turvey, 1993]. Our find-
ings are not consistent with these results, possibly due to
the dissimilarities between finger tapping and the present
more complex coordination task. This effect can possibly be
accounted for by the relative velocity difference between
the two hands. When performing the 3:2 or 2:3 ratios, the
relative speed difference between the two hands is 1.5,
whereas it is 3 for the 3:1 and 1:3 frequency ratios. A higher
speed difference between both hands is apparently associ-
ated with less accurate performance, irrespective of whether
the frequency ratio is integer or non-integer. Moreover, the
type of movement may also affect bimanual constraints.
Ivry et al. [2002] referred to two types of timing, i.e., event
timing (discrete events like finger tapping) and emergent
timing (continuous trajectories like drawing circles), having
no relation with each other concerning temporal precision
[Robertson et al., 1999]. Although periodicity was not
directly tested here, the hand movements can be regarded
as much more continuous and smooth than typical finger
tapping movements that require distinct reversals in direc-

tion. Correspondingly, the disagreement with the previous
literature on integer and noninteger ratios can possibly be
accounted for by these different movement types and their
associated timing, i.e., discrete events such as finger tapping
(typically used in past polyrhythm research) versus emer-
gent timing (as used in the present bimanual circling task).

We also observed a greater accuracy when participants
were required to move faster with the preferred hand (i.e.,
1:3 and 2:3) than with the non-preferred hand (i.e., 3:1 and
3:2), supporting previous work on manual asymmetry in
bimanual forearm movements [Byblow and Goodman, 1994;
Summers et al., 2002], bimanual finger tapping [Peters, 1985]
and bimanual circular movements [Carson et al., 1997; Sem-
jen et al., 1995; Stucchi and Viviani, 1993; Swinnen et al.,
1996]. Finally, consistent with previous literature, we found
that antiphase movements resulted in less successful per-
formance than inphase movements when performing the 1:1
frequency ratio [Carson et al., 1997; Kelso, 1984; Semjen
et al., 1995; Summers et al., 1995, 2002; Swinnen, 2002; Swin-
nen et al., 1997b, 1998; Temprado et al., 1999].

We manipulated the availability of augmented visual
information to assess its effect on the alleviation of coor-
dination constraints. Previous work has demonstrated
that bimanual constraints can be overcome with the help
of augmented feedback (FB) [Debaere et al., 2003; Franz
and McCormick, 2010; Kovacs et al., 2010; Lee et al.,
1995; Ronsse et al., 2011; Swinnen et al., 1997a]. Our
results are consistent with these findings, as exemplified
by the major improvements in the non 1:1 (more
demanding) frequency ratios when augmented visual FB
was present. The 1:1 frequency ratio again appeared to
be highly stable as it was less influenced by the presence
of augmented visual FB.

Figure 7.

Scatterplot indicating the relationship between FA of the Motor

CC and Slope error for the 3:1 frequency ratio task without

augmented feedback (NoFB).

Figure 6.

Scatterplot indicating the relationship between FA of the occipital

CC and slope error for the 1:1 frequency ratio task without aug-

mented feedback (NoFB). Without outlier: r ¼ -0.52, P < 0.01.
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DTI and Bimanual Coordination

Consistent with previous studies, significantly higher
FA values were found for the posterior regions of the CC
compared to the anterior and middle CC regions [Che-
puri et al., 2002; Hasan et al., 2005, 2009; Hofer and
Frahm, 2006; Madden et al., 2004; Ota et al., 2006; Pfeffer-
baum and Sullivan, 2003; Sullivan et al., 2001]. Chepuri
et al. [2002] have explained this regional difference in FA
by a combination of tighter packing of axons, fewer
obliquely oriented axons and less permeable myelin
sheaths in the posterior compared to the anterior regions
of the CC. In addition, microscopic examination of the
CC revealed more densely packed thin fibers in the genu
and splenium of the CC, whereas less densely packed
fibers were found in the posterior midbody of the CC
[Aboitiz et al., 1992]. This regional differentiation of fiber
types and densities is paralleled by a regional differentia-
tion of FA, with higher values whenever densely packed
CC fibers predominate [Hofer and Frahm, 2006]. These
structural differences are consistent with the observation
of the lowest FA values in the primary motor/sensory
areas and temporal subregions, and the highest FA val-
ues in the occipital fiber bundle.

We hypothesized that correlations between task per-
formance and measures of structural organization in the
described subregions of the CC would be dependent on
task complexity and the availability of augmented visual
FB. With respect to FB availability we assumed that
bimanual performance in the absence of visual FB would
require increased involvement of prefrontal areas (con-
nected by the anterior CC). This structural association
was not directly supported even though significant
brain-behavior correlations were found in the NoFB con-
dition. With respect to task complexity we expected that
for more complex multifrequency movements the CC
substructures connecting the bilateral prefrontal and sen-
sorimotor areas would gain prominence as the support-
ing architecture for processing in prefrontal and
sensorimotor areas. The correlation between FA of the
CC primary motor substructure and 3:1 performance fits
with this assumption. However, no significant correla-
tions with CC1 (prefrontal) were observed. Furthermore,
performance on the easiest 1:1 mode correlated with the
CC5 (occipital) substructure.

That we found this correlation in the easiest (1:1) con-
dition without augmented FB may appear somewhat
unexpected at first sight, but several potential accounts
can be put forward. First, even in the no-vision condition
subjects received a static visual display of a target line
(with different slopes), which was associated with a par-
ticular trajectory (see Fig. 2). This may have facilitated the
involvement of visual processing areas and information
exchange through interconnecting CC pathways. Second,
apart from an important tactuo-proprio-motor component,
visual imagery, which is mediated via more posterior CC
regions, may support bimanual performance and more
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effectively so for familiar (1:1) than less familiar tasks (non
1:1). Thus, subjects might have visualized an image of the
cursor on the screen representing their performance. This is
indirectly supported by several studies showing that cortical
visual areas are indeed activated during imagery [Olsson
et al., 2008; Solodkin et al., 2004]. Recently it has been dem-
onstrated that performance of a 90� out-of-phase task in the
absence of augmented visual FB, following acquisition in
the presence of this FB, still elicited brain activation in the
middle occipital gyrus as if the visual source of information
was still present [Ronsse et al., 2011]. This lends support to
our assumption that visual processing areas may remain
activated when the visual input is withdrawn and the
underlying white matter architecture may support this proc-
essing. Nevertheless, these specific accounts should be inter-
preted with caution because it is possible that the
association between brain structure and behavior is of a
more generic nature whereby later maturing CC substruc-
tures, such as occipital CC [Giedd et al., 1996; Hasan et al.,
2009; Rajapakse et al., 1996], might constitute a representa-
tive candidate of the general state of CC white matter integ-
rity during young adulthood. Moreover, the present finding
is generally consistent with previous studies reporting a cor-
relation between FA in the splenium of the CC and per-
formance on a bimanual coordination task, i.e., alternated
finger tapping [Muetzel et al., 2008; Sullivan et al., 2001].
We have, however, delineated the substructure of the poste-
rior region of the CC in more detail here.

That occipital CC substructure behavior associations
were evident only in the 1:1 task may be a result of the
fact that visual imagery may be more helpful for familiar
than less familiar coordination patterns. Moreover, the
present 1:1 task requires temporal synchronization
between both hands but also spatial mapping to ensure
symmetrical positions of both hands in space across the
whole trajectory, whereas spatial relations between both
hands continuously change during non 1:1 coordination.
This implies that spatial coupling may be more salient
during 1:1 coordination, implying processing along the
dorsal visual stream and reliance on visual cortical and pa-
rietal association areas. Accordingly, the possibility arises
that this spatial mapping may have facilitated visual im-
agery, thereby indirectly contributing to the significant cor-
relation between 1:1 performance and the occipital region
of the CC. That we did not replicate this finding in the
augmented visual feedback condition is not necessarily
surprising because the structural organization of these
tracts and hence their ability to transmit signals in healthy
individuals in the context of (lower demand) augmented
visual FB conditions may be relatively homogeneous,
resulting in less subject variability (being a prerequisite for
observing correlations). As such, it appears to be the case
that the NoFB conditions are providing the most optimal
window into brain structure-behavior associations in non-
skilled performers, even though performance conditions
with augmented visual FB may be instrumental to perform
successfully during the NoFB conditions because the latter

leave little incentive for improvement whereas the former
may be used to tune somatosensory input by mapping
proprioceptive onto visual information.

Performance on the present bimanual visuomotor task
was also significantly predicted by FA values of the pri-
mary motor region of the CC. Higher FA values in this
region correlated with lower error scores on the 3:1 task,
again in the absence of augmented visual FB. This is con-
sistent with fMRI evidence that the supplementary motor
area (SMA) and the primary motor area (M1) contribute to
bimanual coordination [Swinnen and Wenderoth, 2004].
Consequently, during bimanual performance communica-
tion between both hemispheres will take place along the
part of the CC connecting these motor related areas, i.e., the
posterior midbody of the CC. Similarly, Meyer et al. [1998]
demonstrated that the posterior half of the CC is important
for communication between both hemispheres nearby the
primary motor cortices. Some studies have pointed to the
more anterior regions of the CC for bimanual coordination,
i.e., genu and anterior midbody [Bonzano et al., 2008;
Johansen-Berg et al., 2007; Preilowski, 1972]. We were not
able to reproduce these results and it is important to con-
sider the many differences among studies with respect to
generation of brain structural as well as behavioral metrics.

In summary, using a detailed segmentation technique,
we determined the association between structural organi-
zation of CC white matter microstructure and performance
of a complex bimanual coordination task. Extending previ-
ous lesion and medical imaging work, brain structure
directly predicted the ability to perform bimanual coordi-
nation patterns in normal adults. This effect was most
clearly evident when bimanual coordination patterns were
internally-guided. The task appeared to be sensitive
enough to demonstrate significant brain structure/behav-
ior correlations during the simpler 1:1 as well as during
the more difficult 3:1 frequency ratio conditions. The pres-
ent task may provide an important vehicle to investigate
how performance under different task and contextual con-
ditions is predicted by white matter microstructure of the
CC subdivisions in normal and pathological groups.
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