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Abstract

Handedness is associated with differences in activation levels in various motor tasks performed
with the dominant or non-dominant hand. Here we tested whether handedness is reflected in the
functional architecture of the motor system even in the absence of an overt motor task. Using
resting-state functional magnetic resonance imaging we investigated 18 right- and 18 left-handers.
Whole-brain functional connectivity maps of the primary motor cortex (M1), supplementary motor
area (SMA), dorsolateral premotor cortex (PMd), pre-SMA, inferior frontal junction and motor
putamen were compared between right- and left-handers. We further used a multivariate linear
support vector machine (SVM) classifier to reveal the specificity of brain regions for classifying
handedness based on individual resting-state maps. Using left M1 as seed region, functional
connectivity analysis revealed stronger interhemispheric functional connectivity between left M1
and right PMd in right-handers as compared to left-handers. This connectivity cluster contributed
to the individual classification of right- and left-handers with 86.2% accuracy. Consistently, also
seeding from right PMd yielded a similar handedness-dependent effect in left M1, albeit with
lower classification accuracy (78.1%). Control analyses of the other resting-state networks
including the speech and the visual network revealed no significant differences in functional
connectivity related to handedness. In conclusion, our data revealed an intrinsically higher
functional connectivity in right-handers. These results may help to explain that hand preference is
more lateralized in right-handers than in left-handers. Furthermore, enhanced functional
connectivity between left M1 and right PMd may serve as an individual marker of handedness.
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Introduction

Handedness, i.e., the preference to use one hand over the other, is associated with differences
in activation levels in various motor tasks performed with the dominant or non-dominant
hand (Hammond, 2002). One of the earliest observation of lateralized brain function was
reported by Pierre-Paul Broca who on the basis of aphasia and left hemisphere damage
concluded that the left hemisphere is responsible for language-related behavior in right-
handed patients (Broca, 1863). Since then, several studies have confirmed that hemispheric
asymmetries of both structural and functional cortical organization are related to handedness
(Amunts et al., 1996; Hammond, 2002). Using magnetic resonance morphometry, Amunts et
al. demonstrated that the depth of the central sulcus is related to handedness. In right-
handers, the left central sulcus was deeper than the right, and vice versa in left-handers.
Analysis of macrostructural asymmetry was complemented by converging results of an
analysis of microstructure (i.e., tissue compartment containing dendrites, axons, and
synapses) in Brodmann's area 4. Based on their findings Amunts et al. suggested that hand
preference is associated with increased structural connectivity and an increased intrasulcal
surface of the precentral gyrus in the dominant hemisphere (Amunts et al., 1996). Using
functional magnetic resonance imaging (fMRI), Jdncke and colleagues investigated right-
handers performing a sequence task (touching of all four fingers with the thumb) at two
different frequencies (1.0 Hz and 3.0 Hz) (Jancke et al., 1998). In right-handers they
observed stronger right hemispheric activation when performing the task with the left hand
compared to activity in the left hemisphere when performing the same task with the right
hand (Jancke et al., 1998). Solodkin and colleagues further revealed differences in the fMRI
activation patterns between simple and complex digit movements in right- and left-handers:
while simple movements did not show differences with respect to handedness, neural
activations underlying complex movements were more extended in left-handers compared to
right-handers (Solodkin et al., 2001). Liu and colleagues found greater interhemispheric
asymmetry in functional resting-state-connectivity of attention-related areas in right-handers
compared to left-handers (Liu et al., 2009). We recently showed that effective connectivity,
i.e., the causal influence that one area exerts over another area, between motor areas was
differentially modulated in right- and left-handers depending on whether movements were
performed with the dominant or non-dominant hand (Pool et al., 2014). More precisely,
effective connectivity analysis revealed that in right-handed subjects movements of the
dominant hand were associated with significantly stronger coupling of contralateral (left,
i.e., dominant) supplementary motor area (SMA) with ipsilateral SMA, ipsilateral ventral
premotor cortex (PMv), contralateral motor putamen and contralateral primary motor cortex
(M1) (compared to equivalent connections in left-handers). Individual hand dominance as
assessed using the Edinburgh-Handedness-Inventory (EHI) for daily activities (e.g., writing,
striking a match, holding a broom; Oldfield, 1971) also correlated with coupling parameters
of these connections. In contrast, we did not observe differences between right- and left-

Neuroimage. Author manuscript; available in PMC 2016 August 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Pool et al.

Page 3

handers when testing for the effect of movement speed on effective connectivity. Based on
these observations we concluded that handedness is associated with differences in effective
connectivity within the human motor network with a prominent role of left SMA in right-
handers. The fact that left-handers featured less asymmetry in effective connectivity strongly
suggested differential hemispheric mechanisms underlying hand motor control in left- and
right-handers (Pool et al., 2014).

However, differences in task performance (either in absolute performance measures or in
hidden parameters like attention and effort) are inherent putative confounds for all task-
based fMRI studies (Lowe et al., 1998; Yan et al., 2012). For example, performing a
standard motor task might be less demanding when using the dominant hand compared to
the non-dominant hand, which may also affect neural activation levels, e.g., in frontoparietal
areas. Therefore, resting-state fMRI seems an attractive approach to overcome putative
confounds as it allows investigating networks independent from performance.

We, therefore, used resting-state fMRI in 18 right-handed and 18 left-handed healthy
volunteers to investigate handedness-dependent effects on resting-state functional
connectivity. Given the evidence suggesting a role of M1 in handedness (Amunts et al.,
1996; Ziemann and Hallett, 2001), we hypothesized that also resting-state connectivity of
M1 might differ between right- and left-handers. In addition, as also connectivity of higher
motor areas could show differential connectivity profiles dependent on handedness, we
included seed regions in SMA, dorsolateral premotor cortex (PMd), pre-SMA, inferior
frontal junction and motor putamen into the analyses. To test whether effects were
specifically related to the motor system, we also investigated resting-state functional
connectivity maps of the visual system and the language system using the primary visual
cortex (V1) and the pars triangularis of the inferior frontal gyrus (IFG) as seed regions.

Consistent with previous studies revealing a hemispheric asymmetry related to handedness
during motor performance (Haaland et al., 2004; Jancke et al., 1998; Solodkin et al., 2001)
and structural investigations reporting handedness-related macroscopic and microscopic
asymmetries (Amunts et al., 1996), we hypothesized that differences within the human
motor network between right- and left-handers can already be detected in absence of an
overt motor task. However, mass-univariate group comparisons are not able to reveal how
strong a feature really contributes to the distinction between right- and left-handers at an
individual subject level. In other words, finding a group difference for a specific brain
regions does not tell us whether this brain region can also predict an unseen subject that is
not part of the test sample. We, therefore, in addition used a multivariate linear support
vector machine (SVM) classifier algorithm (Chang and Lin, 2011) to test whether resting-
state functional connectivity between brain regions can predict handedness of individual
subjects.

Material and methods

Subjects

The study was approved by the local ethics committee and performed in accordance with the
Declaration of Helsinki. Thirty-six subjects [18 right-handers (10 males; 22—-33 years old;
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mean age 26.1 + 3.0 SD) and 18 left-handers (7 males; 19-30 years old; mean age 24.3 + 2.6
SD)] with no history of neurological or psychiatric disease gave informed consent.
Activation data of frequency-dependent modulation were previously published for this
cohort of subjects (Pool et al., 2013, 2014).

To ensure that there were no significant differences in head movement parameters between
right- and left-handed subjects we compared framewise displacement (FD) and root-mean-
square (RMS) of the realignment parameters of the resting-state data in a two-sample #test.
Both tests showed no significant differences between groups (FD: £=0.302; RMS: P=
0.259) (Power et al., 2012; Van Dijk et al., 2012).

Handedness measurements

Handedness was assessed by asking the subjects to complete the Edinburgh-Handedness-
Inventory (EHI) (Oldfield, 1971). The EHI is a test to assess hand dominance in daily
activities (e.g., writing, striking a match, holding a broom). The laterality quotient (LQ) of
hand dominance ranges from —100 to 100: A LQ > 25 indicates right-handedness, a LQ <
-25 left-handedness (Pujol et al., 1999). The median LQ value of the right-handers was 88
(range: 53 to 100) and the median LQ of the left-handers was -7 (range: —30 to —100). We
computed Mood's median test for non-parametric group comparisons, showing no
significant difference between the median degree of handedness of right- and left-handers (P
=0.176).

Data acquisition

All subjects underwent resting-state functional magnetic resonance imaging (rs-fMRI). MR
images were acquired on a Siemens Trio 3.0 T scanner (Siemens Medical Solutions,
Erlangen, Germany). The resting-state paradigm was measured using a gradient echo planar
imaging (EPI) sequence with the following parameters: TR = 2000 ms, TE = 30 ms, FOV =
220 mm, 32 slices, 3.4 x 3.4 x 3.4 mm3 voxel size, 1 mm gap, flip angle = 90°, rs-fMRI: 184
volumes (three dummy images). The slices covered the whole brain extending from the
vertex to lower parts of the cerebellum.

For the resting-state assessment, subjects were instructed to remain motionless and to fixate
on a red cross on a black screen for about 6 min. We choose a scanning time around 6 min
because longer scanning times do not improve the signal-to-noise of the data, but promote
fatigue of the subjects (Van Dijk et al., 2010).

Image preprocessing

The resting-state fMRI data were conjointly preprocessed using Statistical Parametric
Mapping (SPMS8, http://www.fil.ion.ucl.ac.uk/spm). After realignment of the EPI volumes
and co-registration, all volumes were spatially normalized to the standard template of the
Montreal Neurological Institute employing the unified segmentation approach (Ashburner
and Friston, 2005). Finally, data were smoothed using an isotropic Gaussian kernel of 8 mm
full-width-at-half-maximum.
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Data analyses

fMRI resting-state data—\Variance that could be explained by known confounds was
removed from each voxel of the fMRI time-series. Confound regressors included the mean-
centered global gray matter, white matter and cerebrospinal fluid signal intensities and their
squared values, the six head motion parameters, their squared values as well as their first-
order derivatives (Satterthwaite et al., 2013). In the following step, data were band-pass
filtered preserving frequencies between 0.01 Hz and 0.08 Hz. We used a low-pass cutoff of
0.08 Hz as this threshold has been demonstrated to be more robust against spurious
correlations induced by, e.g., head movements compared to a 0.1 Hz threshold (Power et al.,
2012; Van Dijk et al., 2012).

Coordinates from an activation likelihood estimation (ALE) meta-analysis (Hardwick et al.,
2012) of peak activations in left and right M1 on the rostral wall of the central sulcus at the
“hand knob” formation (Yousry et al., 1997) were used as seed regions for the resting-state
analysis (see Table 1). Besides M1, we included other cortical and subcortical motor areas as
seed regions that are known to be involved in motor control. To this end, we extracted
coordinates from ALE meta-analyses of peak activations in left and right SMA (Rehme et
al., 2012), left and right PMd (Witt et al., 2008), left and right pre-SMA (Keuken et al.,
2014), pars opercularis of the left and right IFG (Swick et al., 2011), and left and right motor
putamen (Hardwick et al., 2012) (Table 1). The time course of the respective seed regions
was subsequently extracted for each subject as the first eigenvariate of all gray-matter voxels
located within a sphere of 8 mm-diameter centered at the seed voxel coordinate (zu
Eulenburg et al., 2012). Linear Pearson's correlation coefficients were computed between the
seed coordinate and the time course of every other voxel in the brain for each subject (zu
Eulenburg et al., 2012). Only positive correlations were used to reconstruct the respective
resting-state maps. Correlation coefficients of the resting-state functional connectivity maps
were then converted to Fisher's Z-scores to yield approximately normally distributed data
using the following equation:

Control analyses—To test whether differences in functional connectivity between right-
and left-handers were specific for the resting-state motor networks, additional analyses were
performed for non-motor resting-state networks with seeds in the (i) inferior frontal gyrus
(IFG, pars triangularis; BA 44, “speech network”), and the (ii) occipital poles/calcarine
sulcus (V1; BA17, “primary visual network”). The seed coordinates for the speech network
were defined from ALE meta-analyses of peak activations associated with several core
aspects of language including overt and covert speech, semantics, phonology and syntax
(Clos et al., 2013). The seed coordinates for the visual network were defined from group
activation maxima based on a visually cued sensorimotor task described by Pool et al.
(2014) (Table 1).

Statistics—For each seed region (left/right M1, left/right SMA, left/right PMd, left/right
pre-SMA, left/right pars opercularis of the IFG, left/right motor putamen, left/right pars
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triangularis of the IFG, and left/right V1), the individual maps were entered into flexible
factorial general linear models (GLMs) with the factor GROUP (levels: right-handers, left-
handers). We used GENDER as a covariate for the different resting-state maps to correct for
differences between groups. In addition, we computed regression analyses for significant
GLM effects between resting-state maps and the EHI score to investigate whether there was
a correlation between the degree of handedness and functional connectivity (P < 0.05, FWE-
corrected at the cluster level).

Differential contrasts were masked with the respective resting-state maps (£ < 0.001,
uncorrected) in order to ensure that only those voxels were considered for which significant
resting-state connectivity was found in either right- or left-handers.

SVM classification

We next tested whether regions showing significant group differences in resting-state
functional connectivity between right- and left-handers also allow classifying handedness at
the level of individual maps by using a linear support-vector machine (SVM) (Chang and
Lin, 2011) implemented in MatLab. Therefore, the same resting-state maps that were used in
the GLM were entered into the multivariate SVM analyses. Accordingly, classification was
based on the z-transformed correlation coefficients. As a linear parameter, voxel-wise
connectivity was scaled to range between 0 and 1. Feature selection was repeated for each
training sample. Then, model optimization was embedded in a leave-one-subject-out cross-
validation scheme. For training, every subject was left out once and classified based on the
model optimized for the rest of the sample constituting the training data set. Voxels were
selected for each training set according to a significant #test (< 0.001), and the left-out
subject was classified based on the features selected in the respective training sample. Thus,
classification of data was independent from the selection criteria applied in the training step
to prevent any feature selection bias (Kriegeskorte et al., 2009). Afterwards, the
classification model was optimized based on different soft margin constants of the linear
separation boundary (i.e., C-parameters ranging from small (C = 0.0001) to large (C = 30).
For this optimization, we used another leave-one-subject-out cross-validation procedure by
successively omitting and classifying one subject of the training data (please see Rehme et
al., 2014, for a more detailed description). We then computed the posterior balanced
accuracy of classifications across all outer loops and reported 95% confidence intervals (CIs)
(Brodersen et al., 2010). Chi-squared tests for equal distributions of correct and incorrect
classifications were used to test for significance.

To test whether regions showing significant group differences in functional connectivity
were specifically related to handedness in individual subjects, we computed a second SVM
analysis. Here, individual resting-state maps were masked by the significant group
difference in the GLM analysis (P < 0.05, cluster-level FWE corrected) and entered into the
SVM analysis as described above with a fixed number of voxels. We again report the
posterior balanced accuracy with Cls and significance levels.

Finally, we computed the SVM weight image showing areas of regional functional
connectivity that contribute to the classification of the two groups.
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Mass-univariate SVM analysis

Results

To compare multivariate SVM classification with univariate classification, we also tested the
classification accuracy of individual voxels within the motor network for the discrimination
between right- and left-handers (Rehme et al., 2014). We performed the same leave-one-
subject-out cross-validation procedure with a training sample and one independent test
sample according to the multivariate SVM training procedure described above. The mean of
the average connectivity in each group of the training data set was used as a separation
boundary to classify the respective left-out subject for each voxel. Finally, the classification
accuracy for each voxel was averaged across all cross-validation loops. Similar to the
presentation of SVM weights, we mapped the single voxel accuracy onto a brain template to
show voxels that discriminate right- and left-handers with higher accuracy cut-off.

M1 resting-state connectivity

The approach of using the left M1 as a seed region revealed a bihemispheric motor network
comprising M1 and premotor areas as well as parts of the somatosensory and superior
parietal cortex (P < 0.05, FWE-corrected at the cluster level; Fig. 1A). When computing
group contrasts to test for differences related to handedness, we found stronger functional
connectivity between left M1 and right PMd [maximum (x;, y; 2): 34 —8 54] in right-handers
as compared to left-handers (P < 0.05, FWE-corrected at the cluster level; Fig. 1B). The
reverse contrast showed no significant differences between the two groups. Computing
functional connectivity of the right M1 seed region yielded a similar yet mirror-reversed map
as observed for the left M1 seed region (P< 0.05, FWE-corrected at the cluster level; Fig.
1A). However, when computing group contrasts with right M1 as seed region we found no
significant difference between right- and left-handers (#> 0.05, uncorrected on the cluster
level).

Multivariate SVM classification

The SVM classifying right- and left-handers based on resting-state functional connectivity
of left M1 yielded a posterior classification accuracy of 86.2% (£ < 0.001, Cl = 69.8-92.5%;
right-handers: 83.3% and left-handers: 88.9%). Consistent with the mass-univariate analysis,
the SVM weight image reveals that higher resting-state functional connectivity between left
M1 and right PMd contributes to the classification of right-handers as compared to left-
handers at the level of individual subjects (Fig. 2). Here, red colored voxels indicate that in
these voxels right-handers had higher connectivity values compared to left-handers, while
blue colored voxels denote the opposite, i.e., left-handers had higher connectivity than right-
handers. However, as none of the voxels showed higher connectivity in left-handers
compared to right-handers, the reconstructed weights are only represented by red voxels.
When testing for right M1 as seed region, the SVM results showed performance at chance
level (classification accuracy = 50%, 2= 0.499).
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Mass-univariate SVM classification

When testing the classification accuracy of individual voxels based on resting-state
functional connectivity of left M1 for the discrimination between right- and left-handers, the
mean of the average voxel connectivity in each group in each training sample was used as a
boundary to classify the respective left-out subject in a cross-validation approach. This
mass-univariate classification analysis revealed that 14 voxels provided classification
accuracies of >86.2% (Supplementary Fig. 1). This means that only 0.02% of the voxels
were equal to or better than the classification accuracy of the multivariate SVM classifier of
82.6%. Thus, multivariate classification allows a better prediction of handedness as
compared to univariate classification.

Resting-state connectivity of motor control regions

Using the right PMd as seed region revealed a bihemispheric network comprising premotor
regions, M1 as well as parts of the somato-sensory and superior parietal cortex, and
postcentral gyrus (P < 0.05, FWE-corrected at the cluster level; Fig. 3A). When testing for
differences related to handedness, we found stronger functional connectivity between right
PMd and left M1 [maximum (X, Y, z): =38 —26 64] in right-handers as compared to left-
handers (P < 0.05, FWE-corrected at the cluster level; Fig. 3B).

The SVM classifying right- and left-handers based on resting-state functional connectivity
of right PMd yielded a posterior classification accuracy of 78.1% (< 0.001, Cl = 61.2—
87.1%; right-handers: 72.2% and left-handers: 83.3%). The SVM weight image revealed
that resting-state functional connectivity between right PMd and left M1 contributed to the
classification of right-handers as compared to left-handers at the level of individual subjects
(Fig. 4). Hence, a similar region as found for the mass-univariate analyses separated right-
from left-handers.

When seeding from left PMd or other regions that are involved in motor control including
pre-SMA, SMA, pars opercularis of the IFG and motor putamen, the differential contrasts
revealed no significant difference between right- and left-handers for any of these motor
control areas (P> 0.05, uncorrected).

Likewise, the SVM approach could not discriminate between right-and left-handers based on
resting-state functional connectivity of these motor control networks (classification accuracy
<50%, i.e., chance level; P> 0.9).

Control analyses

Seeding from the left pars triangularis of the IFG revealed positive coupling with a
bihemispheric speech network comprising IFG (areas 44 and 45), bilateral inferior and
superior parietal cortex, and postcentral gyrus (P < 0.05, FWE-corrected at the cluster level;
Fig. 5). A similar yet mirror reversed pattern was observed when seeding from right IFG
(pars triangularis). However, there was no significant difference between right- and left-
handers for any IFG seed region within the speech network (2> 0.05, uncorrected).

For the visual network, we found significant coupling of both the left- and right-hemispheric
V1 seed region with a bihemispheric visual network comprising V1 and secondary visual
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areas (P< 0.05, FWE-corrected at the cluster level; Fig. 5). Again, differential contrasts with
V1 as a seed region did not show a significant difference between right- and left-handers (P
> 0.05, uncorrected).

Likewise, the SVM approach could not discriminate between right-and left-handers based on
resting-state functional connectivity of the language or visual network (feature selection
threshold: £< 0.001 uncorrected; classification accuracy for both the language network and
the visual network <50 %, i.e., chance level; £> 0.9).

Discussion

We found that right-handedness was associated with stronger inter-hemispheric functional
connectivity between left M1 as seed region and contralateral PMd as compared to left-
handedness. Corresponding to this, functional connectivity between right PMd as seed
region and contralateral M1 was also stronger in right-handers as compared to left-handers.
In addition to these mass-univariate analyses, the SVM analysis showed that
interhemispheric functional connectivity between left M1 and right PMd allows making
individual classifications as to whether subjects are left- or right-handed with an accuracy of
86.2%. The equivalent SVM analysis with right PMd as seed region revealed the same
voxels to contribute to the classification of handedness, albeit with a slightly lower
classification accuracy (78.1%).

In contrast, neither the resting-state maps of the other motor control regions nor those of the
visual network and language network could differentiate between left- and right-handers.
Also the multivariate SVM—uwhich in principle can detect spatial patterns of connectivity
associated with handedness even in the absence of differences in the univariate GLM
analysis—did not find a separation of left- and right-handers based on the connectivity of the
control networks. This finding underpins the high specificity of the M1-PMd connection for
distinguishing handedness based on intrinsic resting-state fluctuations.

Handedness and brain activity

A number of previous studies found differences in brain activity between right- and left-
handers in different motor tasks (Dassonville et al., 1997; Kim et al., 1993; Solodkin et al.,
2001; Volkmann et al., 1998). For example, Kim and colleagues revealed larger ipsilateral
activation volumes in M1 in right-handers as compared to left-handers when performing a
repetitive finger—thumb opposition task (Kim et al., 1993). Dassonville and colleagues
observed a stronger lateralization of neural activity within the motor cortex according to
increasing degrees of handedness for both right- and left-handers (Dassonville et al., 1997).
Solodkin and colleagues mapped brain activation patterns in right- and left-handers during
single and sequential finger movements and found larger volumes of activation and less
hemispheric lateralization in left-handers (Solodkin et al., 2001). These findings are in line
with behavioral data revealing that hand preference in left-handers is often expressed to a
lesser degree than in right-handers (Borod et al., 1984). Handedness-related asymmetries
have also been demonstrated in cortical excitability using transcranial magnetic stimulation
(TMS) paradigms (Brouwer et al., 2001; Ziemann and Hallett, 2001). For example, Ziemann
and Hallett (2001) showed a smaller increase of the excitability of the motor cortex
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contralateral to the inactive hand during right than during left hand movements. This finding
indicates that the left motor cortex exerts more inhibitory control upon the contralateral
motor cortex (controlling the left hand) than vice versa (Ziemann and Hallett, 2001). Data
suggest that the neural mechanisms underlying handedness might rest in hemispheric-
specific differences of network dynamics that govern unimanual movements.

Handedness-dependent effects on connectivity

The new finding of the present study is that we found a strong association between
handedness and resting-state functional connectivity of M1 with right PMd. Both M1 and
PMd are considered to represent key motor structures for movement preparation and
execution (Hoshi and Tanji, 2004; Schluter et al., 1998). Several tract-tracing studies provide
evidence that the preparatory activity in PMd neurons facilitates the initiation of arm
movements according to predetermined motor parameters (Churchland and Shenoy, 2007;
Churchland et al., 2006; Hoshi and Tanji, 2007). PMd projects to the superior part of the
parietal cortex, where sensorimotor integration occurs, and the motor cortex, where the
movement is executed. Using double pulse TMS, Liuzzi and colleagues revealed that during
movement preparation with the right hand, the right PMd exerted a more pronounced late
facilitatory influence on the left M1 in right-handers (Liuzzi et al., 2009). This result is in
line with the findings of the present study showing a stronger intrinsic connectivity between
right PMd and left M1 even in the absence of movement preparation for the right (dominant)
hand of right-handers compared to the right (non-dominant) hand of left-handers. As we did
not find a similar effect for functional connectivity between left PMd and right M1—neither
in the mass-univariate group analysis nor in the multivariate SVM analysis—data strongly
suggest that interhemispheric interactions between right PMd and left M1 are more
lateralized in right-handers. Consistent with this suggestion, structural connectivity has also
been shown to be more lateralized in right-handers compared to left-handers: Using
diffusion tensor imaging and graph theoretical measures to investigate handedness-related
differences in white-matter properties, Li and colleagues observed that right-handed subjects
had significantly more asymmetries in small-world properties of white matter tracts than
left-handed subjects (Li et al., 2014). Other studies confirm lateralization differences in
functional connectivity dependent on handedness. For example, Saenger and colleagues
found that in right-handers functional connectivity of the default mode network (DMN)
shows more hemispheric asymmetries compared to left-handers (Saenger et al., 2012).
Furthermore, Liu and colleagues found stronger hemispheric asymmetry in right-handers in
attention related areas (Liu et al., 2009). Interestingly, during childhood development,
asymmetries in resting-state functional connectivity of the motor system towards the left
hemisphere reflect better motor performance in right-handed children at the age of 10 years.
Taken together, these findings suggest that an enhanced lateralization of motor network
properties is a consistent feature of right-handed subjects. Findings are compatible with
developmental studies showing that right hand preference can be already observed before
birth; for example, ultrasound studies revealed that about 90% of the fetuses suck the thumb
of their right hand (Hepper et al., 2005), suggesting a strong genetic influence for
handedness.
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Nevertheless, over and above genetic/developmental properties use-dependent effects are
likely to impact on asymmetries of the motor system (Haaland et al., 2000; Karni et al.,
1995; Kloppel et al., 2007). This needs to be kept in mind particularly when studying left-
handers: left-handers are likely to have learned to live in a world in which many tools and
procedures are made for right-handers (Porac, 1996). Consistently, left-handers were
demonstrated to be more flexible in using both hands in activities of daily living (Bryden et
al., 2011; Vaid et al., 1989). In line with this, Landau and D'Esposito showed that subjects
trained to use both hands feature less hemispheric asymmetry of the motor system (Landau
and D'Esposito, 2006). Thus, a reduced hemispheric lateralization of functional connectivity
in left-handers relative to right-handers as shown by our results might also result from a
stronger use of the non-dominant right hand for everyday life tasks (in left-handers).

Handedness-dependent effects on resting-state connectivity within the Broca speech

network

Conclusion

Our data did not reveal an effect of handedness on functional connectivity of the IFG (Broca
speech network, BA 44, pars triangularis). It is well established that the left hemisphere is
dominant for speech—language functions in over 90% of right-handers (Szaflarski et al.,
2006). In contrast, language dominance in left-handers is less lateralized (Goodglass and
Quadfasel, 1954; Ratcliff et al., 1980; Satz, 1979; Steinmetz et al., 1991). In healthy
subjects, Knecht and colleagues revealed that the incidence of right-hemisphere language
dominance increased linearly with the degree of left-handedness. This suggests that
handedness and language dominance are determined by multiple factors, e.g., complex
genetic or non-genetic factors in the formation of the phenotype (Knecht et al., 2000).
However, it must be noted that not only right-handers but also a large fraction of left-handers
have a left-hemispheric dominance for language. For example, Pujol and colleagues
investigated 100 healthy right- and left-handers using fMRI and a word generation task
within the scanner (Pujol et al., 1999). The authors observed that 70% of the left-handers
have left cerebral language dominance while 30% show a right dominant or bilateral pattern
(Pujol et al., 1999). Assuming similar proportions for the sample of the present study, it is
not surprising that functional connectivity of the IFG (pars triangularis) was insufficient for
separating subjects based on handedness. Conversely, it underlines the robustness of
handedness-dependent effects on M1 resting-state functional connectivity. Likewise, no
effects were observed with respect to the V1 resting-state network.

In conclusion, the present study revealed that right-handedness is associated with stronger
interhemispheric resting-state functional connectivity between primary and premotor cortex.
The stronger lateralization of the motor system in right-handers might help to explain the
behavioral effect that right-handedness is usually more lateralized than left-handedness with
left-handers tending to be more flexible in the use of both their right and left hand. Based on
these findings, a larger sample would allow us to investigate more heterogeneous subjects,
and might further our understanding of handedness and motor skill manifestations like
ambidexterity. Unfortunately, the number of left-handed subject (as assessed by the EHI or
other measures of handedness) in these database archives is very small (e.g., NKI Rockland-
Sample has only 18 out of 304 subjects with an EHI < -25). This bias probably results from
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the fact that most fMRI studies exclusively include right-handed subjects. Therefore, a more
systematic inclusion of left-handed subjects in such databases in the future would help to
investigate neural correlates of hand dominance with higher statistical power.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

A. Whole brain group analyses of the motor network (n = 36, £< 0.05, FWE-corrected on
the cluster level, cluster finding threshold £ < 0.001 I; color bar represents t-values). B.
Differential contrasts (n = 36, < 0.05, FWE-corrected on the cluster level, cluster finding
threshold £< 0.001; color bar represents t-values); x = seed region.
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Fig. 2.
Multivariate SVM classification. Resting-state functional connectivity of left M1 provided

86.2% mean accuracy for the classification of handedness. Red: Areas of voxelwise resting-
state functional connectivity which contribute to the classification of right-handers; Blue:
Avreas of voxelwise resting-state functional connectivity which contribute to the
classification of left-handers (here: none); x = seed region. Color coding refers to SVM
weights.
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Fig. 3.

A.gWhoIe brain group analyses of the right-hemispheric premotor network (n = 36, £< 0.05,
FWE-corrected on the cluster level, cluster finding threshold < 0.001; color bar represents
t-values). B. Differential contrasts (n = 36, £< 0.05, FWE-corrected on the cluster level,
cluster finding threshold £ < 0.001; color bar represents t-values); X = seed region.
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Multivariate SVM:
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Fig. 4.
Multivariate SVM classification. Resting-state functional connectivity of right PMd

provided 78.1% mean accuracy for the classification of handedness. Red: Areas of
voxelwise resting-state functional connectivity which contribute to the classification of right-
handers; Blue: Areas of voxelwise resting-state functional connectivity which contribute to
the classification of left-handers (here: none); x = seed region. Color coding refers to SVM
weights.
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Control analyses of the Broca speech network and the visual network (nh = 36, < 0.05,

FWE-corrected on the cluster level, cluster finding threshold £ < 0.001; color bar represents

-values); x = seed region.
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Seed regions.

Seed region X y z
Left M1 -38 -24 62
Right M1 34 -22 62
Left SMA -8 0 54
Right SMA 8 0 54
Left PMd -16 -20 48
Right PMd 34 -8 52
Left pre-SMA -8 18 46
Right pre-SMA -8 12 58
Left Put -26 4 4
Right Put 26 0 2
Left IFG (pars opercularis) -48 12 22
Right IFG (pars opercularis) 46 12 30
Left IFG (pars triangularis) -58 25 8
Right IFG (pars triangularis) 48 26 6
Left V1 -18 -102 2
Right V1 12 -102 0

Table 1
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M1 = primary motor cortex, SMA = supplementary motor area, PMd = dorsolateral premotor cortex, Put = motor putamen, IFG = inferior frontal
gyrus, V1 = primary visual cortex.
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