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Abstract Default in-phase coupling of hand movements
needs to be suppressed when temporal coordination is
required for out-of-phase bimanual movements. There is
lack of knowledge on how the brain overrides these default
in-phase movements to enable a required interval of
activity between hands. We used a visually cued bimanual
temporal coordination (ve-BTC) paradigm with a constant
rhythmical time base of 1 s, to test the accuracy of in-phase
and out-of-phase (0.1, 0.2,...,0.9) finger tapping. We
hypothesized that (1) stronger anatomical and effective
interhemispheric connectivity between the hand areas of
the primary motor cortex (MIyanp) predict higher tem-
poral offsets between hands in the out-of-phase conditions
of the vc-BTC; (2) patients with relapsing-remitting mul-
tiple sclerosis (RRMS) and clinically isolated syndrome
(CIS) have reduced interhemispheric connectivity and
altered between-hand coupling. Anatomical connectivity
was determined by fractional anisotropy of callosal hand
motor fibers (FA-hCMF). Effective connectivity was pro-
bed by short interval interhemispheric inhibition (S-IHI)
using paired-coil transcranial magnetic stimulation (TMS).
In healthy subjects, higher FA-hCMF and S-IHI correlated
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with higher temporal offsets between hands in the out-of-
phase conditions of the tapping test. FA-hCMF was
reduced in patients with RRMS but not in CIS, while S-IHI
was reduced in both patient groups. These abnormalities
were associated with smaller temporal offsets between
hands leading to less deviation from the required phasing in
the out-of-phase tapping conditions. Findings provide
multiple levels of evidence that callosal anatomical and
effective connectivity between the hand areas of the motor
cortices play important roles in visually cued bimanual
temporal coordination performance.

Keywords Motor corpus callosum - Diffusion tensor
imaging - Interhemispheric inhibition - Transcranial
magnetic stimulation - Bimanual temporal coordination -
Multiple sclerosis

Abbreviations

CC Corpus callosum

CMF Callosal motor fibers

CIS Clinically isolated syndrome

DTI Diffusion tensor imaging

EDSS Expanded disability status scale

FA Fractional anisotropy

FA-hCMF Fractional anisotropy of hand callosal motor
fibers

FDI First dorsal interosseous

hCMF Hand callosal motor fibers

MlganD Primary motor cortex hand area

MEP Motor evoked potential

9-HPT Nine-hole peg test

NAWM Normal appearing with matter

RMT Resting motor threshold

RRMS Relapsing-remitting multiple sclerosis

S-THI Short interval interhemispheric inhibition
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TMS Transcranial magnetic stimulation

ve-BTC Visually cued bimanual temporal
coordination

Introduction

The motor system generates an impressing variety of spa-
tially and temporally coordinated bimanual movements
enabling humans to interact with their environment in a
meaningful way. However, while the temporal and spatial
constraints effective in bimanual coordination have been
quite extensively studied on a behavioral level, little is
known about the neurophysiological and microstructural
determinants underlying bimanual temporal coordination
(BTC). Previous work has demonstrated that two intrinsic
phase-locked conditions, “in-phase” and “anti-phase” are
preferred in BTC. Early experiments, in which healthy
subjects were requested to reproduce various initially
externally cued out-of-phase tapping conditions from
memory (one movement cycle per second), showed a ten-
dency for out-of-phase conditions (offset between hands,
0.1-0.4 s or 0.6-0.9 s) to drift into neighboring in-phase or
anti-phase tapping (Yamanishi et al. 1980). Therefore,
when environmentally specified instructions require mean-
ingful intermanual timing, these intrinsically preferred
movement patterns need to be suppressed. In the presence
of an external pacer, attraction to in-phase movements is not
apparent (Tuller and Kelso 1989) and healthy subjects
deviate away from in-phase movements at externally cued
out-of-phase conditions indicating that the motor system
engages an effective mechanism to suppress in-phase
oscillators. In patients with callosotomy, however, strong
attraction to in-phase movements even in the presence of an
external pacer has been demonstrated, suggesting that the
ability to generate out of phase BTC patterns depends on the
integrity of the corpus callosum (Tuller and Kelso 1989).
Even though a large body of evidence exists, that the motor
corpus callosum plays a pivotal role in this context (Jeeves
et al. 1988; Serrien et al. 2001; Tuller and Kelso 1989),
disclosure of its specific nature and function has only started
recently. This became possible with the advent of imaging
and electrophysiological techniques which can precisely
and directly relate structural connectivity or effective con-
nectivity to behavior (Johansen-Berg et al. 2007; Hiibers
et al. 2008). Likewise, effective connectivity as referred to
the influence that one neural system exerts over another
(Friston et al. 1993), either at a synaptic or population level,
can be assessed by modern imaging and electrophysiolog-
ical techniques and specifically linked with aspects of motor
behavior (Hiibers et al. 2008).

Variation of white matter microstructural features in the
body of the CC predicted variation in the performance of a
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bimanual coordination task (Johansen-Berg et al. 2007).
We showed, that short interval interhemispheric inhibition
(S-IHI), a marker of effective connectivity between the
primary motor cortex hand areas (Mlyanp) of the two
hemispheres (Ferbert et al. 1992) correlated inversely with
the amount of electromyographic (EMG) mirror activity in
a hand muscle during intended unimanual movements
(Hiibers et al. 2008). Here, we employed for the first time a
tri-modal experimental design of testing the relation of
BTC performance, as measured by an established visually
cued finger tapping paradigm (Tuller and Kelso 1989), with
anatomical and effective connectivity, as measured by
fractional anisotropy (FA) of interhemispheric motor
pathways (hand callosal motor fibers, hCMFs), a marker of
microstructural fiber pathway integrity (Pierpaoli et al.
1996; Basser and Pierpaoli 1996), and S-IHI, respectively.
We built this study on our previous experiments, where we
demonstrated a significant relation between FA-hCMFs
and S-IHI between Mlyanp in healthy subjects (Wahl
et al. 2007).

We hypothesized that anatomical connectivity (FA-
hCMF) and effective connectivity (S-IHI) between
Mlyanp of the two hemispheres predict the degree of
between-hand temporal offsets in vc-BTC performance of
healthy subjects. In addition, we tested patients with
relapsing-remitting multiple sclerosis (RRMS) in the
identical BTC protocol. We chose multiple sclerosis as a
model disease of callosal damage, given the findings of
frequent and early callosal affection in RRMS (Evangelou
et al. 2000a, b; Pelletier et al. 2001; Zito et al. 2014). We
have shown previously, that impaired S-IHI along with
reduced FA-hCMF is already present in the earliest stages
of RRMS (Wahl et al. 2011), but the behavioral implica-
tions of these findings have not been tested. We tested here
the hypothesis that relative to healthy controls MS patients
show reduced between-hand offsets due to reduced
anatomical and effective interhemispheric connectivity.

Materials and methods
Subjects

Twelve healthy subjects (mean age 32.6 + 9.0 years,
range 26-51 years, 5 females) and 22 early stage RRMS
patients or clinically isolated syndrome (CIS) patients
[mean age 31.9 £ 6.0 years, range 22-45 years, mean
disease duration 17.3 £+ 14.0 months, 15 females, median
EDSS 1.5 (range 0-2.0)] were included in this study. FA
and S-IHI data of the healthy subjects have been reported
earlier (Wahl et al. 2007, 2011). Among the patients, 7
were diagnosed with CIS, and 15 had RRMS, according to
the revised McDonald criteria (Polman et al. 2011).
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Concerning the RRMS group, 11 patients had participated
and their S-IHI and FA-hCMF data had been reported
already in our previous study (Wahl et al. 2011). Written
informed consent was obtained from all subjects prior to
participation. The study conformed to the latest revision of
the Declaration of Helsinki and was approved by the ethics
committee of the medical faculty of the Goethe-University
of Frankfurt/Main. Inclusion criteria were as follows: age
>18 years, right-handedness as determined by the Edin-
burgh Handedness Inventory (Oldfield 1971), and for
patients: EDSS <2.0. In addition, although formally not an
inclusion criterion, all patients had a normal central motor
conduction time of <9.0 ms to the first dorsal interosseous
(FDI) muscle of both hands. Exclusion criteria for tran-
scranial magnetic stimulation (TMS) were adopted from
Rossi et al. (2009). For MRI, the locally (Brain Imaging
Center, Goethe University Frankfurt/Main) defined exclu-
sion criteria were applied (i.e., the presence of pacemakers,
defibrillators, neurostimulators, artificial heart valves,
implants or prostheses which are not MR compatible,
cochlear implants, acupuncture needles, insulin or pain
pumps, metal splinters or any metal parts (plates, screws,
wires) in the body, artificial joints, larger tattoos or tattoos
with metal powder). Finally, a history of optic neuritis and/
or a delayed P100 latency of the visually evoked potential
were defined as exclusion criteria for participation in the
ve-BTC task because these instances are expected to be
associated with alterations of visual information process-
ing, while we were interested specifically in alterations in
the interhemispheric motor aspects of this task. Therefore,
6/15 RRMS patients and 2/7 CIS patients were excluded. In
addition, 2 RRMS patients reported problems with con-
centration, fatigue and blurred vision while performing vc-
BTC task, which led to their discontinuation of the task.

All experimental data of a given participant (one
imaging session for measuring FA-hCMF, one session for
testing of S-IHI and vc-BTC performance) were always
obtained within 14 days.

Image acquisition

MRI was acquired in a 3-Tesla Magnetom Trio (Siemens
Medical Solutions, Erlangen, Germany) as described ear-
lier (Wahl et al. 2007, 2011). Structural T1-weighted
images were acquired with a magnetization-prepared rapid-
acquisition gradient echo (MPRAGE) sequence [repetition
time (TR) 2250 ms, echo time (TE) 26 ms, inversion time
900 ms, flip angle 9°, 192 sagittal slices, field of view
256 x 256 mm, voxel size 1 x 1 x 1 mm]. Fluid-attenu-
ated inversion recovery (FLAIR) images [repetition time
(TR) 6000 ms, echo time (TE) 353 ms, inversion time (TI)
2200 ms, sagittal slices, voxel size 1 x 1 x 1 mm] were
also acquired. For bihemispheric identification of M1ganp,

fMRI was performed in a block design experiment using
BOLD-sensitive echo planar imaging (EPI) (TR 2640 ms,
TE 30 ms, flip angle 90°, 36 transverse slices, 0.75 mm
gap, voxel size 3 x 3 x 3 mm, base resolution 64 x 64).
Online EPI distortion correction was done as described by
others (Zaitsev et al. 2004). Subjects performed a visually
instructed simple motor task that consisted of index finger
tapping at a self-paced rate of ~2 Hz, while a total of 192
scans were acquired. DTI data were acquired with a single
shot spin-echo EPI with parallel imaging technique
GRAPPA (generalized auto-calibrating partially parallel
acquisitions, acceleration factor 2) with the following
parameters: 12 gradient directions, b value of 700, TR
7200 ms, TE 80 ms, voxel size 1.9 x 2.0 x 1.9 mm, 60
transverse slices, base resolution 128 x 128.

FMRI analysis

For processing of fMRI data, Brain Voyager (Brain Inno-
vation, The Netherlands) was used. For data preprocessing,
interslice scan time correction with sinc interpolation and
three-dimensional (3D) motion correction was performed.
During fMRI data post-processing, the automated motion
correction also provided a plot that showed the translation
and rotation shifts on over time. Relevant motion artifacts
were considered if the translations in the x-, y- and/or z-
axes exceeded 2 mm, or if the rotations along the x-, y-
and/or z-axes exceeded 2°.

No relevant motion artifacts were detected. Temporal
filtering of the realigned time series was performed using a
high-pass filter of three data points, before linear drifts of
the signal were eliminated from each pixel’s time course.
Alignment of fMRI and 3D anatomical data included an
initial automatic header-based alignment before manual
fine tuning was done to adjust rotational and translational
parameters. Time course correlation of the measured
BOLD signal with a hemodynamic reference function was
performed at each voxel in order to acquire a correlation
coefficient r. After thresholding at 80 % of the maximum
correlation coefficient in M1yanp, the resulting functional
area was applied to the anatomical data set as overlay. We
exported the anatomical data set with the overlaid (un-
changeable) functional areas as DICOM files.

Registration of different datasets

We used the commercial BrainLAB® planning software
package iPlan®. This software uses normalized mutual
information-based registration as image similarity mea-
sures to register the fMRI-overlayed anatomical images
with the DTI images (Pluim et al. 2003). The mutual
information algorithms measured only those parts of the
reference image containing the participant’s head, whereas
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the program detected and excluded background regions and
potential non-anatomical objects before registration. The
normalized mutual information finds image similarities by
feature-based image alignment algorithm, using Tlw
MPRAGE as the reference and DTI data set as sensed or
floated images. The method finds correspondence between
image features such as edges, contours, surfaces, other
salient features such as corners, line intersections, and
points of high curvature, statistical features such as
moment invariants, and higher-level structural descriptions.
Knowing the correspondence between a number of points
in images, a geometrical transformation is then determined
to map the target image to the reference images, thereby
establishing point-by-point correspondence between the
reference and target images. The program also takes into
account the registration problem resulting from different
resolutions of the floating images compared to the refer-
ence anatomical data, since DTI images have a larger voxel
size and slice thickness. To avoid artificial maxima to
mutual information, lowpass-filtering smoothed the coarse-
scaled DTI data before subsampling. On a coarse scale,
mutual information should have a broad maximum at the
correct transformation and the optimization method should
converge to this maximum from a large set of initial states.
The registration algorithms were semi-automatic, so that
we could verify the correctness of a registration. In case of
insufficient results, we restricted the region of interest and
repeated registration algorithms to increase the accuracy
(PatXfer 5.1, BrainLab, image fusion software module)
(Nimsky et al. 2006).

Fiber tracking

We performed fiber tracking on the preregistered multi-
modal data sets. The tracking algorithm implemented in
BrainLAB© was based on a local diffusion approach with
deterministic fiber tracking. Mori et al. first published the
underlying Fiber Assignment by Continuous Tracking
(FACT) algorithm (Mori and van Zijl 2002). To get smooth
results despite of the low resolution of normal DTT scans,
the tensors were interpolated from the surrounding voxels,
a method which is called Tensor Deflection (TEND)
(Nimsky et al. 2006; Lazar et al. 2003; Weinstein et al.
1999). The major eigenvector of each seed was calculated
and bidirectional iteration was initiated until one of the
stop criteria FA <0.15 or deviation angle >40° was met.
Tractography was initiated from a rectangular region of
interest (ROI) that covered M1ganp defined by fMRI in the
right and left hemisphere to visualize corticofugal fibers
originating from MI1. In all cases, this first tracking step
exhibited a majority of fibers descending through the
internal capsule, but a small number of fibers crossing the
corpus callosum were also detectable. Therefore, in a
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further step, a smaller rectangular ROI was adjusted to the
area of the CC that exhibited fibers after the first tracking
step and bidirectional tractography was repeated. Only
those tracked fibers projecting into or near to the func-
tionally defined left and right Mlyanp Wwere retained,
including at least one more voxel beyond the gray/white
matter boundary. This means that the final tracking result
only included fiber tracts projecting from the CC into the
Mlyanp of both hemispheres (cf. Wahl et al. 2007).

DTTI quantification

Mean FA was calculated for hand CMFs from all voxels
within the boundaries of the CC rather than from the entire
CMF pathway avoiding contamination from crossing
fibers, which are absent within the midbody of the CC. A
distance of one voxel to the CC/CSF boundary (indicated
by FA <0.4) was respected to avoid inclusion of partial
volumes of surrounding CSF.

Short interval interhemispheric inhibition (S-IHI)

S-IHI from the left Mlyanp to the right Mlganp Was
studied, using paired-coil TMS (Ferbert et al. 1992). We
chose this direction, as we showed previously that S-IHI in
healthy right-handers was expressed more consistently
from the left to right hemisphere than vice versa (Netz et al.
1995). TMS was delivered through two Magstim 200
magnetic stimulators with a monophasic current waveform
(The Magstim Company, UK) connected to figure-of-eight
coils (inner diameter of each loop, 70 mm). The condi-
tioning coil was placed tangentially over the left M1yanp
with the handle pointing laterally. The test coil was placed
over the right Mlganp, With the handle pointing back-
wards and 45° away from the midline. For both coils, the
optimal position was determined as the site eliciting con-
sistently, at a slightly suprathreshold intensity, the largest
motor evoked potentials (MEPs) in the FDI of the con-
tralateral hand. The resting motor threshold (RMT) was
determined for the conditioning pulse to the nearest 1 % of
maximum stimulator output using the relative frequency
method (Groppa et al. 2012), and was defined as the
minimum stimulus intensity that resulted in small MEPs
>50 pV in at least five of ten trials. To obtain a wide range
of S-THI magnitudes from threshold to maximum, the
intensity of the conditioning stimulus (CS) was scaled from
100 to 150 % RMT in 10 % steps (i.e., six different
intensities). The intensity of the test pulse was adjusted to
produce an unconditioned mean MEP of 1 mV in peak-to-
peak amplitude. S-IHI was tested at an interstimulus
interval of 12 ms. S-IHI testing comprised of eight trials
per CS intensity and eight unconditioned test stimulus trials
(i.e., total of 56 trials) that were applied in randomized



Brain Struct Funct (2016) 221:3427-3443

3431

order in a single block of trials. To reduce anticipation of
the next trial, the intertrial interval was randomly varied
between 4 and 6 s. Conditional averages of the single trial
MEP peak-to-peak amplitudes were calculated. For each
CS intensity, S-IHI was expressed by (1 — mean condi-
tioned MEP/mean unconditioned MEP) x 100 %.
Accordingly, IHI = 100, 0 and <0 % indicate complete
interhemispheric inhibition, no effect and interhemispheric
facilitation, respectively. To obtain one single value of
S-IHI for correlation analyses with ve-BTC and FA-hCMF,
for each participant the mean S-IHI over the CS intensities
of 130-150 % RMT was calculated. These intensities were
selected because our previous study in healthy subjects had
demonstrated correlations selectively in this high-intensity
range of S-IHI with FA-hCMF (Wahl et al. 2007).

For determination of S-IHI, MEPs were recorded from
the FDI of both hands by surface EMG using bipolar Ag—
AgCl cup electrodes mounted on the FDI motor point and
the proximal phalanx of the index finger. The S-IHI mea-
surements were obtained during muscle rest. Involuntary
FDI activation was monitored by audio-visual feedback of
the high-gain (50 pV/Division) EMG raw signal. Trials
contaminated by muscle activation (<1 % of all trials)
were discarded from further analysis. This is important as
previous studies showed that muscle activation alters S-THI
(Ferbert et al. 1992; Nelson et al. 2009). The EMG was
bandpass filtered (20 Hz to 2 kHz) and amplified (Coun-
terpoint Mk2 Electromyograph, Dantec, Denmark), digi-
tized at a sampling rate of 4 kHz per channel (CED Micro
1401; Cambridge Electronic Design, UK), and stored on a
computer for offline analysis. Customized Spike2 software
(Cambridge Electronic Design) was used for experimental
control, data acquisition and online and offline data
analysis.

Visually cued bimanual temporal coordination (vc-
BTC) performance

The task used here was selected for the following reasons:
(1) patients with callosotomy perform bimanual syn-
chronous finger tapping normally but show deficits with
asynchronous finger tapping, indicating that asynchronous
finger tapping depends on the integrity of the CC (Tuller
and Kelso 1989); (2) it has been shown in a stepwise cal-
losotomy case study, that the posterior CC is necessary
especially for bimanual coordination timing in response to
external cues (Eliassen et al. 2000). Since the task selected
here also probes externally cued bimanual temporal coor-
dination, it is perfectly integrated into the framework of our
hypothesis because the system under investigation (hand
CMFs) is localized in the posterior part of the CC (Hofer
and Frahm 2006; Zarei et al. 2006; Meyer et al. 1995; Wahl
et al. 2007; Fling et al. 2013).

Vc-BTC was tested in all healthy subjects and a subset
of 12 patients (5 CIS and 7 RRMS) using an established
finger tapping protocol (Tuller and Kelso 1989). We
expected that MS patients would show similar impairment
of ve-BTC as patients with callosotomy, in particular if
FA or S-IHI revealed callosal disconnection. Subjects sat
in a chair with their shoulders adducted, elbows flexed at
~90° and forearms and hands resting on armrests in a
pronated position. Wrists were taped to the armrests so
that index finger tapping movements were restricted to the
metacarpophalangeal joint. A uni-axial accelerometer
(Model 2256A-100; voltage sensitivity, 100 mV/g;
Endevco Corp., USA) was fixed at the dorsum of the
proximal phalange of the index finger of either hand to
record index finger movements in the extension—flexion
axis. Subjects faced the modified front view of an I/O
board (CED Micro 1401), which displayed a central fix-
ation point with two LEDs at a horizontal distance of
7 cm towards either side of the central fixation point.
Subjects were positioned in a distance of 1 m with their
eyes at level with the central fixation point. Each finger
tapping cycle had a length of 1 s. Simple reaction of the
right or left index finger (brief index finger tap) was cued
when the right or left LED was switched on, respectively.
Within any given cycle, either one of the two LEDs was
switched on once for 20 ms (ON for 20 ms, OFF for
980 ms) and timing of the left LED always preceded or
was simultaneous to the timing of the right LED. The
cued inter-hand phase varied between O (in-phase,
simultaneous tapping required) and 0.9 in steps of 0.1
(i.e., 10 inter-hand phase conditions). Each of the 10
phases was tested in a separate block of 24 trials, and the
blocks were presented in randomized order, separated by
1 min. Reaction time of either index finger was measured
from the onset of the go-signal to the onset of the large
artifact in the accelerometer signal when the index finger,
starting from extension, tapped the resting plate at the end
of the flexion movement. We used the onset of this
artifact rather than the onset of flexion movement because
it was less ambiguous while the latter was often difficult
to determine, as index finger extension was often con-
taminated by physiologic tremor. The onset of the
deceleration artifact was determined automatically by an
amplitude threshold criterion and confirmed for every
single trial by manual cursor setting, using in-house
written software (MatLab Version 6.1.0., The Math-
Works, Inc., Natick, MA, USA). Vc-BTC performance
was defined by calculating observed minus required
phase. The difference of the measured inter-hand phase
from the cued inter-hand phase was taken as performance
deviation.

It is important to note that although the left LED
always preceded the right LED (except for in-phase
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conditions), the perceived order along the sequence of 24
concatenated tapping cycles typically was the right LED
preceding the left LED whenever the physical phase of
the right LED in the previous trial to the left LED in the
next trial was < 0.5 (i.e., whenever the phase between
left and right LED in a given tapping cycle was >0.5, cf.
Fig. 1). Therefore, in accordance with the original
experiments (Tuller and Kelso 1989), we classified cued
phases of 0.1-0.4 as “left-hand leading right-hand con-
ditions” and phases of 0.6-0.9 as “right-hand leading
left-hand conditions”.

“left-hand leading right-hand condition”

A cued phase 0.2

—

perceived phase 0.2

left
| |
| |
' |
. 1 1
right | | !
! f | |
i Tapping cycle 1s ! !
C H 1 1
1 delay | delay | delay
|- N ad U
: ! | I | I
, | 1 1 1
i I i I | :
1 1
| | 1
! | | I | !
left \ 1 1
1 N | 1
1 1 : 1 :
L - b
! 1 : : : I
1 1
o ] M
1 1
right | : :
t-y--

Overestimation of cued phase

Fig. 1 Schematic design of the visually cued bimanual temporal
coordination (vc-BTC) test. The blue triangles represent tapping
accelerometer artifacts generated when the left index finger hits the
resting plate, the red triangles represent tapping accelerometer
artifacts of the right index finger. Within a given tapping cycle of
1 s duration, the signal of the left LED (cuing index finger tapping of
the left hand) always preceded or was simultaneous to the signal of
the right LED (cuing index finger tapping of the right hand). The cued
inter-hand interval ranged from 0 ms (in-phase, simultaneous tapping
required) to 0.9 s in steps of 0.1 s (i.e. 10 inter-hand interval
conditions). Reaction time of either index finger was measured from
the onset of the LED go-signal to the onset of the tapping artifact.
Note, that the perceived interval along the sequence of 24 concate-
nated tapping cycles typically was left LED leading right LED
whenever the cued inter-hand interval within a given tapping cycle
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Unimanual motor performance

Subjects were asked to perform 10 s runs of index finger
tapping at maximum repetition speed with either their left
or right index finger, and the number of taps per run was
taken as performance. In addition, they performed the
Nine-Hole Peg Test (9-HPT), a highly standardized test for
unimanual hand function (Mathiowetz et al. 1985). The
9-HPT was repeated twice for either hand. The time nec-
essary to complete the test was taken as performance, and
conditional averages were calculated for either hand.

“right-hand leading left-hand condition”

B cued phase 0.8 perceived phase 0.2

e

left
| |
1 1
1 1
| |
right i :
1 '
Tapping cycle 1s
D delay delay delay
T - -
i I | |
! I 1 |
1 ] | |
| | | |
left "
! | I 1
! 1 1 |
! | 1 |
| 1 | |
right ! L !
| P

Underestimation of cued phase
Overestimation of perceived phase

was <0.5 s (a), but reversed to right LED leading left LED whenever
the interval of the right LED in the previous trial to the left LED in the
next trial was <0.5 s (i.e. whenever the interval between left and right
LED in a given tapping cycle was >0.5 s) (b). Red triangles in ¢ show
a typical example of delayed right index finger tapping produced by
healthy subjects with short inter-hand phases (<0.5), i.e., overesti-
mation of the cued delay away from the in-phase attractor. The light
red triangles in the background indicate the cued right index finger
timings. Blue triangles in d show a typical example of left index
finger tapping produced by a healthy subject with long inter-hand
phases (>0.5). The finger tapping overestimates the perceived inter-
hand interval (“right hand leading left hand”), but underestimates the
cued phase, away from the in-phase attractor. Light blue triangles in
the background indicate the cued left index finger timings
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Statistics

Group differences of FA were assessed by an ANOVA
with GROUP (healthy controls, CIS, RRMS) as the
between-subject effect. Group differences of S-IHI were
determined by mixed repeated-measures ANOVA (rmA-
NOVA) with GROUP (healthy controls, CIS, RRMS) as
between-subject effect and CS INTENSITY (six levels,
100-150 % RMT in 10 % steps) as within-subject effect.
Group differences of vc-BTC were assessed by a mixed
rmANOVA with GROUP (healthy controls, CIS, RRMS)
as the between-subject effect and CUED INTER-HAND
PHASE (10 levels, 0-0.9 in steps of 0.1) as within-subject
effects. Mauchly’s test was used to test for violation of
sphericity and the Huynh—Feldt correction applied when-
ever necessary. Post hoc testing was performed in case of
significant main effects or their interaction by using Fish-
er’s PLSD test. In addition, group comparisons were con-
ducted for cued inter-hand phases grouped into small
phases (0.1-0.4) and long phases (0.6-0.9) because it had
been demonstrated previously that healthy subjects over-
estimate small intervals but underestimate long intervals
(Tuller and Kelso 1989).

The relations of CMF microstructure (FA) to effective
connectivity (S-IHI) and vc-BTC performance were ana-
lyzed by calculating Pearson correlation coefficients. Fur-
thermore, the influence of S-IHI on the correlation between
FA-CC and vc-BTC performance was tested by stepwise
multiple linear regression analysis.

For all tests, IBM® SPSS® Statistics (version 22) was
used. Statistical significance was assumed if p < 0.05. Data
are given as mean = SEM.

Results
Unimanual motor performance

The number of taps at maximum rate over 10 s was not
different between GROUPS for the right index finger
(healthy controls 57.3 £ 1.8, CIS 54.8 &+ 5.1, RRMS
55.6 £ 2.5, F, = 0.24, p = 0.79), or the left index finger
(healthy controls 54.2 £ 2.5, CIS 50.5 & 3.5, RRMS
50.9 £ 2.3, F, = 0.61, p = 0.56).

There was also no effect of GROUP for 9-HPT perfor-
mances with the right (healthy controls 18.0 £+ 0.4 s, CIS
199 £ 1.6 s, RRMS 190 £ 1.6 s, F, = 1.30, p = 0.28)
or left hand (healthy controls 18.1 = 0.6, CIS
20.0 = 1.4 s, RRMS 19.8 £ 0.7 s, F, = 1.74, p = 0.19).

Visually cued bimanual temporal coordination (vc-
BTC) performance

In the group of healthy controls, one-sample ¢ tests showed
significant performance deviations for the inter-hand pha-
ses close to the in-phase condition (phase 0.1,
97.1 £ 164 ms, p<0.0001; 0.2, 443 £ 11.9 ms,
p =0.0011; 0.8, —67.5+ 119 ms, p <0.0001; 0.9,
—94.8 £ 12.6 ms, p < 0.0001). Hence, the short phases
were overestimated, while the long ones were underesti-
mated (Fig. 2a). Therefore, in healthy controls, ve-BTC
performance showed deviation away from the default in-
phase attractor, confirming previous results (Tuller and
Kelso 1989).

The mixed rmANOVA for ve-BTC performance did not
reveal an effect of GROUP (F, = 1.22, p = 0.32), while
the effects of CUED INTER-HAND PHASE (F35, = 14.87,
p < 0.001) and the interaction of CUED INTER-HAND
Puase with GROUP (F70373.82 = 2.27, p = 0.038) were
significant. The significant interaction was explained by the
RRMS patients who, when compared to the healthy con-
trols, showed significantly less overestimation at the phase
of 0.4, and less underestimation at the phases of 0.6 and 0.9
(Fig. 2a; Table 1). This means that, in accord with the
hypothesis, the RRMS patients showed less deviation from
the default in-phase attractor. In contrast, CIS patients did
not perform differently from healthy controls (Fig. 2a;
Table 1).

The mixed rmANOVA of vc-BTC for the short inter-
hand phases of 0.1-0.4 (where less overestimation of
patients compared to controls or even underestimation
means attraction to in-phase movements) did not reveal a
significant effect of GROUP (F, = 1.26, p = 0.30)
(Fig. 2b). The same analysis for the long inter-hand phases
of 0.6-0.9 (where less underestimation or even overesti-
mation means attraction to in-phase movements) showed a
significant effect of GROUP (F, = 4.77, p = 0.020). The
post hoc comparisons explained this effect by a significant
difference between RRMS and healthy controls
(p = 0.006), with the RRMS patients slightly overesti-
mating the cued inter-hand phases, therefore showing
attraction to in-phase movements (Fig. 2c).

Macroscopic hCMF lesions
Conventional T1-weighted and T2-weighted MRI identi-
fied hCMF lesions in two patients. The remaining 20

patients were free of macroscopic lesions in the entire
hCMF pathway.
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Fig. 2 Visually cued bimanual temporal coordination (vc-BTC)
performance. a Vc-BTC performance is given as observed minus
required phase on the y-axis and plotted against the visually cued
phase on the x-axis. Positive values indicate overestimation of cued
phase, while negative values indicate underestimation. The cued
phase of 0 (in-phase movements) is plotted twice with the same data
to facilitate comparison with adjacent intervals. White circles healthy
controls, gray circles CIS, black circles RRMS. Asterisks indicate
differences between RRMS and healthy controls (p < 0.05). Note that
healthy controls overestimated small inter-hand phases (0.1-0.4) but
underestimated large inter-hand phases (0.6-0.9), while RRMS
patients did so to a lesser extent. This means that deviation away

from in-phase movements was less pronounced in patients with
RRMS. This can also be interpreted as stronger attraction to in-phase
movements relative to healthy controls. b Vc-BTC performance
indexed by observed minus required phase pooled for the small inter-
hand phases of 0.1-0.4 for the groups of healthy controls (white bar),
CIS (gray bar) and RRMS (black bar). There were no significant
differences between groups. ¢ Observed minus required phase pooled
for the large inter-hand phases of 0.6-0.9. RRMS showed a significant
difference from healthy controls (*p < 0.05) by slightly overestimat-
ing the cued inter-hand phase and therefore showing attraction to in-
phase movements. CIS patients were not different from healthy
controls. All data are means & 1 SEM

Table 1 Inter-hand phase-

specific deviations from Phase Controls cIs RRMS P

required phase for the three 0.009 + 0.009 0.002 + 0.008 —0.003 + 0.005 0.282

groups (healthy controls, CIS,

RRMS) 0.1 0.113 4+ 0.022 0.081 £ 0.042 0.081 £ 0.031 0.422
0.2 0.051 £+ 0.021 0.046 £+ 0.018 0.033 £+ 0.015 0.501
0.3 0.032 £+ 0.021 —0.003 + 0.012 —0.012 + 0.017 0.124
0.4 0.038 + 0.020 0.024 £+ 0.042 —0.027 £ 0.018 0.031
0.5 —0.002 £ 0.011 —0.002 + 0.010 0.024 £+ 0.021 0.310
0.6 —0.043 + 0.020 —0.018 + 0.027 0.085 + 0.015 <0.001
0.7 —0.008 + 0.021 0.025 £+ 0.009 0.027 £+ 0.015 0.195
0.8 —0.077 £ 0.018 —0.086 + 0.014 —0.038 + 0.023 0.208
0.9 —0.124 + 0.014 —0.072 £ 0.033 —0.060 + 0.022 0.034

Bold face indicates significant differences between the RRMS and control group. Differences between CIS
and control group were not significant for any of the inter-hand phases. The data are also represented in

Fig. 2A
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Fractional anisotropy of hand callosal motor fibers
(FA-hCMF)

The ANOVA of FA-CC revealed a significant effect of
GROUP (F, = 4.80, p = 0.015). Post hoc testing showed
that this effect was explained by a significantly lower FA-
hCMF in the RRMS patients compared to the healthy
controls (0.787 £ 0.017 vs. 0.852 &+ 0.007; p = 0.002,
Fig. 3), while the differences between CIS (0.805 £ 0.026)
and healthy controls (p = 0.12) and between CIS and
RRMS (p = 0.56) were not significant (Fig. 3).

Short interval interhemispheric inhibition (S-IHI)

Resting motor thresholds (RMT, given in % of maximum
stimulator output) evoked over the left Mlganp did not
differ between groups (healthy controls 42.9 + 8.7 %, CIS
374 + 6.4 %, RRMS 37.7 &£ 6.2 %). Likewise, MEP
amplitudes elicited by the CS in the intensity range from
130 to 150 % RMT applied to the left MIganp did not
reveal significant effects for Group (F, = 2.52, p = 0.10),
or the interaction between Group and CS INTENSITY
(F230 = 1.34, p = 0.28). Finally, there were no significant
differences of the mean test MEP amplitudes evoked over
the right M1yanp of healthy controls, CIS and RRMS
patients (healthy controls 1.02 £ 0.09 mV, RRMS
1.1 £ 0.12 mV, CIS 0.98 & 0.07 mV). This nil findings
are important because they indicate that differences in the
stimulation parameters cannot account for the group dif-
ferences in S-IHI.

ANOVA of S-IHI revealed a significant effect of
GROUP (F, = 3.45, p = 0.044; Fig. 4) and CS INTEN-
SITY (F30, = 23.70, p < 0.001) while the interaction of
GROUP with CS INTENSITY was not significant
(Fe.0493.64 = 0.62, p =0.71). Post hoc testing using

*x% p <0.005

0.9

0.8 I
O 0.7
Q
<
“ 064

0.5 4
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Controls Cis RRMS

Fig. 3 Fractional anisotropy of hand callosal motor fibers (FA-
hCMF). FA-hCMF was significantly reduced in RRMS (black bar)
compared to healthy controls (white bar, **p < 0.005), whereas CIS
(gray bar) did not differ from healthy controls or RRMS. All data are
mean £ SEM
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Fig. 4 Short interval interhemispheric inhibition (S-IHI) intensity
curves. S-IHI (y-axis) was tested from the left M1ganp to the right
Mlyanp and is given as (1 — conditioned MEP/unconditioned
MEP) x 100 % (i.e., larger values indicate stronger S-IHI) and
plotted against intensity of the conditioning stimulus (x-axis, in % of
the RMT). All data (white circles healthy controls, gray circles CIS,
black circles RRMS) are group means & 1 SEM. Note that both, CIS
and RRMS showed significantly reduced S-IHI (pooled across all CS
intensities) compared to healthy controls (p = 0.025 and p = 0.044,
respectively). Asterisks and hashes indicate significant differences at
specific CS intensities between CIS and healthy controls, and between
RRMS and healthy controls, respectively (p < 0.05)

Fisher’s PLSD revealed reduced S-IHI (across all CS
intensities) in the RRMS patients compared to healthy
controls (p = 0.044), and in CIS patients compared to the
healthy controls (p = 0.025), whereas RRMS and CIS
patients were not different from each other (p = 0.51;
Fig. 4).

Correlation between FA-hCMF and ve-BTC
performance

For the healthy controls, correlation analysis between FA-
hCMF and “right-hand leading left-hand” vc-BTC per-
formance (data pooled for cued inter-hand phases of
0.6-0.9, logarithmically transformed) revealed a significant
inverse linear correlation (r = —0.65, p = 0.021), indi-
cating that higher FA values were associated with a
stronger deviation (underestimation of the cued inter-hand
interval) from in-phase movements (regression line in
Fig. 5). In the healthy subjects, linear regression analysis
between FA-hCMF and “left-hand leading right-hand” vc-
BTC performance (data pooled for cued inter-hand phases
of 0.1-0.4, logarithmically transformed) did not reveal a
significant correlation (p = 0.28, data not shown). Detailed
data of two representative healthy controls with above vs.
below average values, respectively, for S-IHI, FA-hCMF
and vc-BTC performance as indicated by deviation from
the cued inter-hand phase are given in Fig. 7a, b.
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Fig. 5 Correlation between FA-hCMF and vc-BTC performance.
The correlation of FA-hCMF (x-axis) with vc-BTC performance
given as observed minus required phase (data pooled for the large
phases of 0.6-0.9, negative values mean an underestimating deviation
from the in-phase attractor, data logarithmically transformed)
revealed a significant linear inverse correlation in healthy controls
(white circles, r = —0.65, p = 0.021, regression line indicated). This
correlation was absent in CIS (gray circles, p = 0.79) and RRMS
(black circles, p = 0.80). Coordinates of group means = 1 SEM are
indicated by colored circles (blue healthy controls, yellow CIS, red
RRMS). Note that the group means of patients are shifted along the
regression line of the healthy controls towards less FA-hCMF and less
deviation from the attractor of in-phase movements

While the pooling across short (phases from 0.1 to 0.4)
and long (phases from 0.6 to 0.9) inter-hand phases was
justified by the previous results of Tuller and Kelso (1989)
we additionally ran the correlation analyses in the group of
healthy controls also for the individual phases. We found
that ve-BTC at some but not all of the phases correlated
significantly with FA-hCMF. Significant correlations or
trends were found with the phases of 0.4 (r = 0.658,
p =0.020), 0.6 (r=—-0.556, p=0.061) and 0.7
(r = —0.547, p = 0.066).

The CIS and RRMS groups did not show significant
linear correlations between FA-hCMF and vc-BTC (CIS:
p = 0.79, RRMS: p = 0.80; Fig. 5). Also there was no
significant correlation when data from CIS and RRMS
patients were pooled (p = 0.89). The coordinates of the
group averages of FA-hCMF (x-axis) and vc-BTC perfor-
mance (y-axis) were located on the regression line of the
healthy controls, but shifted (RRMS more than CIS)
towards lower FA-hCMF and less deviation from in-phase
movements (colored circles in Fig. 5).

Correlation between S-IHI and ve-BTC
performance

In the healthy controls, analysis of the relation between

S-TIHI and vc-BTC performance, i.e., deviation from cued
inter-hand interval for the long intervals (data pooled for

@ Springer

cued inter-hand phases of 0.6-0.9, logarithmically trans-
formed) revealed a significant inverse linear correlation
(r = —0.61, p = 0.03) (Fig. 6), indicating that subjects
with stronger S-IHI from the left Mlyanp to the right
MIlyanp show stronger deviation (more negative values)
from in-phase movements. Data from two representative
healthy controls are shown in Fig. 7a, b. No correlation
was found between S-IHI and vc-BTC performance at short
phases (pooled data for 0.1-0.4) (p = 0.29). This indicates
functional specificity of S-IHI from the left MIganp to the
right Mlyanp for those BTC conditions (long phases)
when tapping of the right hand (guided by activity in the
left M1yanp) in a given trial leads tapping of the left hand
(guided by activity in the right M1yanp) in the next trial.
CIS and RRMS did not show significant correlations
between S-IHI and vc-BTC performance, neither for short
nor long phases (all p > 0.05). Also, no correlations
between S-IHI and vc-BTC performance were found when
data from CIS and RRMS patients were pooled (all
p > 0.05). The coordinates of the group averages of S-IHI
(x-axis) and ve-BTC performance (pooled data of phases of
0.6-0.9, logarithmically transformed, y-axis) deviated from
the regression line of the healthy controls, with RRMS

patients shifted disproportionately towards in-phase
movements (colored circles in Fig. 6).
N °
31
[ ]

1
0 10 20 30 40 50 60 70 80 90 100
S-HI (%)

Observed - required phase (logarithmized data)

Fig. 6 Correlation between S-IHI and vc-BTC performance. The
correlation between S-IHI (x-axis, given as (1 — conditioned MEP/
unconditioned MEP) x 100 %, i.e., larger values indicate stronger
S-IHI) and the vc-BTC performance given as observed minus
required phase for the “right-hand leading left-hand condition” (data
pooled for the large phases of 0.6-0.9, negative values mean an
underestimating deviation from the in-phase attractor, logarithmically
transformed) revealed a significant inverse correlation in healthy
controls (white circles, r = —0.61, p = 0.03). This correlation means
that subjects with stronger S-IHI from the left Mlganp to the right
MIlyanp showed stronger deviation (more negative values) from in-
phase movements. Note that this correlation was absent in CIS (gray
circles) and RRMS (black circles). Coordinates of group means =+ 1
SEM are indicated by colored circles (blue healthy controls, yellow
CIS, red RRMS)
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Fig. 7 Link between effective connectivity (S-IHI), anatomical
connectivity (FA-hCMF) and visually cued bimanual temporal
coordination (vc-BTC) performance in two representative healthy
controls. Left panels S-THI of each index subject (green diamonds) is
given as (1 — conditioned MEP/unconditioned MEP) x 100 % (y-
axis) and plotted against CS intensities (in % RMT, x-axis) in relation
to the mean S-IHI intensity curve of all healthy controls (white
circles). Middle panels FA-hCMF derived from each subject’s
individual tractography data (green areas). Purple contours are the
outline of tractography data from all healthy controls. The

Stepwise multiple linear regression analysis

The Pearson correlation matrix reflecting the bivariate
linear regression analyses in the group of healthy controls
showed significant correlations for all pairs of variables:
S-IHI vs. ve-BTC: r = —0.577, p = 0.049; FA-hCMF vs.
ve-BTC: r = —0.651, p = 0.022; S-IHI vs. FA-hCMF:
r = 0.640, p = 0.025. The stepwise multiple regression
analysis revealed that FA-hCMF significantly predicted
ve-BTC (r = —0.651, p = 0.022) but that the addition of
S-IHI did not improve the correlation (r = 0.683,
p = 0.059). The partial correlation of S-IHI with ve-BTC
(i.e., after partialing out FA-hCMF) was only
r = —0.276, p = 0.412. This means that, although S-IHI
correlated with vc-BTC and FA-hCMF, it did not sig-
nificantly contribute to the correlation between FA-hCMF
and vc-BTC.

small phases (0.1-0.4)  large phases (0.6-0.9)
Required relative phase

corresponding FA-hCMF for the index subject and the mean FA-
hCMF =+ SD from all healthy controls are indicated. Right panels vc-
BTC performance is given as observed minus required phase on the y-
axis and plotted against required phase on the x-axis for each index
subject (green diamonds) in relation to the mean vc-BTC perfor-
mance of all healthy controls (white circles). Data points for cued
small phases (0.1-0.4) and large phases (0.6-0.9) are grouped. Note
that the index subjects in a vs. b exhibited above vs. below average
values, respectively, for S-IHI, FA-hCMF and deviation from
required phase in the out-of-phase vc-BTC conditions

Discussion

In line with our hypothesis, we provided first time evidence
that in healthy subjects, anatomical and effective connec-
tivity of the hand areas of the primary motor cortices in the
right and left hemisphere through hand callosal motor
fibers (hCMF) predict visually cued bimanual temporal
coordination (vc-BTC) performance. We further demon-
strated that these associations are significantly altered in
patients with CIS and early-stage RRMS. These findings
will be discussed in detail in the following paragraphs.

Visually cued bimanual temporal coordination (vc-
BTC) performance

A large body of work showed that certain bimanual coor-
dination patterns can be performed with less effort and
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greater stability than others (Yamanishi et al. 1980; Tuller
and Kelso 1989; Swinnen 2002; Johansen-Berg et al. 2007,
Kovacs and Shea 2011). Asynchronous irregular phasing is
fragile and susceptible to in-phase and anti-phase attraction.
But even with respect to these two most stable movement
patterns, in-phase and anti-phase, stability variation have
been found. As movement cycle frequency increases, anti-
phase movements collapse into in-phase movements, in a
way that the non-dominant hand joins into the cycle of the
dominant hand (Byblow et al. 1994; Jirsa et al. 1998; Kelso
et al. 1981; Kelso 1984). The degrees as to which default
synchronous oscillators influence a given BTC task highly
depends on the mode of cueing. Self-paced performance of
out-of-phase finger tapping from memory has been
demonstrated most vulnerable to influences of in-phase
oscillators, such that in the vicinity of the in-phase and anti-
phase conditions, the performer is pulled towards these
attractors (Yamanishi et al. 1980). In contrast, visually cued
BTC (ve-BTC) is characterized by the opposite tendency, as
in the vicinity of in-phase conditions, most of the per-
formers overestimate the cued interval (Tuller and Kelso
1989). As an example, in the vc-BTC task of Tuller and
Kelso, an average relative phase of about 0.16 was per-
formed when a phase of 0.1 was externally cued. In accord
with the data of Tuller and Kelso (1989), we found that
healthy subjects systematically overestimated short
(0.1-0.4) and underestimated long cued inter-hand phases
(0.6-0.9), resulting in a deviation away from in-phase
movements. The aim of the present study was to reveal the
neuroanatomical and functional correlates that drive vc-
BTC performance away from in-phase movements.

Before the invention of modern structural and functional
imaging, the role of the CC in bimanual coordination
mainly had been studied in various pathological conditions.
Patients with structural CC damage exhibited degradation
of spatial and temporal components of bimanual coordi-
nation, pointing to the crucial importance of transcallosal
information transfer (Caille et al. 2005; Kennerley et al.
2002; Preilowski 1972; Serrien et al. 2001; Tuller and
Kelso 1989; Caeyenberghs et al. 2011; Bonzano et al.
2014; Wittstock et al. 2010). After a first-step partial sec-
tion of the anterior CC in a patient with intractable epi-
lepsy, deterioration of bimanual movement
synchronization specifically for self-initiated movements
was observed. However, a drastic performance decline for
visually cued bimanual movements became evident after a
second-step section of the posterior CC (Eliassen et al.
2000). This suggested that the posterior CC, where the
CMFs are located (Zarei et al. 2006; Wahl et al. 2007,
Hofer and Frahm 2006; Fling et al. 2013), is involved in
ve-BTC. Because we wanted to investigate behavior gen-
erated by hCMFs, we deliberately chose a protocol that
tests visually cued rather than self-paced BTC in an index
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finger tapping task (Tuller and Kelso 1989) and confirmed,
that in healthy subjects, FA-hCMF predicts ve-BTC per-
formance (Fig. 5).

Imaging techniques sensitive enough to detect the rela-
tively subtle interindividual white matter microstructural
differences in healthy individuals have only emerged in the
last decade. Since then, several studies have examined the
relationship between bimanual task performance and cal-
losal microstructure in healthy individuals (Muetzel et al.
2008; Johansen-Berg et al. 2007; Sullivan et al. 2001;
Serbruyns et al. 2013; Fling et al. 2011; Gooijers et al.
2013). For example, Sullivan et al. (2001) reported corre-
lations between FA in the splenium of the CC and alter-
nating finger tapping performance in a cross-sectional
analysis of healthy adults (Sullivan et al. 2001). In a large
group of 9- to 23-year-old subjects, anti-phase bimanual
finger tapping performance improved with the maturation
of the CC as assessed by FA (Muetzel et al. 2008). How-
ever, since no tractography was employed, those studies did
not allow unequivocal anatomical attribution of the inves-
tigated behaviors to defined interhemispheric pathways.

While the earlier correlation studies used a simple
paradigm by testing anti-phase tapping speed, recent
studies employed more complex bimanual task conditions,
requiring varying degrees of interhemispheric interaction.
Gooijers et al. (2013) showed that the positive correlation
between FA values in the motor and the occipital region of
the CC and the performance in tracking a target on a screen
by rotating two dials with both hands according to five
inter-hand frequency ratios (1:1, 3:1, 3:2, 2:3, 1:3) was
especially pronounced in the presence of visual task
enhancement (Gooijers et al. 2013). Learning success of
the more complex nonpreferred interhand frequency ratios
of this task (3:2, 2:3) was predicted by higher FA values of
the genu of the CC, which contains dense interhemispheric
projections between the prefrontal cortices (Sisti et al.
2012). Interesting examples on how microstructural vari-
ation in CC subregions relates to bimanual performance
have also been provided by recent work on elderly par-
ticipants. FA values in the subregions of the CC connecting
occipital, primary motor, sensory and premotor cortices
were positively correlated with performance on a bilateral
precision/object manipulation task, simultaneous finger
tapping speed, a complex bimanual rotation task and
movement speed in a bimanual choice reaction time test.
Such associations were less prominent in a younger group
(Serbruyns et al. 2013).

Our findings regarding the association of callosal
topography and behavior are in closest accord with those of
one previous study (Johansen-Berg et al. 2007), which also
identified the posterior midbody of the CC as the site of
correlation between FA and bimanual coordination per-
formance. However, they diverge significantly in their
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appraisal of the specific role of CMFs. In the former study,
probabilistic tractography showed rich connections of the
CC with medial wall areas, but a striking absence of fibers
interconnecting M1yanp- This would implicate that inter-
hemispheric connections between medial wall areas such
as the supplementary motor area and the caudal cingulate
motor area, rather than the hCMFs are critical for bimanual
coordination. Although this is compatible with anatomical
findings in macaque monkeys that showed scarcity of
hCMFs (Rouiller et al. 1994), the present study contradicts
this view as it suggests that hCMFs play a pivotal role in
BTC abilities of humans. Different methodological
approaches employed in the two studies likely account for
the divergent findings: Johansen-Berg et al. (2007) used
clusters resulting from previous global FA statistics of the
CC as ROIs for consecutive tractography. In contrast,
selective examination of hand CMFs was performed in the
present study, and only then quantitative structural and
functional information strictly confined to this fiber system
was extracted. Furthermore, Johansen-Berg et al. (2007)
used a completely different behavioral approach, by
investigating the differential stability of the two intrinsic
phasing patterns (in-phase and anti-phase) in relation with
integrity measures of the CC. In line with previous work
(Kelso et al. 1981; Kelso 1984; Stephan et al. 1999;
Byblow et al. 1994) they showed, that when cycle fre-
quency is scaled, the anti-phase pattern is vulnerable to
interference by the in-phase pattern at a critical frequency,
indicating superior stability of the latter. Lower FA in the
CC was associated with de-stabilization of the anti-phase
pattern at lower frequencies. However, none of the studies
discussed above provided a neurophysiological mechanism
to explain the behavior of interest by employing a measure
of functional or effective connectivity.

In the present experiments, we assumed that especially
those vc-BTC patterns intermediate between in-phase and
anti-phase depend on the integrity of hCMFs. Unlike all
previous work, we strictly focused our investigation on the
role of the CMFs interconnecting the M1yanp of the two
hemispheres. We showed here, to the best of our knowl-
edge for the first time, that in healthy subjects, hCMF
effective connectivity as measured by S-IHI predicts vc-
BTC performance (cf. Fig. 6): strong S-IHI was associated
with stronger deviation away from in-phase movements.
This finding is in accord with previous work from our
group where we showed an inverse correlation between
S-IHI and EMG mirror activity, i.e., unwanted co-activa-
tion during intended unimanual contraction of the
homonymous muscle of the other side (Hiibers et al. 2008).
This EMG mirror activity can be conceived as an index of
“in-phase” activation of homonymous M1 motor repre-
sentations. This default mode activation pattern in the
distributed bi-hemispherical motor network (for review,

Swinnen 2002; Gooijers and Swinnen 2014), needs to be
actively suppressed when out-of-phase bimanual move-
ments are required. The present data strongly suggest that
microstructural integrity (FA-hCMF) and effective con-
nectivity (S-IHI) of the hand CMFs significantly contribute
to the suppression of unwanted bilateral in-phase activation
of MIH AND-

Using ve-BTC we confirmed previous data (Tuller and
Kelso 1989) that healthy subjects are driven away from
in-phase movements when they are required to perform
out-of-phase movements in the vicinity of the in-phase
condition. Nevertheless, we hold on to the concept of in-
phase attraction, as did Tuller and Kelso. The observed
ve-BTC patterns represent the net effect behavior result-
ing from the influence of coupled in-phase oscillators (in
the two hemispheres) on the one hand, and deviation
away from in-phase movements put into effect through
acquired interhemispheric inhibition (IHI) on the other
hand.

To what extent in-phase attraction, or deviation away
from in-phase conditions are predominantly expressed,
most likely depends on the task characteristics, the degree
of experience, developmental maturation of the motor CC,
and the structural and functional integrity of the motor CC.
Vollmann et al. (2014) showed, that the relationship
between S-IHI and FA in the CC can be modified by dif-
ferent musical training regimes (Vollmann et al. 2014).
They compared piano players, string players and non-mu-
sicians and showed that S-IHI was generally stronger in
musicians, but differed significantly from non-musicians
only in string players. S-IHI in string players correlated
with FA in the posterior midbody, while S-IHI in pianists
was comparable to that of non-musicians and did not show
significant structure—function relationship in the CC. This
indicated instrument specific use-dependent plasticity in
both functional (S-IHI) and structural (FA) connectivity
under high demands of asynchronous asymmetric bimanual
temporal coordination (Vollmann et al. 2014). This is in
accord with our finding that those subjects with the highest
FA-hCMF and S-IHI showed the largest temporal offsets
between hands in the out-of-phase conditions away from
the in-phase condition. Finally, as a brief note of caution,
we did not use navigated TMS for the S-IHI measurements.
Therefore, we have no direct information on the topo-
graphical match of the TMS hotspots in M1yanp and the
fMRI defined MIHAND representations used for hCMF
tractography. Although previous studies reported Eucli-
dean differences between navigated TMS hotspots and
fMRI local activation maxima of about 10 mm (Weiss
et al. 2013; Ruohonen and Karhu 2010), we do not think
that lack of this information is critical in the present study,
as we found significant correlations of both S-IHI and FA-
hCMF with vc-BTC performance, signifying that both
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measures very likely targeted the same transcallosal path-
way relevant for visually guided bimanual coordination.

Findings in patients with multiple sclerosis

In skilled subjects, Yamanishi et al. (1979) showed that
attraction to stable in-phase decreases with the amount of
training. They suggested that the interaction between the
two synchronous oscillators is weakened by learning of
asynchronous patterns (Yamanishi et al. 1979). While
subjects highly trained in the BTC paradigm showed less
attraction to synchrony even when self-paced (Yamanishi
et al. 1979), patients with callosotomy showed high pene-
trance of default in-phase oscillation (Tuller and Kelso
1989). This is in line with our data in early-stage RRMS. In
the vicinity of in-phase tapping, patients were also driven
away from in-phase movements, but to a significantly
lesser degree than healthy controls. Reduced S-IHI and FA-
hCMF implicate that this might be due to motor callosal
disconnection.

Although macroscopic CMF lesions were detectable in
two patients only, RRMS patients showed significantly
reduced FA-hCMF (Fig. 3). This is consistent with the
findings of other studies, that diffusion abnormalities in the
CC can be present at the earliest stages of multiple sclerosis
(Bonzano et al. 2008; Harrison et al. 2011; Sigal et al.
2012; Wahl et al. 2011), before atrophy or macroscopic
lesions are detectable by conventional MRI (Ranjeva et al.
2003; Wahl et al. 2011), and before diffusion abnormalities
are detectable in normal appearing white matter (NAWM)
elsewhere in the brain (Ge et al. 2004; Harrison et al.
2011). In addition, we found a graded pathology, as the
FA-hCMF of the CIS group ranged in between those of the
healthy controls and RRMS (Fig. 3). A similar graded FA
pathology has been described in two other studies that
compared FA in the NAWM of CIS and RRMS patients
(Pulizzi et al. 2007; Yu et al. 2008). In contrast, this graded
pathology was not detectable for effective connectivity, as
both groups showed equally pronounced reductions of
S-IHI. This suggests that compared to FA-hCMF, S-IHI
constitutes an even more sensitive marker of early disease
pathology. In contrast, FA-hCMF might be superior for
disease staging and estimation of tissue damage severity.

Compared to healthy subjects that over-emphasize
deviation from the in-phase attractor, RRMS patients
showed significantly more attraction to in-phase move-
ments. These findings confirm and extend previous reports
on bimanual motor coordination abnormalities in more
advanced stages of MS (Bonzano et al. 2008; Larson et al.
2002). Also, in agreement with our findings, one recent
study demonstrated significant alterations in motor per-
formance even in early RRMS patients with an EDSS of 0
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when a weighted combination of unimanual and bimanual
coordination measures was used (Bonzano et al. 2013).
However, that study also found significant alterations in
unimanual performance in patients with early RRMS. In
contrast, we found altered BTC performance in the pres-
ence of normal motor performance in unimanual motor
tasks (finger tapping at maximum rate, 9-HPT). Our find-
ings, therefore,support the notion that integrity of hCMFs is
essential for ve-BTC performance and emphasize that the
CC is a preponderant site of early disease activity.

CIS and RRMS patients showed a breakdown of the
relations between FA-hCMF and S-IHI with ve-BTC
(Figs. 5, 6). The reasons for this dissociation can only be
speculated upon. Functional MRI studies in multiple scle-
rosis patients with defined structural brain damage have
shown stronger activation of cortical areas, increased
connectivity and recruitment of additional cortical areas
(Au Duong et al. 2005; Audoin et al. 2005; Rocca et al.
2005, 2007; Staffen et al. 2002; Gamboa et al. 2014;
Giorgio et al. 2010) as well as decreased fMRI activity in
specific task related areas (Penner et al. 2003; Rocca et al.
2010). Enhancement and redistribution of functional
activity and connectivity might serve the purpose of lim-
iting the behavioral manifestations of disease-related
injury. Recruitment of a widespread bihemispheric motor
network was also found after ischemic damage of the CC
and was paralleled by bimanual recoupling in response to
visual cues (Seitz et al. 2004). Therefore, it is well possible
that the breakdown of a normally tight relation between
structure, function and behavior can be explained by net-
work reorganization along pathways other than the hand
CMFs to support BTC abilities.

To the best of our knowledge, this is the first study that
simultaneously investigated the impact of both, inter-
hemispheric microstructural integrity and effective con-
nectivity along fiber tracts connecting M1yanp on BTC.
There is only one previous study that also employed three
levels of investigation and found fundamental differences
in callosal structure, effective connectivity and bimanual
control between young and older adults (Fling and Seidler
2012). That study revealed significantly higher callosal FA
values and a trend for a longer duration of the ipsilateral
silent period, another putative marker of hCMF effective
connectivity (Meyer et al. 1995) in young compared with
older adults. Surprisingly, Fling and Seidler (2012) showed
that higher FA values in the CC area connecting primary
motor cortices and longer ipsilateral silent periods were
associated with poorer performance on a bimanual differ-
ential force production task. This was in line with one
previous study by the same group (Fling et al. 2011) that
reported association of higher FA values in the posterior
CC with less accuracy in an out-of-phase tapping task in
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young adults. Bearing in mind, that in previous studies,
higher FA values were associated with better performance
on asynchronous movements (Johansen-Berg et al. 2007),
these results may seem counterintuitive at first sight.
Among the possible explanations for the unexpected
results, the authors favored excessive mutual inhibition
during out-of-phase bimanual tasks (Fling and Seidler
2012). In essence, this view is in close accord with our
present findings, where higher S-IHI und FA-hCMF were
associated with stronger intermanual offsets, i.e., over- or
underestimation of the required relative phase away from
the in-phase attractor.

With respect to accuracy of interval timing, patients with
multiple sclerosis showed superior performance as they
deviated less from the cued inter-hand interval compared to
healthy controls. Therefore, the present study delivers a
rare, yet not unique example of superior bimanual coordi-
nation performance in the pathological- compared to the
healthy condition. For spatial coupling, Franz and col-
leagues (1996) demonstrated superior skills in callosotomy
patients when intermanual uncoupling was required in order
to draw conflicting trajectories. The superior performance
was explained by the release from interhemispheric inter-
ference by conflicting information. Using the same
bimanual paradigm, these findings were replicated in
patients with partial callosotomy, but only in patients with
section of the posterior third of the CC (Eliassen et al. 1999,
2000). However, for temporal coupling, we are not aware of
any previous studies that demonstrated superior perfor-
mance in pathological CC conditions.

Conclusions

Our findings support the notion that anatomical and
effective connectivity of callosal motor fibers in healthy
subjects are tightly correlated with visually cued out-of-
phase bimanual temporal coordination performance. In
early-stage multiple sclerosis, callosal connectivity and
out-of-phase bimanual temporal coordination performance
are already altered to significant extent. This indicates an
important role of the motor corpus callosum in bimanual
coordination and suggests that multimodal assessment of
motor callosal function represents a diagnostic index of
early pathology in this disease.
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