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According to recent functional magnetic resonance imaging (fMRI) studies, spectators of a movie may share
similar spatiotemporal patterns of brain activity. We aimed to extend these findings of intersubject correlation
to temporally accurate single-trial magnetoencephalography (MEG). A silent 15-min black-and-white movie
was shown to eight subjects twice. We adopted a spatial filtering model and estimated its parameter values by
using multi-set canonical correlation analysis (M-CCA) so that the intersubject correlation was maximized. The
procedure resulted in multiple (mutually uncorrelated) time-courses with statistically significant intersubject
correlations at frequencies below 10 Hz; the maximum correlation was 0.28 ± 0.075 in the≤1 Hz band. More-
over, the 24-Hz frame rate elicited steady-state responses with statistically significant intersubject correlations
up to 0.29 ± 0.12. To assess the brain origin of the across-subjects correlated signals, the time-courses were cor-
related with minimum-norm source current estimates (MNEs) projected to the cortex. The time series implied
across-subjects synchronous activity in the early visual, posterior and inferior parietal, lateral temporo-
occipital, and motor cortices, and in the superior temporal sulcus (STS) bilaterally. These findings demonstrate
the capability of the proposed methodology to uncover cortical MEG signatures from single-trial signals that
are consistent across spectators of a movie.

© 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Introduction

Naturalistic stimuli, such as movies, provide a semi-controlled tool to
study brain function in experimental conditions mimicking everyday life.
Despite the apparent complexity of movies, functional magnetic reso-
nance imaging (fMRI) has revealed notable synchronization of brain ac-
tivity between different spectators (e.g. Bartels and Zeki, 2004a, 2005;
Golland et al., 2007; Hanson et al., 2009; Hasson et al., 2004, 2008a,
2008b, 2010). Differences in synchronous activity likely reflect time-
locking of the brain areas to stimulus features, as well as to actual content
and events in the movie (Hasson et al., 2010).

Emotional video clips, compared with non-emotional ones, increase
intersubject synchronization of voxel-wise fMRI time courses in many
brain areas, for example in the dorsal attention network (Nummenmaa
et al., 2012). Moreover, movie editing and directing affect the synchroni-
zation: a well-directed movie, in contrast to an unstructured video clip
showing life on a city square or a simple home video, results in stronger
interspectator brain-activity synchrony, possibly reflecting a better con-
trol over the viewers' attention (Hasson et al., 2008a; Malinen and Hari,
2011). Synchronized activity in fusiform face area (FFA), collateral sulcus
(CoS) and post-central sulcus (PCS) was associated with the presence of
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faces, buildings, and hand movements, respectively, in the movie
(Hasson et al., 2004).

Independent component analysis (ICA) can also uncover consistently
behaving voxel groups across spectators (Bartels and Zeki, 2004b, 2005;
Jääskeläinen et al., 2008; Lahnakoski et al., 2012;Malinen andHari, 2011;
Malinen et al., 2007; Pamilo et al., 2012). Different independent com-
ponents react to specific features in themovie, such asmotion, contrast,
color, or objects (Bartels andZeki, 2004b; Bartels et al., 2008; Lahnakoski
et al., 2012).

Although fMRI is an efficient tool for topographic mapping of brain
responses, it suffers from the intrinsic sluggishness of the hemodynamic
response. Typically, fMRI tracks fluctuations only below ~1 Hz, while
electrophysiological signals, such as MEG and EEG, reflect directly the
concerted activity of neuronal populations in the range of milliseconds
(for a review, see Hari and Salmelin, 2012). The time resolution of
MEG and EEG is clearly superior to that of fMRI, basically enabling track-
ing of brain responses at the frame rate (e.g. 24 Hz) of a movie, or even
faster. However, electromagnetic signals have until now been used only
rarely in the study of brain activity during movie viewing, and even
then, the study designs have focused on classification of relatively
short video clips on the basis of brain activity. For example, the phase
patterns of 2–7 Hz MEG signals in auditory and visual cortices discrim-
inated between six 30-s audiovisual video clips (Luo et al., 2010), and
just themeans and standard deviations of 1-sMEG epochswere enough
for classifying videos into five categories with 68% accuracy (Huttunen
et al., 2013). Also Spectral Linear Discriminant Analysis (Spectral LDA)
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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has been used for classification of MEG responses to auditory, video and
tactile stimuli and resting periods (Kauppi et al., 2013). Significant cor-
relations were found between luminance changes of 2-min video clips
and the averaged time-courses over 25 single-trial EEG signals
(Whittingstall et al., 2010).

In this paper, we demonstrate the feasibility of MEG in revealing
cortical responses to an intact feature movie. Building on the pioneering
work of Hasson et al. (2004) with fMRI, our aim was to find consistent
unaveraged intersubject MEG time-courses in subjects watching a
15-min silent black-and-white film. As the signal characteristics of
MEGare very different from those of fMRI,we combined spatialfiltering
withmulti-set canonical correlation analysis (M-CCA). Here,M-CCA can
be seen as a data-driven approach that enables estimation of the spatial-
filter weights resulting inmaximally correlated time series between the
subjects throughout the movie. In contrast to ICA, M-CCA enables
group-level analysis without transforming subject-wise signals to a
common anatomical space. Finally, we assess correlations of the focal
source currentswith these spatially filtered time-courses, and thus, pro-
vide means for topographic mapping of the contributing brain areas.

Material and methods

Subjects

Eight healthy adults (4 females, 4 males; mean age 29 years, range
23–51) participated in the study. All subjects had normal or corrected-
to-normal vision. The study had a prior approval by the ethics committee
of Helsinki and Uusimaa Hospital district. All participants gavewritten in-
formed consent for the study.

Recordings

The subjectswatched twice a 15-min silent black-and-whitefilm “At
Land” by Maya Deren (1944). The film was delivered using the Experi-
ment Builder software (SR Research, http://www.sr-research.com/eb.
html) and projected to the screen located 130 cm in front of the subject
(viewing angle 22° horizontal, 17° vertical). The frame rate of the film
was 23.98 frames/s. For accurate temporal alignment, the software pro-
vided trigger signals for the MEG acquisition system at the beginning
and end of the movie, with temporal jitter less than ±1 ms across
subjects.

MEGwas recorded with a 306-channel neuromagnetometer (Elekta
Neuromag, Elekta Oy, Helsinki, Finland). The passbandwas 0.03–330Hz
and the sampling rate 1000 Hz. Vertical and horizontal electro-
oculograms (EOGs) were recorded at the same time. Additional 2-min
“empty-room data” (with no subject present) were acquired in the
same day for noise–covariance computation. For the validation
purposes, we also recorded the whole 15-min experiment in empty
room without subject (two trials). The anatomical MRIs for the source
identificationwere obtained using a 3.0 T General Electric Signa Scanner
(General Electric, Milwaukee, WI, USA) at the Advanced Magnetic
Imaging Centre at Aalto University.

Data pre-processing

The external magnetic interference outside the brain was suppressed
with signal-space separation (SSS) method (Taulu and Kajola, 2005) im-
plemented in Maxfilter software version 2.2 (Elekta Oy, Helsinki,
Finland). Default parameter settings were used. The data were converted
into the standard head position with the same software.

Next, the MEG signals were filtered, by MNE Suite software package
(http://www.martinos.org/mne/), into 12 frequency bands covering
frequencies from 0.03 to 100 Hz, namely 0.03–1, 1–5, 5–10, 10–15,
15–20, 20–25, 25–30, 30–40, 40–50, 50–60, 60–80, and 80–100 Hz,
with transition bands of 0.5 Hz. The data were downsampled so that
the sampling frequency was 100 Hz for the bands below 10 Hz,
250 Hz for the bands between 10 and 30 Hz, and 500 Hz for the rest
of the bands.

Eye movement and eye blink artifacts were suppressed by multiple
linear regression applied to the raw MEG data after SSS procedure.
Both EOG channels were used in the regression, except for two subjects
who had only one successfully functioning EOG channel. The regression
was performed separately in consecutive 60-s time windows.

Further analysis was based on the signals of the 204 gradiometers.
We applied principal component analysis (PCA) to reduce data dimen-
sionality from the original 204 down to 68, the minimum number of all
recordings from the 8 subjects (Nsignals = 68), representing the degrees
of freedom (rank) left after the SSS artifact reduction.

Spatial filtering model

To find consistencies in theMEG recordings between the subjects,
we combined spatial filtering with multi-set canonical correlation
analysis (M-CCA; Kettenring, 1971; Li et al., 2009). Spatial filtering
refers to projection ym = Wmxm, where the output ym is a weighted
sum of the multidimensional signal xm. Here, subscript m refers to the
dataset of one subject (m = 1 … M, number of subjects). M-CCA can
be used to estimate matrices Wm in the group so that the projections
ym, i.e. canonical variates, are mutually uncorrelated but maximally
correlated between the subjects. Projections ym were computed by op-
timizingMAXVARobjective function forwhitened data in a deflationary
procedure repeated k times (k=1… Nsignals, Nsignals =68). In brief, the
optimization refers to finding the eigenvectors corresponding to the
largest eigenvalue of f(A) = ARA, where

A ¼
I−DcðDT

cDcÞ−1Dc;

I; k ¼ 1
k N 1 :

�

R is the p × p (p = k · m) correlation matrix of whitened data xm,

R ¼
I R12 ⋯ R1m

R21 I ⋯ R2m

⋮ ⋮ ⋮
Rm1 Rm2 ⋯ I

2
664

3
775

and Rij, i, j=1…M represents between-sets correlation blocks. Here,
Dc = diag{C1…Cm} is a p × m block diagonal matrix containing the
eigenvectors of ARA, normalized to unit length, i.e. canonical basis
vectors bmk in matrix Cm = {bm1 .…bmk − 1} up to stage k − 1. Finally the
mixing matrix Wm is obtained by dewhitening the obtained subject-
wise matrices of canonical basis vectors.

To enable utilization of multiple trials in our implementation, the
blocks in R were computed as

Rij ¼
XiX

T
j

Nt−1

whereNt is the number of samples in one trial,Xi andX j are the average
over the subject-wise whitened trials (pooled data) for subject i and j
(i ≠ j), respectively. In this paper, the number of trials was two.

The first 10 min of both 15-min movie trials were used for model
training, i.e. building the model by finding basis vectors that optimize
the performance criterion (maximal intersubject correlation of the
canonical variates). The obtained basis vectors were applied to the re-
maining two 5-min single-trial epochs. The statistical significance of
the pair-wise correlations of the canonical variates between subjects
were evaluated with t-test to find out whether the mean of these
between-subject single-trial correlations (98 intersubject correlations
altogether, pooled fromboth trials)with the test datawould deviate sta-
tistically significantly from zero. The significance level with Bonferroni-
correction was p b 0.05/Nsignals, where Nsignals = 68.

http://www.sr-research.com/eb.html)
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MNE source analysis

To assess the cortical sources of the signals of interest, the canonical
variates were correlated with the minimum-norm source current esti-
mates (MNEs) (Hämäläinen and Ilmoniemi, 1994) of the MEG signals
by MNE Suite software package (http://www.martinos.org/mne/). The
sources were estimated at discrete locations separated by 7 mm on a
cortical surface. The default procedure to calculate MNEs was used,
with ‘loose factor’ 0.4 to favor the dipole component normal to the
surface, and ‘depth weighting’ to reduce the bias towards superficial
currents. For each subject, the T1-weighted magnetic resonance image
of the brain was segmented and the cortical surface was constructed
using FreeSurfer software (http://surfer.nmr.mgh.harvard.edu/) with
the parameters described in http://surfer.nmr.mgh.harvard.edu/
fswiki/RecommendedReconstruction.

The resulting subject-wise inverse operators were used to project
the MEG data to source currents for both trials of the 15-min movie.
Here, all 306 channels were used. Separately at each dipole location,
source currents along three orthogonal coordinate axes (corresponding
to two tangential and one normal orientation related to the cortical sur-
face) were correlated with previously computed time series by canonical
correlation (i.e. multiple correlation; Rencher, 2002). For group averaging
and visualization, the correlationmaps of the test data of all eight subjects
in both trials were morphed into the ‘fsaverage’ cortical surface provided
by the FreeSurfer software.

Validation of eye-movement effects

As movies can evoke coherent gaze patterns among the viewers
(Dorr et al., 2010), the influence of blinks and eye-movements on the
canonical variates was further evaluated. Two channels of EOG were
filtered into the same frequency bands as the canonical variates, and
correlation between these variates and filtered EOG signals was
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Fig. 1. Pair-wise intersubject correlations of statistically significant canonical variates in freq
distribution of the pair-wise correlations (gray dots). The dotted line is the selected correlation
calculated in consequent non-overlapping 20-s windows separately for
both of the channels. In the statistical analysis, t-test was applied to find
out if the mean of the correlations deviated from zero. Bonferroni-
correction was performed with the significance level p b 0.05/Nsignals.

Validation with empty-room data

To verify that the obtained canonical variates were not artifact-
related, we performed an additional validation with empty-roommea-
surements. The analysis was repeated with the empty-room data (two
trials) as the 9th subject. The pair-wise intersubject correlations (16
pairs) between the obtained canonical variates for the empty-room
data and other subjects were calculated. In the statistical analysis,
t-test was used tofind out if themean of the correlation deviated statis-
tically significantly from zero with the Bonferroni-corrected signifi-
cance level p b 0.05/Nsignals.

Results

Training of the models included data from all subjects (the first
10 min of the two 15-min movie viewing epochs). From the test data,
however, the second trial of one subject had to be discarded due to re-
cording artifacts.

In empty-room data, no statistically significant intersubject correla-
tionswere found in bands 0.03–1Hz, 1–5Hz and 5–10Hz, or at frequen-
cies of 24 and 36 Hz that were visible in the subjects' data. However, the
first canonical variate of 12 Hz survived the significance testing with
intersubject correlation of 0.053 ± 0.055 (mean ± SD). To be on the
safe side, 0.053 was chosen as additional threshold for statistical signifi-
cance in the analysis of the subjects' data.

The intersubject correlations of theMEG components in the test data
were calculated pair-wise between subjects for the two trials. Fig. 1
shows the results for 0.03–1 Hz, 1–5 Hz and 5–10 Hz frequency bands.
1 2 3 4 5 1 2 3 4

al variates

1 5 Hz 5 10 Hz

uency bands 0.03–1 Hz, 1–5 Hz, and 5–10 Hz. Boxes represent the mean ± 1 SD for the
limit (0.053) for the statistical significance.
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Fig. 2. An example of the time-courses of canonical variates for all 8 subjects (2 trials for each). The first canonical variates are shown for the test data in frequency bands 0.03–1, 1–5, and
5–10 Hz. The enlarged segments correspond to each other and the amplitudes of each individual are scaled to have zero mean and standard deviation 1.
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The highest statistically significant inter-subject correlations (0.28 ±
0.075; p b 0.05, correlation N 0.053, Bonferroni corrected), were ob-
served in the lowest 0.03–1 Hz band (with the first canonical variates)
where correlations for 5 out of the 68 canonical variates exceeded the
statistical threshold (dashed line). In the 1–5-Hz band, statistically sig-
nificant correlations were obtained for the two first canonical variates,
and in the 5–10-Hz band none correlations did not reach statistical sig-
nificance for any of the canonical variates.
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Fig. 3. An example of the first canonical variates of all subjects in frequency bands of 0.03–1,
topmost two traces). As in Fig. 2, the amplitudes of the canonical variates were scaled to have
of the canonical variates of MEG signals.
Fig. 2 shows an example of the corresponding time series. Two traces
are plotted for each subject and considerable intersubject similarity is
evident especially in the lowest frequencies and during large-amplitude
transients.

Fig. 3 shows that eye blinks (mainly picked up by EOG ch 1, topmost
traces) and saccadic eye movements (mainly picked up by EOG ch 2,
second row from top) do not appear to correlate with the changes of
the canonical variates.
1 s

1–5, and 5–10 Hz, together with vertical and horizontal EOGs (chs 1 and 2, respectively;
zero mean and standard deviation 1. The EOG signals are time-locked to the time courses
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Fig. 4 shows spatial maps for correlations between the canonical
variates and the source current estimates in bands 0.03–1 Hz and 1–5
Hz superimposed on brain surface. In both bands, prominent correlation
is seen bilaterally in the early visual cortices and in the posterior parietal
cortex. Moreover, distinct activity is seen in the 0.03–1 Hz band in the
superior temporal sulci (STS) (the first canonical variate in the right and
the second canonical variate in the left hemisphere) and in the frontal
lobe (the third and fourth canonical variates). The fifth canonical variate
likely reflects activity of the right-hemisphere motion-sensitive visual
area (V5) or extrastriate body area. Band 1–5Hz shows correlation, in ad-
dition to PPC and early visual areas, in left inferior parietal cortex (thefirst
canonical variate). Additional correlations were found in the left motor
cortex (the first canonical variate). Please note that these correlation
maps donot spatially coincidewith the topographicalmaps of source cur-
rent amplitudes (shown in Supplementary Fig. 1), implying that they do
not reflect just signal power.

Some canonical variates that did not survive our correlation threshold
still pinpointed distinct brain areas, typically in the early visual cortices.
For example, Fig. 5 shows a functionally feasible correlation map involv-
ing visual cortices for the first canonical variate in the 5–10 Hz band; the
correlation values had not exceeded our significance level (see Fig. 1,
right).

Above 10 Hz, themost prominent intersubject correlations occurred
around 12, 24, and 36 Hz (Fig. 6), likely triggered by the frame rate of
the movie. To inspect these frequencies in more detail, we filtered the
MEG signal into narrow ±0.2-Hz passbands centered around the
5 10 Hz

0.3

0.15

0

Fig. 5. Spatial map for the first canonical variate in the 5–10 Hz band superimposed on
average brain.
peaks (0.2 Hz transition bands; MNE Suite software package). In these
bands, the maximum intersubject correlations were 0.19 ± 0.1,
0.25 ± 0.08 and 0.29± 0.12, respectively. At each band, 2–3 statistical-
ly significant canonical variates were found (Fig. 7).

Fig. 8 shows the spatialmaps for significant correlations between the
canonical variates and the source current estimates at 12, 24, and 36 Hz.
Aswithin the lower bands, intersubject correlation ismost prominent in
early visual areas. However, the locations of the first and second canon-
ical variates at each band differ to some extent. For instance, the maps
for the first and the second canonical variates at 12 Hz seem largely
complementary to each other.
5 10 15 20 25 30 35 40 45 50
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Fig. 6.Anexample of power spectral density (in normalized units) of selected gradiometer
signals from one subject showing peaks at 12, 24, and 36 Hz.
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Discussion

We have demonstrated coherent intersubject MEG time courses
(canonical variates) reflecting similarly fluctuating brain activity
patterns in spectators of a silent black-and-white movie. These mutually
uncorrelated time-courses showed association with the source currents
of the MEG signals in both hemispheres and distinct cortical areas, likely
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Fig. 8. Spatial maps for correlations at 12, 24, and 36 Hz
reflecting sensitivity of these brain areas to visual features or content of
the 15-min movie.

Most prominently, the source currents in the early visual areas cor-
related with canonical variates in frequencies below 5 Hz and at 12,
24, and 36 Hz. Notably, source currents in the early visual areaswere as-
sociatedwith several canonical variates, which in combination of slight-
ly different anatomical correlation maps may reflect activity of more
than one sources. Some time-courseswere referred to extrastriate activ-
ity in the region of themotion-sensitive visual areaMT/V5 (Tootell et al.,
1995) and/or the extrastriate body area (Downing et al., 2001), as dem-
onstrated by the 5th component in the 0.03–1-Hz band. Previous fMRI
studies have commonly reported activity in visual areas during movie
watching (e.g. Bartels and Zeki, 2004a; Bartels and Zeki, 2005; Bartels
et al., 2008; Hasson et al., 2004; Lahnakoski et al., 2012; Pamilo et al.,
2012). Relatively high correlations in posterior brain regions agree
with the conjecture that these areas belong to extrinsic brain networks
(Golland et al., 2007) that are most directly driven by visual stimuli.

Moreover, canonical variates were associated with source currents
in the posterior parietal cortex (PPC), the superior temporal sulci
(STS), and the prefrontal cortex (PFC). PPC activity occurred in frequen-
cy bands of 0.03–1 and 1–5 Hz. This finding goes along with previously
reported consistent fMRI activity in the posterior parietal cortex during
movie viewing (e.g. Bartels and Zeki, 2004a; Bartels et al., 2008; Golland
et al., 2007; Hasson et al., 2008b; Lahnakoski et al., 2012; Malinen and
Hari, 2011; Nummenmaa et al., 2012; Pamilo et al., 2012), likely related
to activation of the dorsal attention network (Corbetta et al., 2008).

Intersubject correlations occurred in the STS region bilaterally and
they weremost prominently related to the first three canonical variates
in the lowest, 0.03–1-Hz band. STS involvement was to be expected be-
cause of the multitude of social stimuli and biological motion in the
movie (for a review, see Allison et al., 2000).

The canonical variates in 0.03–1 Hz band included activity in PFC
that could reflect emotional engagement to the movie (Jääskeläinen
et al., 2008; Kauppi et al., 2010; Nummenmaa et al., 2012; Pamilo
et al., 2012).
12 Hz

24 Hz

36 Hz

for the SSRs. Other details are the same as in Fig. 4.
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Interestingly, the first component in the 1–5 Hz band correlated with
activity in themotor cortex in the precentral gyrus. This finding could re-
flect the involvement of the motor cortex in processing of seen actions
(Hari et al., 1998; for a review, see Rizzolatti and Craighero, 2004). Ac-
cordingly, motor cortex activation in previous brain-imaging studies
with movie stimuli has been suggested to reflect perceived actions, such
as crawling and climbing (Pamilo et al., 2012) or hand movements
(Hasson et al., 2004).

The MEG signals also showed clear spectral peaks at 12 Hz,
24 Hz, and 36 Hz, i.e. at frequencies corresponding to the movie
frame rate (23.98 frames/s) and its sub-harmonic component
(with its multiple) that elicited steady-state responses (SSRs). No-
tably, also SSRs involved multiple mutually uncorrelated canonical
variates and slightly different spatial correlation maps, potentially
referring to distinct source areas. SSRs weremost prominently seen
in early visual cortices, but also in PPC and lateral occipital areas. In
general, visual SSRs are elicited by any periodic visual stimuli, e.g.
by changes in the illumination, pattern, color, or motion (for a re-
cent review, see Vialatte et al., 2010). In our stimuli, the movies
comprised a sequence of still pictures, that is frames, shown at
24 Hz.

Prior work indicates that visual perception may also be associ-
ated with gamma-frequency range (N25 Hz) activity (e.g.
Muthukumaraswamy and Singh, 2008; Swettenham et al., 2009;
Tallon-Baudry et al., 1996; Tallon-Baudry et al., 1997). Our analyses
did not display consistent gamma-range activity, except in SSRs,
likely because we analyzed single-trial data that are much more
noisier than the typically examined averaged evoked or induced
responses.

In the following, we make four methodological remarks. First (i),
it is useful to note that CCA-based analysis finds latent signal
components on the basis of the signals' consistent temporal struc-
ture in the group of subjects, irrespective of amplitude scales
(Rencher, 2002) or (average) signal power in general. This structure
is influenced by temporal variations in amplitude and phase, and
possibly also by fluctuations in signal-to-noise ratio (see e.g.
Muthukumaraswamy and Singh, 2011). Second (ii), similarly as
with the prior work with inter-subject synchronization, an addition-
al encoding model between the movie features and brain signals
would be needed for reasoning the functions of the involved brain
areas. Thus, further studies are needed to provide explicit interpreta-
tions for our findings. Third (iii), we note that the presentedmethod-
ology efficiently uncovers consistent intersubject MEG time-courses
and brain locations of the contributing source currents. Fourth (iv),
our analysis based on unaveraged single-trial MEG traces suffered
from “brain noise”. In further studies, signal-to-noise ratio could be
improved by collectingmore data for M-CCA training by using longer
movies or by adding more subjects.

In conclusion, M-CCA-based spatial filters were able to uncover co-
herent time-courses (canonical variates) from single-trial recordings
across subjects viewing a movie. The obtained mutually uncorrelated
time-courses originate from distinct cortical areas, possibly reflecting
functional segregation of processing. It is also useful to note that the
same brain areas may contribute to several uncorrelated time-courses,
likely reflecting the involvement of these regions in different functional
processes. Most prominently, the time courses reflected activity in the
early visual, posterior and inferior parietal, lateral temporo-occipital,
and motor cortices, and in the STS region. The findings are concordant
with previous fMRI studies but extend their findings by temporal infor-
mation. For example, we found significant intersubject synchrony up to
10Hz, as well as SSRs related to the frame rate of 24 Hz. MEG, providing
far better temporal resolution than fMRI, thus seems feasible for
extracting relevant brain events elicited by a movie, a naturalistic com-
plex stimulus.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.neuroimage.2014.02.004.
Acknowledgments

This work has been supported by the Academy of Finland (Grant
Nos. 134655, 218072, and 3263800), the Antti Wihuri Foundation, and
the European Research Council (Advanced Grant No. # 232946). We
thank Prof. Matti Hämäläinen, Prof. Lauri Parkkonen and Dr. Mika
Seppä for useful suggestions and discussions, Dr. Pia Tikka for selecting
the movie, and Ms. Mia Illman for skillful assistance in MEG recordings.
References

Allison, T., Puce, A., McCarthy, G., 2000. Social perception from visual cues: role of the STS
region. Trends Cogn. Sci. 4, 267–278.

Bartels, A., Zeki, S., 2004a. The chronoarchitecture of the human brain — natural viewing
conditions reveal a time-based anatomy of the brain. Neuroimage 22, 419–433.

Bartels, A., Zeki, S., 2004b. Functional brain mapping during free viewing of natural
scenes. Hum. Brain Mapp. 21, 75–85.

Bartels, A., Zeki, S., 2005. Brain dynamics during natural viewing conditions: a new guide
for mapping connectivity in vivo. Neuroimage 24, 339–349.

Bartels, A., Zeki, S., Logothetis, N.K., 2008. Natural vision reveals regional specialization to
local motion and to contrast-invariant, global flow in the human brain. Cereb. Cortex
18, 705–717.

Corbetta, M., Patel, G., Shulman, G.L., 2008. The reorienting system of the human brain:
from environment to theory of mind. Neuron 58, 306–324.

Dorr, M., Martinetz, T., Gegenfurtner, K.R., Barth, E., 2010. Variability of eye movements
when viewing dynamic natural scenes. J. Vis. 10, 1–17.

Downing, P.E., Jiang, Y., Shuman, M., Kanwisher, N., 2001. A cortical area selective for
visual processing of human body. Science 293, 2470–2473.

Golland, Y., Bentin, S., Gelbard, H., Benjamini, Y., Heller, R., Nir, Y., Hasson, U., Malach, R.,
2007. Extrinsic and intrinsic systems in the posterior cortex of the human brain
revealed during natural sensory stimulation. Cereb. Cortex 17, 766–777.

Hämäläinen, M.S., Ilmoniemi, R.J., 1994. Interpreting magnetic fields of the brain: minimum
norm estimates. Med. Biol. Eng. Comput. 32, 35–42.

Hanson, S.J., Gagliardi, A.D., Hanson, C., 2009. Solving the brain synchrony eigenvalue
problem: conservation of temporal dynamics (fMRI) over subjects doing the same
task. J. Comput. Neurosci. 27, 103–114.

Hari, R., Salmelin, R., 2012. Magnetoencephalography: from SQUIDs to neuroscience.
Neuroimage 61, 386–396.

Hari, R., Forss, N., Avikainen, S., Kirveskari, E., Salenius, S., Rizzolatti, G., 1998. Activation of
human primary motor cortex during action observation: a neuromagnetic study.
Proc. Natl. Acad. Sci. U. S. A. 95, 15061–15065.

Hasson, U., Nir, Y., Levy, I., Fuhrmann, G., Malach, R., 2004. Intersubject synchronization of
cortical activity during natural viewing. Science 303, 1634–1640.

Hasson, U., Landesman, O., Knappmeyer, B., Vallines, I., Rubin, N., Heeger, D.J., 2008a.
Neurocinematics: the neuroscience of film. Projections 2, 1–26.

Hasson, U., Yang, E., Vallines, I., Heeger, J., Rubin, N., 2008b. A hierarchy of temporal recep-
tive windows in human cortex. J. Neurosci. 28, 2539–2550.

Hasson, U., Malach, R., Heeger, D.J., 2010. Reliability of cortical activity during natural
stimulation. Trends Cogn. Sci. 14, 40–48.

Huttunen, H., Manninen, T., Kauppi, J.-P., Tohka, J., 2013. Mind reading with regularized
multinomial logistic regression. Mach. Vis. Appl. 24, 1311–1325.

Jääskeläinen, I.P., Koskentalo, K., Balk, M.H., Autti, T., Kauramäki, J., Pomren, C., Sams, M.,
2008. Inter-subject synchronization of prefrontal cortex hemodynamic activity during
natural viewing. Open Neuroimaging J. 2, 14–19.

Kauppi, J.-P., Jääskeläinen, I.P., Sams, M., Tohka, J., 2010. Inter-subject correlation of brain
hemodynamic responses during watching amovie: localization in space and frequen-
cy. Front. Neuroinform. 4 (5).

Kauppi, J.-P., Parkkonen, L., Hari, R., Hyvärinen, A., 2013. Decoding magnetoence-
phalographic rhythmic activity using spectrospatial information. Neuroimage 83,
921–936.

Kettenring, J.R., 1971. Canonical analysis of several sets of variables. Biometrika 58, 433–451.
Lahnakoski, J.M., Salmi, J., Jääskeläinen, I.P., Lampinen, J., Glerean, E., Tikka, P., Sams, M.,

2012. Stimulus-related independent component and voxel-wise analysis of human
brain activity during free viewing of a feature film. PLoS ONE 7, e35215.

Li, Y.O., Adali, T., Wang, W., Calhoun, V.D., 2009. Joint blind source separation by multi-set
canonical correlation analysis. IEEE Trans. Signal Process. 57, 3918–3929.

Luo, H., Liu, Z., Poeppel, D., 2010. Auditory cortex tracks both auditory and visual
stimulus dynamics using low-frequency neuronal phase modulation. PLoS Biol.
8, e1000445.

Malinen, S., Hari, R., 2011. Data-based functional template for sorting independent com-
ponents of fMRI activity. Neurosci. Res. 71, 369–376.

Malinen, S., Hlushchuk, Y., Hari, R., 2007. Towards natural stimulation in fMRI—issues of
data analysis. Neuroimage 35, 131–139.

Muthukumaraswamy, S.D., Singh, K.D., 2008. Spatiotemporal frequency tuning of BOLD
and gamma band MEG responses compared in primary visual cortex. Neuroimage
40, 1552–1560.

Muthukumaraswamy, S.D., Singh, K.D., 2011. A cautionary note on the interpretation of
phase-locking estimates with concurrent changes in power. Clin. Neurophysiol.
122, 2324–2325.

Nummenmaa, L., Glerean, E., Viinikainen, M., Jääskeläinen, I.P., Hari, R., Sams, M., 2012.
Emotions promote social interaction by synchronizing brain activity across individuals.
Proc. Natl. Acad. Sci. U. S. A. 109, 9599–9604.

http://dx.doi.org/10.1016/j.neuroimage.2014.02.004
http://dx.doi.org/10.1016/j.neuroimage.2014.02.004
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0005
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0005
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0010
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0010
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0015
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0015
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0020
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0020
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0025
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0025
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0025
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0030
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0030
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0035
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0035
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0040
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0040
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0045
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0045
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0095
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0095
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0050
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0050
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0050
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0060
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0060
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0055
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0055
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0055
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0065
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0065
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0070
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0075
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0075
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0080
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0080
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0090
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0090
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0100
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0100
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0205
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0205
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0205
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0105
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0105
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0105
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0110
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0115
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0115
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0120
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0120
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0125
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0125
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0125
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0135
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0135
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0130
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0130
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0140
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0140
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0140
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0145
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0145
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0145
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0150
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0150


224 K. Lankinen et al. / NeuroImage 92 (2014) 217–224
Pamilo, S., Malinen, S., Hlushchuk, Y., Seppä, M., Tikka, P., Hari, R., 2012. Functional subdi-
vision of group-ICA results of fMRI data collected during cinema viewing. PLoS ONE 7,
e42000.

Rencher, A.C., 2002. Methods of Multivariate Analysis, 2nd edition. John Wiley &
Sons Inc.

Rizzolatti, G., Craighero, L., 2004. The mirror-neuron system. Annu. Rev. Neurosci. 27,
169–192.

Swettenham, J.B., Muthukumaraswamy, S.D., Singh, K.D., 2009. Spectral properties of in-
duced and evoked gamma oscillations in human early visual cortex to moving and
stationary stimuli. J. Neurophysiol. 102, 1241–1253.

Tallon-Baudry, C., Bertrand, O., Delpuech, C., Pernier, J., 1996. Stimulus specificity of
phase-locked and non-phase-locked 40 Hz visual responses in human. J. Neurosci.
16 (13), 4240–4249.
Tallon-Baudry, C., Bertrand, O., Delpuech, C., Pernier, J., 1997. Oscillatory γ-band (30–70 Hz)
activity induced by a visual search task in humans. J. Neurosci. 17, 722–734.

Taulu, S., Kajola, M., 2005. Presentation of electromagnetic multichannel data: the signal
space separation method. J. Appl. Phys. 97 (124905), 1–10.

Tootell, R.B.H., Reppas, J.B., Kwong, K.K., Malach, R., Born, R.T., Brady, T.J., Rosen, B.R.,
Belliveau, J.W., 1995. Functional analysis of human MT and related visual cortical
areas using magnetic resonance imaging. J. Neurosci. 15, 3215–3230.

Vialatte, F.-B., Maurice, M., Dauwels, J., Cichocki, A., 2010. Steady-state visually evoked po-
tentials: focus on essential paradigms and future perspectives. Prog. Neurobiol. 90,
418–438.

Whittingstall, K., Bartels, A., Singh, V., Kwon, S., Logothetis, N.K., 2010. Integration of EEG
source imaging and fMRI during continuous viewing of natural movies. Magn. Reson.
Imaging 28, 1135–1142.

http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0155
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0155
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0155
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0160
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0160
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0165
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0165
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0170
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0170
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0170
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0175
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0175
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0175
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0180
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0180
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0185
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0185
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0190
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0190
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0195
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0195
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0195
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0200
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0200
http://refhub.elsevier.com/S1053-8119(14)00095-0/rf0200

	Intersubject consistency of cortical MEG signals during movie viewing
	Introduction
	Material and methods
	Subjects
	Recordings
	Data pre-processing
	Spatial filtering model
	MNE source analysis
	Validation of eye-movement effects
	Validation with empty-room data

	Results
	Discussion
	Acknowledgments
	References


