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To investigate the effect of genetic and environmental influences on cerebral motor
function, we determined similarities and differences of movement-related cortical fields
(MRCFs) in middle-aged and elderly monozygotic (MZ) twins. MRCFs were measured using
a 160-channel magnetoencephalogram system when MZ twins were instructed to repeat
lifting of the right index finger. We compared latency, amplitude, dipole location, and dipole
intensity of movement-evoked field 1 (MEF1) between 16 MZ twins and 16 pairs of genet-
ically unrelated pairs. Differences in latency and dipole location between MZ twins were
significantly less than those between unrelated age-matched pairs. However, amplitude
and dipole intensity were not significantly different.These results suggest that the latency
and dipole location of MEF1 are determined early in life by genetic and early common
environmental factors, whereas amplitude and dipole intensity are influenced by long-
term environmental factors. Improved understanding of genetic and environmental factors
that influence cerebral motor function may contribute to evaluation and improvement for
individual motor function.

Keywords: twins, motor function, movement-related cortical fields, magnetoencephalography

INTRODUCTION
Human motor function is attributed by both innate and acquired
traits (Lippi et al., 2010; Tucker and Collins, 2012). Innate traits are
mainly related to genetic factors, whereas acquired traits are related
to environmental factors. Accordingly, although motor function
changes with environmental influences such as training, certain
genes have been associated with motor function. In particular,
the angiotensin converting enzyme (ACE) I allele and the ACTN3
gene (encoding alpha-actinin-3) have been associated with ath-
letic excellence (Gayagay et al., 1998; Yang et al., 2003). Thus
in the present study, we hypothesized that cerebral motor func-
tion is affected by genetic and environmental influences, based
on the assumption that genetically identical brains function dif-
ferently following long-term exposure to different environments,
and reflect brain plasticity. It is important for sports education
and training to clarify it. However, little is known to what extent
environmental and genetic factors influence cerebral motor func-
tion. Middle-aged and elderly monozygotic (MZ) twins are good
subjects to investigate the environmental and genetic effects on
brain function because a middle-aged and elderly MZ pair is iden-
tical with regards to genetic factors but different regarding their
environmental exposure. Many studies have compared similarities
in electrical brain activity between MZ twins and dizygotic (DZ)
twins using electroencephalogram (EEG) and magnetoencephalo-
gram (MEG) (van Beijsterveldt and van Baal, 2002; Smit et al.,
2005; Begleiter and Porjesz, 2006; van Pelt et al., 2012). For exam-
ple, using EEG, the genetic effects on amplitudes and waveforms
of several evoked potentials were reported by comparing MZ

twins with DZ twins or unrelated pairs (Lewis et al., 1972).
Recently, Van’t Ent et al. (2010) revealed genetic influences on
waveform amplitude and morphology of entire time series of
somatosensory-evoked brain activity in a sample of MZ and DZ
twins. However, published twin studies concerning brain activity
were limited to primary sensory functions such as visual, auditory,
and somatosensory-evoked potentials, and there are no reports to
this date on motor-related brain function.

Using MEG, typical responses are observed during voluntary
finger movement called movement-related cortical fields (MRCFs)
(Cheyne and Weinberg, 1989). MRCFs are representative cor-
tical responses for evaluation of motor function. For example,
abnormalities of the time course of MRCFs have been associated
with movement disorders such as Parkinson’s disease and dystonia
(Chen and Hallett, 1999). MRCFs consist of several components,
one of which is movement-evoked field 1 (MEF1), which shows
the largest and most robust signal (Kristeva et al., 1991; Kristeva-
Feige et al., 1995). MEF1 appears approximately 80–120 ms after
the onset of muscle contraction (Cheyne and Weinberg, 1989;
Cheyne et al., 1997), and the current source underlying MEF1
has been located in primary somatosensory cortex (Cheyne et al.,
1997, 2006; Onishi et al., 2006) or primary motor cortex (Onishi
et al., 2011). Moreover, peak amplitude of MEF1 increased in
Tourette syndrome patients who were characterized by motor tics
(Biermann-Ruben et al., 2012), it is considered one of the most
important components of MRCFs produced during voluntary
movement. In this study, we focused on MEF1 to investigate how
genetic and environmental factors affect movement-related brain
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activity by evaluating differences between middle-aged and elderly
MZ twins and unrelated age-matched pairs.

MATERIALS AND METHODS
SUBJECTS
Monozygotic or DZ twins of ≥20 years of age and with no his-
tory of neurological or psychiatric episodes were recruited by
the Center for Twin Research in Osaka University. We assessed
16 healthy pairs of MZ twins and 15 unrelated individuals (23
males: 65.5± 9.5 years; 22 females: 60.3± 10.9 years). All subjects
were determined to be right-handed by a score in the Edinburgh
inventory. Zygosity was determined by short tandem repeat (STR)
typing. Written informed consent was obtained from all subjects
after explanation of the purpose and possible consequences of the
study. This study was approved by the ethics committee of the
Osaka University Graduate School of Medicine.

Osaka University Center for Twin Research was organized to
collect various information as well as biological resources from
registered twins, and to establish a biobank and databases for
preserving and managing these data and resources (Hayakawa
et al., 2013). The following data are being collected: physical
data (e.g., height, body mass, and bone density), data regarding
epidemiology (e.g., medical history, lifestyle, cognitive function,
and nutrition), EEG, ultrasonography, dentistry, plastic surgery,
positron emission tomography, MEG, and magnetic resonance
imaging (MRI). In this research, we investigated the cerebral motor
function using MEG.

MEASUREMENTS
The subjects lay on a bed comfortably in the supine position with
their head centered into the gantry. They were instructed to close
their eyes and to lift the right index finger at self-paced intervals of
approximately 5 s. Movements were performed with a very sharp
onset, and started from total muscular relaxation. Neuromagnetic
activities were recorded in a magnetically shielded room using a
160-channel whole-head MEG system equipped with coaxial type
gradiometers (MEG vision NEO; Yokogawa Electric Corporation,
Kanazawa, Japan). Data were acquired at a rate of 1000 Hz with
an online low-pass filter at 200 Hz. The positions of five head
marker coils were obtained before and after recording to local-
ize head position and to evaluate head movement. The maximum
acceptable head movement was set at 5 mm and head movements
ranged from 0.03 to 3.53 ms. Because head movements were small,
the head movement compensation algorithm was not required.
Anatomical MRI data were obtained using a 3.0-T magnetic reso-
nance scanner with a standard whole-head coil (Signa HDxt Excite
3.0 T, GE Healthcare UK Ltd., Buckinghamshire, UK).

In order to align MEG data with individual MRI data, we
scanned the three-dimensional facial surface of each participant
(FastSCAN Cobra, Polhemus, USA). Five head marker coils were
attached to the scalp before recording MEG, which provided the
position and orientation of MEG sensors relative to the head.
Three-dimensional facial surface data were superimposed on the
anatomical facial surface provided by the MRI data. We also
recorded electromyograms of the right extensor indicis muscle
and monitored the self-paced movement of the subjects using two
video cameras.

DATA ANALYSES
The MEG data were analyzed using the standard MEG software
of the system (MEG Laboratory; Yokogawa Electric Corporation,
Kanazawa, Japan). The onset of each self-paced finger movement
was manually determined by an initial rise in the electromyo-
gram waveforms, and this onset time was defined as 0 ms. The
time-window of each recoding epochs were defined from−500 to
500 ms. Epochs containing artifacts, such as obvious eye move-
ments and excessive muscle activity were eliminated from the
analyses. The epochs were averaged using from −500 to −300 ms
as a baseline. Averaged waveforms were high-pass filtered using
a cut-off frequency of 1 Hz, and low-pass filtered using a cut-
off frequency of 20 Hz. We excluded 35 channels of the bilat-
eral frontal base from the analyses in order to minimize artifact
contamination such as eye movement. To determine MEF1, we
used the root mean square (RMS), which was calculated from
the averaged waveforms of all MEG channels used for analy-
ses (Figure 1A). We defined the peak amplitude of MEF1 as
the amplitude of MEF1 and the peak latency as the latency of
MEF1. We confirmed a clear dipole pattern in the contralat-
eral central region at the peak latency of MEF1 in all subjects
(Figure 1B).

FIGURE 1 | Averaged waveforms, a topographic map, and estimated
current sources at MEF1 of the MRCFs in one subject. (A) Time
average of MRCFs for 125 channels (black lines) and the root mean square
(RMS) waveforms calculated from 125 channels (red line). The peak
amplitude of RMS waveforms in MEF1 was defined as the amplitude of
MEF1, and the peak latency was defined as the latency of MEF1. (B) The
topographic map (nose upwards) at the peak latency of MEF1 (red:
outflow, blue: inflow). (C) The amplitude map of estimated current source
at the latency of MEF1. The activity map was rendered on inflated cortical
surface. Sulci (concave) and gyri (convex) were indicated by dark and
light-gray shading, respectively. The coordinates (x, y, z ) with the
maximum dipole moment in the MNI reference brain were defined as the
dipole location of MEF1 (red circle), and the dipole moment value was
defined as the dipole intensity of MEF1.
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We also performed dipole source analyses in the peak latency
of MEF1 using free software for estimating cortical currents from
MEG data (VBMEG; ATR Neural Information Analysis Labora-
tories, Kyoto, Japan) (Sato et al., 2004; Yoshioka et al., 2008; Toda
et al., 2011; Yoshimura et al., 2012). Using each subject’s MRI
data that was spatially normalized to the Montreal Neurological
Institute (MNI) coordinates (Montreal, QC, Canada) using SPM5
(Wellcome Department of Cognitive Neurology, UK)1, dipole
locations of MEFI were calculated on common MNI coordinates.
To map current dipoles on the cortical surface, a polygon model
of the cortical surface was constructed based on T1-weighted MRI
data using FreeSurfer software (Martinos Center software)2 (Dale
et al., 1999; Fischl et al., 1999, 2002). We defined the location on
the MNI coordinates of strongest dipole moment around the left
central sulci as the dipole location of MEF1 and that of the dipole
moment value as the dipole intensity of MEF1 (Figure 1C).

In order to evaluate differences in MEF1 between genders, the
difference in the average value between males and females was sta-
tistically analyzed for the four features of MEFI: latency, amplitude,
dipole location, and dipole intensity. To evaluate the differences
attributed to age, we sampled the pairs of all the combination
from all 47 subjects in such a way that the age difference does not
exceed 5 years and computed the correlation coefficients between
difference of age and the features of MEF1. Differences in latency,
amplitude, and dipole source characteristics (dipole location and
intensity) of MEFI were computed for all MZ twin pairs and unre-
lated age-matched pairs. Unrelated pairs were made by randomly
selecting 16 pairs from all subjects without any overlap in pair
assignment. Pairs were made such that the age difference may be
no more than 5 years.

RESULTS
Movement-evoked field 1 was consistently observed over the con-
tralateral central region in all subjects. The mean latency of MEF1
was 113.0± 11.5 ms (mean± SD), and the mean amplitude was
45.5± 18.9 fT/cm. Maximum values of individual differences in
latency and amplitude of MEF1 were 48 ms and 78.7 fT/cm,respec-
tively. Mean dipole location at the peak latency of MEF1 was
(−45.3± 5.5, −17.7± 5.7, 60.2± 6.2) (MNI coordinates), and
mean dipole intensity was 18.9± 13.4 nAm. There was no sta-
tistically significant difference among genders in latency, ampli-
tude, dipole location, and dipole intensity of MEF1 (Table 1). All
subjects were therefore analyzed independent of gender.

Figure 2 shows the relationship between difference of age and
difference of the features of MEF1 in pairs of all combinations
of 47 subjects (312 pairs) such that the age difference may be
no more than 5 years. Correlation coefficients for difference of
age and difference of the latency, amplitude, dipole location, and
dipole intensity were 0.05 (p= 0.40; Pearson’s correlation test),
0.04 (p= 0.71),−0.03 (p= 0.57), and 0.06 (p= 0.31), respectively.
No significant correlation was observed in any features.

Figure 3 shows box and whisker plots of the differences in the
latency, amplitude, dipole location, and dipole intensity of MEF1
between MZ twins and unrelated pairs. The average age of all

1http://www.fil.ion.ucl.ac.uk/spm
2http://surfer.nmr.mgh.harvard.edu/

Table 1 | Gender differences in MEF1 components.

MEF1 components Male Female p*

Latency (ms) 113.4 (9.4) 113.0 (13.9) 0.903

Amplitude (fT/cm) 50.2 (22.2) 42.9 (13.4) 0.193

x coordinate −45.8 (6.2) −44.9 (6.6) 0.631

Dipole location y coordinate −18.0 (4.8) −17.5 (7.1) 0.756

z coordinate 58.2 (7.8) 61.7 (5.6) 0.093

Dipole intensity (nAm) 18.2 (13.1) 20.6 (14.6) 0.569

Values are indicated as means (standard deviation). *p Values of Student’s t-test

between male and female subjects.

16 MZ twins was 62.2± 11.1 years, and the average age of the
corresponding 16 unrelated pairs was 62.8± 10.2 years. Median
values for differences in latency, amplitude, dipole location, and
dipole intensity was 2.0 and 14.5 ms, 12.2 and 18.0 fT/cm, 9.0 and
14.0 mm, and 6.7 and 7.2 nAm in MZ twin pairs and unrelated
pairs, respectively. Differences in the latency and dipole location
among MZ twins were significantly less than those among unre-
lated pairs (Mann–Whitney U test, p < 0.05). However, there were
no significant differences in the amplitude and dipole intensity
among MZ twin pairs and unrelated pairs.

DISCUSSION
In this study, we found similarities in the latency and dipole loca-
tion of MEF1 in MZ twins compared with unrelated pairs. These
results indicate that genetic factors and early common environ-
mental factors are dominant for these features of MEF1. Here,
we discuss the similarities between MZ twins, particularly factors
related to individual differences in the features of MEF1.

The latency of MEF1 in our study showed individual differ-
ences of up to 50 ms. A previous study reported that peak latencies
of MEF1 ranged from 73.6 to 114 ms (Onishi et al., 2006). The
difference among individuals was up to 40.4 ms, which was very
similar to the results of our study. In addition, differences of the
latency within MZ twins were significantly less than that of unre-
lated pairs, which means that the latency of MEF1 was similar
in MZ twins. Because the average age of MZ twins in this study
was >60 years, we assume that long-term differences in the living
environments experienced after the MZ twins grew up and lived
separately may have caused differences in their brain function.
Nevertheless, homogeneity of MEFI latency was preserved even
after long-term exposure to different environmental factors. This
result indicates that the latency of MEF1 may be strongly affected
by genetic and early common environmental factors. Alternatively,
MEF1 latency may be affected by nerve conduction velocity, which
may reflect myelination. The process of myelination begins early
in fetal development and continues systematically for several years
(Yakovlev, 1962). In particular, the sensorimotor cortex is involved
in the primary myelogenic area, where myelination proceeds from
early brain development. Thus, myelination in the sensorimotor
cortex may be influenced by genetic and early common envi-
ronmental factors, and may contribute to the homogeneity of
MEF1 latency in the present study. We also found homogeneity
in the dipole location in MZ twins. Previous twin studies using
MRI reported that strong anatomical similarities were observed in
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FIGURE 2 | Scatter diagrams showing the correlation between difference
of age and the features of MEF1 in pairs of all combination (312 pairs).
The unrelated pairs were selected in such a way that the age difference did

not exceed 5 years. There were no significant correlations between difference
of age and each feature (latency, amplitude, dipole moment, dipole intensity)
(p < 0.05; Pearson’s correlation test).

FIGURE 3 | Box plot diagrams showing the distribution of the features of
MEF1 between MZ twin pairs and unrelated pairs. The lowest and highest
lines indicate the lowest and highest data values, respectively. The three lines

that form the box indicate 25th, 50th, and 75th percentiles. Differences in the
latency and the dipole location of MZ twin pairs were significantly smaller
than that between unrelated pairs (Mann–Whitney U test, p < 0.05).

frontal and parietal lobes in MZ twins (Eyler et al., 2011, 2012).
Taken together, anatomical homogeneity in the frontoparietal area
between twins may lead to the similarity of dipole location. Unlike
the latency and dipole location of MEF1, we found no signifi-
cant similarity between amplitude and dipole intensity within MZ
twins. The lack of difference in amplitude and dipole intensity
between twins and unrelated pairs was likely not a result of the
varied movement intensity of individual subjects, but rather that
amplitude and dipole intensity of MEF1 are affected by different
environmental factors. In previous studies, it has been reported
that amplitude and dipole moment of MEF1 does not change even

if finger movement intensity and frequency are changed (Mayville
et al., 2005; Onishi et al., 2006). In addition, Van’t Ent et al. (2010)
reported that amplitude of somatosensory-evoked magnetic field
(SEF) is influenced by genetics. SEF induced by electrical nerve
stimulation reflects peripheral afferents as well as MEF1. However,
SEF reflects cutaneous afferents (Kakigi et al., 2000) while MEF1
reflects sensory feedback from muscle spindle receptors induced
by muscle contraction (Oishi et al., 2004). Therefore, physiolog-
ical differences in the peripheral receptors may be the reason for
the difference between MEF1 and SEF. Although individual motor
performance was not evaluated in details in the present study, the
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sensitivity of muscle spindle changes by strength training (Hakki-
nen and Komi, 1983). Taken together, it is suggested that the
amplitude of the evoked field from muscle spindles show plasticity
and is likely influenced by the individual environmental factors.
Specifically, we have demonstrated that MEF1 latency and dipole
location are affected by genetic and early common environmen-
tal influence, whereas MEF1 amplitude and dipole intensity are
affected by long-term individual environmental influences.

The present study is limited to comparisons of MRCFs between
MZ and unrelated pairs instead of comparisons between MZ and
DZ, which would be ideal for discriminating between genetic and
environmental influences. Comparisons of MZ with unrelated
pairs fail to decipher genetic from early common environmen-
tal influences. However, because middle-aged and elderly subjects
have been exposed to individual adulthood environments for suf-
ficiently long times to allow discrimination of these effects from
those of genetic and early common environmental influences.

CONCLUSION
We found that the latency and the current source location of MEF1
were more homogenous between middle-aged and elderly MZ
twins than between unrelated pairs, whereas such homogeneity
was not found in the amplitude and the current source intensity
of MEF1. These results suggest that some of the basic neurophys-
iological factors of cerebral motor function are determined early
in life by genetic and early common environmental factors, while
others are influenced by long-term environmental factors. These
data improve the understanding of genetic and environmental fac-
tors that influence cerebral motor function and may contribute to
assessments of individual motor function.

ACKNOWLEDGMENTS
Osaka University Center for Twin Research is supported as part
of Management Expenses Grant from the Ministry of Education,
Science, Sports, and Culture of Japan.

REFERENCES
Begleiter, H., and Porjesz, B. (2006). Genetics of human brain oscillations. Int. J.

Psychophysiol. 60, 162–171. doi:10.1016/j.ijpsycho.2005.12.013
Biermann-Ruben, K., Miller, A., Franzkowiak, S., Finis, J., Pollok, B., Wach, C.,

et al. (2012). Increased sensory feedback in Tourette syndrome. Neuroimage 63,
119–125. doi:10.1016/j.neuroimage.2012.06.059

Chen, R., and Hallett, M. (1999). The time course of changes in motor cortex
excitability associated with voluntary movement. Can. J. Neurol. Sci. 26, 163–169.

Cheyne, D., Bakhtazad, L., and Gaetz,W. (2006). Spatiotemporal mapping of cortical
activity accompanying voluntary movements using an event-related beamform-
ing approach. Hum. Brain Mapp. 27, 213–229. doi:10.1002/hbm.20178

Cheyne, D., Endo, H., Takeda, T., and Weinberg, H. (1997). Sensory feedback con-
tributes to early movement-evoked fields during voluntary finger movements in
humans. Brain Res. 771, 196–202. doi:10.1016/S0006-8993(97)00765-8

Cheyne, D., and Weinberg, H. (1989). Neuromagnetic fields accompanying unilat-
eral finger movements: pre-movement and movement-evoked fields. Exp. Brain
Res. 78, 604–612. doi:10.1007/BF00230248

Dale, A. M., Fischl, B., and Sereno, M. I. (1999). Cortical surface-based analysis. I.
Segmentation and surface reconstruction. Neuroimage 9, 179–194. doi:10.1006/
nimg.1998.0395

Eyler, L. T., Chen, C. H., Panizzon, M. S., Fennema-Notestine, C., Neale, M. C.,
Jak, A., et al. (2012). A comparison of heritability maps of cortical surface area
and thickness and the influence of adjustment for whole brain measures: a
magnetic resonance imaging twin study. Twin Res. Hum. Genet. 15, 304–314.
doi:10.1017/thg.2012.3

Eyler, L. T., Prom-Wormley, E., Panizzon, M. S., Kaup, A. R., Fennema-Notestine, C.,
Neale, M. C., et al. (2011). Genetic and environmental contributions to regional
cortical surface area in humans: a magnetic resonance imaging twin study. Cereb.
Cortex 21, 2313–2321. doi:10.1093/cercor/bhr013

Fischl, B., Salat, D. H., Busa, E.,Albert, M., Dieterich, M., Haselgrove, C., et al. (2002).
Whole brain segmentation: automated labeling of neuroanatomical structures
in the human brain. Neuron 33, 341–355. doi:10.1016/S0896-6273(02)00569-X

Fischl, B., Sereno, M. I., and Dale, A. M. (1999). Cortical surface-based analysis.
II: inflation, flattening, and a surface-based coordinate system. Neuroimage 9,
195–207. doi:10.1006/nimg.1998.0396

Gayagay, G., Yu, B., Hambly, B., Boston, T., Hahn, A., Celermajer, D. S., et al. (1998).
Elite endurance athletes and the ACE I allele – the role of genes in athletic per-
formance. Hum. Genet. 103, 48–50. doi:10.1007/s004390050781

Hakkinen, K., and Komi, P. V. (1983). Changes in neuromuscular performance in
voluntary and reflex contraction during strength training in man. Int. J. Sports
Med. 4, 282–288. doi:10.1055/s-2008-1026051

Hayakawa, K., Iwatani, Y., and Osaka Twin Research, G. (2013). An overview of
multidisciplinary research resources at the Osaka University Center for Twin
Research. Twin Res. Hum. Genet. 16, 217–220. doi:10.1017/thg.2012.141

Kakigi, R., Hoshiyama, M., Shimojo, M., Naka, D., Yamasaki, H., Watanabe, S., et al.
(2000). The somatosensory evoked magnetic fields. Prog. Neurobiol. 61, 495–523.
doi:10.1016/S0301-0082(99)00063-5

Kristeva, R., Cheyne, D., and Deecke, L. (1991). Neuromagnetic fields accompa-
nying unilateral and bilateral voluntary movements: topography and analy-
sis of cortical sources. Electroencephalogr. Clin. Neurophysiol. 81, 284–298.
doi:10.1016/0168-5597(91)90015-P

Kristeva-Feige, R., Rossi, S., Pizzella, V., Tecchio, F., Romani, G. L., Erne, S.,
et al. (1995). Neuromagnetic fields of the brain evoked by voluntary move-
ment and electrical stimulation of the index finger. Brain Res. 682, 22–28.
doi:10.1016/0006-8993(95)00313-F

Lewis, E. G., Dustman, R. E., and Beck, E. C. (1972). Evoked response similar-
ity in monozygotic, dizygotic and unrelated individuals: a comparative study.
Electroencephalogr. Clin. Neurophysiol. 32, 309–316. doi:10.1016/0013-4694(72)
90180-0

Lippi, G., Longo, U. G., and Maffulli, N. (2010). Genetics and sports. Br. Med. Bull.
93, 27–47. doi:10.1093/bmb/ldp007

Mayville, J. M., Fuchs,A., and Kelso, J. A. (2005). Neuromagnetic motor fields accom-
panying self-paced rhythmic finger movement at different rates. Exp. Brain Res.
166, 190–199. doi:10.1007/s00221-005-2354-2

Oishi, M., Kameyama, S., Fukuda, M., Tsuchiya, K., and Kondo, T. (2004). Cortical
activation in area 3b related to finger movement: an MEG study. Neuroreport 15,
57–62. doi:10.1097/00001756-200401190-00012

Onishi, H., Oyama, M., Soma, T., Kirimoto, H., Sugawara, K., Murakami, H., et al.
(2011). Muscle-afferent projection to the sensorimotor cortex after voluntary
movement and motor-point stimulation: an MEG study. Clin. Neurophysiol. 122,
605–610. doi:10.1016/j.clinph.2010.07.027

Onishi, H., Soma, T., Kameyama, S., Oishi, M., Fuijmoto,A., Oyama, M., et al. (2006).
Cortical neuromagnetic activation accompanying two types of voluntary finger
extension. Brain Res. 1123, 112–118. doi:10.1016/j.brainres.2006.09.033

Sato, M. A., Yoshioka, T., Kajihara, S., Toyama, K., Goda, N., Doya, K., et al. (2004).
Hierarchical Bayesian estimation for MEG inverse problem. Neuroimage 23,
806–826. doi:10.1016/j.neuroimage.2004.06.037

Smit, D. J., Posthuma, D., Boomsma, D. I., and Geus, E. J. (2005). Heritability
of background EEG across the power spectrum. Psychophysiology 42, 691–697.
doi:10.1111/j.1469-8986.2005.00352.x

Toda, A., Imamizu, H., Kawato, M., and Sato, M. A. (2011). Reconstruction of two-
dimensional movement trajectories from selected magnetoencephalography cor-
tical currents by combined sparse Bayesian methods. Neuroimage 54, 892–905.
doi:10.1016/j.neuroimage.2010.09.057

Tucker, R., and Collins, M. (2012). What makes champions? A review of the relative
contribution of genes and training to sporting success. Br. J. Sports Med. 46,
555–561. doi:10.1136/bjsports-2011-090548

van Beijsterveldt, C. E., and van Baal, G. C. (2002). Twin and family studies of the
human electroencephalogram: a review and a meta-analysis. Biol. Psychol. 61,
111–138. doi:10.1016/S0301-0511(02)00055-8

van Pelt, S., Boomsma, D. I., and Fries, P. (2012). Magnetoencephalography
in twins reveals a strong genetic determination of the peak frequency of
visually induced gamma-band synchronization. J. Neurosci. 32, 3388–3392.
doi:10.1523/JNEUROSCI.5592-11.2012

Frontiers in Human Neuroscience www.frontiersin.org June 2014 | Volume 8 | Article 455 | 5

http://dx.doi.org/10.1016/j.ijpsycho.2005.12.013
http://dx.doi.org/10.1016/j.neuroimage.2012.06.059
http://dx.doi.org/10.1002/hbm.20178
http://dx.doi.org/10.1016/S0006-8993(97)00765-8
http://dx.doi.org/10.1007/BF00230248
http://dx.doi.org/10.1006/nimg.1998.0395
http://dx.doi.org/10.1006/nimg.1998.0395
http://dx.doi.org/10.1017/thg.2012.3
http://dx.doi.org/10.1093/cercor/bhr013
http://dx.doi.org/10.1016/S0896-6273(02)00569-X
http://dx.doi.org/10.1006/nimg.1998.0396
http://dx.doi.org/10.1007/s004390050781
http://dx.doi.org/10.1055/s-2008-1026051
http://dx.doi.org/10.1017/thg.2012.141
http://dx.doi.org/10.1016/S0301-0082(99)00063-5
http://dx.doi.org/10.1016/0168-5597(91)90015-P
http://dx.doi.org/10.1016/0006-8993(95)00313-F
http://dx.doi.org/10.1016/0013-4694(72)90180-0
http://dx.doi.org/10.1016/0013-4694(72)90180-0
http://dx.doi.org/10.1093/bmb/ldp007
http://dx.doi.org/10.1007/s00221-005-2354-2
http://dx.doi.org/10.1097/00001756-200401190-00012
http://dx.doi.org/10.1016/j.clinph.2010.07.027
http://dx.doi.org/10.1016/j.brainres.2006.09.033
http://dx.doi.org/10.1016/j.neuroimage.2004.06.037
http://dx.doi.org/10.1111/j.1469-8986.2005.00352.x
http://dx.doi.org/10.1016/j.neuroimage.2010.09.057
http://dx.doi.org/10.1136/bjsports-2011-090548
http://dx.doi.org/10.1016/S0301-0511(02)00055-8
http://dx.doi.org/10.1523/JNEUROSCI.5592-11.2012
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Araki et al. An MEG study of twins for motor function

Van’t Ent, D., Van Soelen, I. L., Stam, K. J., De Geus, E. J., and Boomsma, D.
I. (2010). Genetic influence demonstrated for MEG-recorded somatosensory
evoked responses. Psychophysiology 47, 1040–1046. doi:10.1111/j.1469-8986.
2010.01012.x

Yakovlev, P. I. (1962). Morphological criteria of growth and maturation of the ner-
vous system in man. Res. Publ. Assoc. Res. Nerv. Ment. Dis. 39, 3–46.

Yang, N., Macarthur, D. G., Gulbin, J. P., Hahn, A. G., Beggs, A. H., Easteal, S., et al.
(2003). ACTN3 genotype is associated with human elite athletic performance.
Am. J. Hum. Genet. 73, 627–631. doi:10.1086/377590

Yoshimura, N., Dasalla, C. S., Hanakawa, T., Sato, M. A., and Koike,Y. (2012). Recon-
struction of flexor and extensor muscle activities from electroencephalography
cortical currents. Neuroimage 59, 1324–1337. doi:10.1016/j.neuroimage.2011.
08.029

Yoshioka, T., Toyama, K., Kawato, M., Yamashita, O., Nishina, S., Yamagishi, N.,
et al. (2008). Evaluation of hierarchical Bayesian method through retinotopic
brain activities reconstruction from fMRI and MEG signals. Neuroimage 42,
1397–1413. doi:10.1016/j.neuroimage.2008.06.013

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Received: 28 February 2014; accepted: 03 June 2014; published online: 19 June 2014.
Citation: Araki T, Hirata M, Sugata H, Yanagisawa T, Onishi M, Watanabe Y, Omura
K, Honda C, Hayakawa K and Yorifuji S (2014) Genetic and environmental influences
on motor function: a magnetoencephalographic study of twins. Front. Hum. Neurosci.
8:455. doi: 10.3389/fnhum.2014.00455
This article was submitted to the journal Frontiers in Human Neuroscience.
Copyright © 2014 Araki, Hirata, Sugata, Yanagisawa, Onishi, Watanabe, Omura,
Honda, Hayakawa and Yorifuji. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordance with
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.

Frontiers in Human Neuroscience www.frontiersin.org June 2014 | Volume 8 | Article 455 | 6

http://dx.doi.org/10.1111/j.1469-8986.2010.01012.x
http://dx.doi.org/10.1111/j.1469-8986.2010.01012.x
http://dx.doi.org/10.1086/377590
http://dx.doi.org/10.1016/j.neuroimage.2011.08.029
http://dx.doi.org/10.1016/j.neuroimage.2011.08.029
http://dx.doi.org/10.1016/j.neuroimage.2008.06.013
http://dx.doi.org/10.3389/fnhum.2014.00455
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive

	Genetic and environmental influences on motor function: a magnetoencephalographic study of twins
	Introduction
	Materials and methods
	Subjects
	Measurements
	Data analyses

	Results
	Discussion
	Conclusion
	Acknowledgments
	References


