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Abstract
Near-infrared spectroscopy (NIRS) is a novel technology for low-cost noninvasive brain imaging
suitable for use in virtually all subject and patient populations. Numerous studies of brain
functional connectivity using fMRI, and recently NIRS, suggest new tools for the assessment of
cognitive functions during task performance and the resting state (RS). We analyzed functional
connectivity and its possible hemispheric asymmetry measuring coherence of optical signals at
low frequencies (0.01-0.1 Hz) in the prefrontal cortex in 13 right-handed (RH) and 2 left-handed
(LH) healthy subjects at rest (4-8 min) using a continuous-wave NIRS instrument CW5 (TechEn,
Milford, MA). Two optical probes were placed bilaterally over the inferior frontal gyrus (IFG) and
the middle frontal gyrus (MFG) using anatomical landmarks of the 10-20 system. As a result, 28
optical channels (14 for each hemisphere) were recorded for changes in oxygenated (HbO) and de-
oxygenated (HbR) hemoglobin. Global physiological signals (respiratory and cardiac) were
removed using Principal and Independent Component Analyses. Inter-channel coherences for
HbO and HbR signals were calculated using Morlet wavelets along with correlation coefficients.
Connectivity matrices showed specific patterns of connectivity which was higher within each
anatomical region (IFG and MFG) and between hemispheres (e.g., left IFG <-> right IFG) than
between IFG and MFG in the same hemisphere. Laterality indexes were calculated as t-values for
the ‘left > right’ comparisons of intrinsic connectivity within each regional group of channels in
each subject. Regardless of handedness, the group average laterality indexes were negative thus
revealing significantly higher connectivity in the right hemisphere in the majority of RH subjects
and in both LH subjects. The analysis of Granger Causality between hemispheres has also shown a
greater flow of information from the right to the left hemisphere which may point to an important
role of the right hemisphere in the resting state. These data encourage further exploration of the
NIRS connectivity and its application for the analysis of hemispheric relationships within the
functional architecture of the brain.
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1 Introduction
Near-infrared spectroscopy (NIRS) is a novel and promising technology for cost effective
and noninvasive brain imaging in research and clinical practice. It has several unique
features whose capabilities have not yet been fully explored. Using this technique, one can
measure local changes in hemoglobin concentrations within cortical layers and, provided
multiple channels are used, proceed to spatial image reconstruction for both oxygenated
(HbO) and de-oxygenated forms of hemoglobin (Diffuse Optical Tomography). Thus, NIRS
detects hemodynamic modulations as an indirect measure of neuronal activity conceptually
similar to the blood oxygen level dependent (BOLD) functional magnetic resonance imaging
(fMRI) signal. In addition to low cost and portability, NIRS provides an imaging method
with reasonable spatial and excellent temporal resolution (as found in electrophysiological
methods such as EEG and MEG) complementary to other imaging methods based on the
hemodynamic response (fMRI and positron emission tomography, PET). With the advent of
multi-channel and high density optical instruments, it also becomes possible to measure
dynamic interactions between brain areas through temporal correlations of NIRS signals and
therefore deriving a NIRS-based ‘functional connectivity’ similar to the functional
connectivity measured by the fMRI BOLD signal (Friston et al., 1993).

Recent advances in brain functional network analysis provide new tools to study functional
architecture of the brain. Evidence is emerging that this architecture is relatively stable
during various cognitive tasks as well as the resting state. Numerous fMRI studies have
confirmed that resting state networks (RSN) (De Luca et al., 2006) reflect interactions in
cognitively relevant functional networks. Recent studies have also demonstrated that NIRS
can be used to detect spontaneous hemodynamic fluctuations (Hoshi et al., 1998; Obrig et
al., 2000; Toronov et al., 2000) and to assess regional connectivity through functionally
relevant correlations within those fluctuations (White et al., 2009; Lu et al., 2010). Here, we
explore the feasibility of analyzing RSNs within the left and right prefrontal cortex in the
temporal and spectral domains measuring correlation of hemodynamic NIRS signals along
with their coherence at low frequencies (0.01-0.1 Hz) in the resting state. In this report, we
present preliminary data with the major goal to assess the applicability of noninvasive
optical imaging as a tool for hemispheric lateralization of functional connectivity. In this
study, we focused on temporal modulations of optical signals measuring correlation and
coherence of those modulations within and between the investigated areas to study local and
bilateral functional connectivity in the resting state.

2 Materials and methods
2.1 Participants

Thirteen right-handed and two left-handed young adults (six females, age 18-30, mean age
23) took part in the study after signing a consent form approved by the Georgetown
University Institutional Review Board. All subjects reported as being in good health, having
normal (or corrected to normal) vision and without medications. Before experiments, they
undertook a battery of behavioral tests which included measures of IQ (Weschler
Abbreviated Scale of Intelligence; the average IQ score 121.7) and handedness. During one
or two separate experimental sessions lasting up to 40 min, they performed a rapid target
detection task with simultaneous optical and EEG recording of brain activity as described
earlier (Medvedev et al., 2010; Medvedev et al., 2011). Before and after the task, two minute
segments of brain activity were recorded during the resting state when subjects were asked
to sit in the dental chair quietly and relaxed avoiding thinking about anything specifically.
For each 2-min segment, first half was recorded when subjects were asked to focus their
gaze on the crosshair presented in the middle of a computer monitor (viewing distance of 75
cm) thus minimizing eye movements and the second half was recorded with their eyes
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closed. As a result, four or eight minutes of the resting state from each subject were taken
into further analysis. The results related to task performance have been published elsewhere
(Medvedev et al., 2010; Medvedev et al., 2011 and here we present the data related to the
resting state.

2.2 Optical Data Collection
Optical signals were recorded using a continuous-wave NIRS instrument CW5 (TechEn,
Milford, MA) with two 14 × 8-cm probes, each accommodating 11 optodes with three dual-
wavelength (690 and 830 nm) laser sources and eight detectors for each hemisphere. The
light sources and detectors of the CW5 instrument were connected to the subject’s head by
flexible optical fiber bundles. Their front ends (optodes) were arranged on a supporting
plastic base (‘optical probe’) which was placed on the head using anatomical landmarks
provided by the international 10-20 system. Two such optical probes were placed bilaterally
over the prefrontal areas between locations F3/4-F7/8-C3/4 thus covering the inferior frontal
gyrus (IFG) and the middle frontal gyrus (MFG) (Fig 1). As a result, 28 optical channels (14
for each hemisphere) were recorded. During data preprocessing, respiratory and cardiac
oscillations were removed using Independent Component Analysis and signals were pass
band filtered between 0.01-0.1 Hz to target slow oscillations of the resting state networks.

2.3 Optical data analysis
After offline frequency demodulation, optical data were filtered <1 Hz, downsampled to 20
samples per second and stored on the acquisition computer for further analysis. The cutoff
frequency of 1 Hz was used to reduce cardiac oscillations present in the optical signal.
Independent Component Analysis (ICA) was performed and artifactual components
generated by superficial layers (scalp and skull) as well as cardiac and respiratory signals
were removed using the approach as described previously (Medvedev et al., 2008). After the
ICA procedure, optical signals from all resting periods were combined and used to calculate
relative changes in concentration of oxygenated (HbO) and deoxygenated (Hb) hemoglobin
using the open-source software HOMer (Photon Migration Laboratory, Massachusetts
General Hospital, MA; http://www.nmr.mgh.harvard.edu/PMI/resources/homer/home.htm).
Hemodynamic activity for each source-detector pair is referred to as an ‘optical channel’
throughout.

Anatomical localization of optode positions has been described previously (Medvedev et al.,
2011) and is briefly reviewed here. The standard locations Cz, C3, F3, F7 and T3 in the left
hemisphere (and the corresponding locations in the right hemisphere) from the 10-20 system
were determined for each individual subject by taking head measurements before
experiments. Then a 128-channel EGI electrode sensor net was placed on subject’s head and
the placement of the corresponding electrodes at the 10-20 locations was verified. Optical
probes were positioned on top of the electrode net using electrodes C3/4, F3/4, F7/8 and
T3/4 as reference points (Fig 1). F3/F4 electrodes have been shown to be located on left/
right middle frontal gyrus, between posterior 1/3 and 1/2; while F7/F8 electrodes are located
on pars triangularis of left/right inferior frontal gyrus (Kim et al., 2007). Taking this
information into account and relating positions of optical fibers to the reference electrode
positions, we assumed that source-detector pairs from the lower half of the left probe (i.e.,
s1-d2, s1-d4, s1-d6, s2-d4, s2-d6, s3-d6, s3-d8) reflect the activity of the left inferior frontal
gyrus (IFG) while source-detector pairs from the upper half (i.e., s1-d1, s1-d3, s1-d5, s2-d3,
s3-d5, s2-d7, s3-d7) reflect the activity of the left middle frontal gyrus (MFG) (Fig 1).
Accordingly, the corresponding source-detector pairs from the lower/upper halves of the
right probe were taken as reflecting the activities of the right IFG/MFG, respectively.
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The typical frequency band used in the fMRI field to assess functional connectivity is
0.01-0.1 Hz because other bands are contaminated by noise and physiological artifacts such
as respiratory- and cardiac-related fluctuations in oxygen supply (Glerean et al., 2012). We
therefore bandpass filtered our signals within 0.01-0.1 Hz. We utilized a ‘seed-based’
approach to calculate functional connectivity which is commonly used in the fMRI field and
based on correlations between the signal in the ‘seed’ voxel (or over a relatively small group
of voxels) and all other voxels (Friston et al., 1993). However, we did not use a specific
‘seed’ channel and calculated correlations between all optical channels pairwise. First,
pairwise correlation coefficients were calculated using the preprocessed raw data and the
‘corrcoef’ Matlab function (The Mathworks Inc., Natick, MA). Coefficients of correlation
(here referred to as ‘correlations’) were calculated separately for oxy- and deoxygenated
hemoglobin thus giving two separate measures of connectivity. Second, time-frequency
decomposition of HbO and HbR signals was performed with the Morlet wavelets and power/
coherence were also calculated for all pairwise channel combinations. Using original Matlab
scripts, we calculated pairwise correlations/coherences between all optical channels in each
subject and divided them into the following four groups: 1)-2) unilateral relationships (all
pairwise correlations/coherences between channels within the IFG and channels within the
MFG, separately for the left (1) and the right (2) hemispheres); and 3)-4) bilateral
relationships (between all homologous channels within the left/right IFG (3) and the left/
right MFG (4)). All correlations/coherences were subjected to Fisher’s z-transform (making
their statistical distributions close to normal distributions).

We also analyzed functional connectivity by Granger causality (GC) applied to the whole
time courses of activities in brain structures. Granger causality as a measure of connectivity
has important advantages compared to the correlation or coherence methods. GC is a
directed measure and provides directionality of connections estimating connections {1 ← 2}
and {1 → 2} between structures 1 and 2 separately. The general concept of Granger
causality is that signal 1 affects or influences signal 2 if information in the past of signal 1
better predicts signal 2 than the information from the past of signal 2 itself (Seth, 2009). For
example, if causality {1 ← 2} is higher than {1 → 2}, this means a stronger functional
influence from structure 2 on structure 1 and that the latter is being ‘led’ or ‘influenced’ by
the former. Calculation of Granger Causality is based on multivariate autoregressive
modeling (AR) of the signal. In the AR framework, the current value of a variable is
represented as a linear combination of its own past p values (where p is the model order)
plus the past values of all other variables plus additional uncorrelated noise. Using the error
minimizing algorithms, the AR model can be solved and the coefficients of all linear
combinations derived. From those coefficients, spectra of all variables as well as cross-
spectra for all pairs of variables can be calculated. In addition, Granger Causality can be
calculated in both temporal and spectral domains. In the latter case, the directed functional
influence between signals can be determined at each frequency of interest. For AR modeling
to be valid, certain assumptions about the signal such as stationarity should be satisfied. The
optimal model order was selected using the Akaike Information Criteria (Akaike, 1974),
model stationarity was checked by Augmented Dickey Fuller test and model validity and
consistency were verified using the Durbin-Watson test for autocorrelated residuals as
implemented in the Granger Causality Matlab toolbox (Seth, 2009) used in this study for all
GC calculations.

Group statistical analysis was done by a three-way ANOVA test (p < 0.05) with regions of
interest (left and right IFG, left and right MFG), gender and handedness as fixed effects. All
statistical comparisons were made with correction for multiple comparisons using Dunn-
Sidak’s algorithm Hochberg and Tamhane, 1987.
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3 Results
3.1 Functional connectivity matrices

Spectra of hemodynamic signals during the resting state for both HbO and HbR showed a
close to linear relationship between the log of spectral power and frequency with two weak
peaks at 0.01-0.3 Hz and 0.07-0.1 Hz (Fig 2). This allowed us to consider the whole
frequency range 0.01-0.1 Hz as more or less uniform and average coherence values over this
range. Coherence values were averaged over frequencies 0.01-0.1 Hz as well as time
resulting in coherence-based connectivity matrices for all pairs of optical channels.
Similarly, connectivity matrices were generated using correlation coefficients. Both
coherence and correlation matrices revealed qualitatively similar patterns of connectivity
with clear regional clustering. In particular, connectivity was greater within and between
specific areas giving the ‘checkerboard appearance’ to the grand average connectivity
matrices (Fig 3). Thus, connectivity was higher within each anatomical region (IFG and
MFG) and between homologous areas in both hemispheres (e.g., left IFG <-> right IFG)
than between IFG and MFG in the same hemisphere (Fig 3). Because coherence-based
connectivity gives similar results to the correlation method, we used coherence matrices for
further analysis.

3.2 Laterality indices
To take into account regional clustering within connectivity matrices and to collapse data for
group-wise statistical comparisons, we calculated regional Laterality Indices (LI) comparing
‘left-versus-right’ average coherence values within clusters using the following approach.
The Laterality Indices were calculated as t-values for the ‘left > right’ comparisons for each
regional cluster within the connectivity matrix in each subject and then the group analysis
was done with ANOVA tests. The following regional clusters and their ‘left > right’
comparisons were considered: (1) ‘connectivity within Inf L’ > ‘connectivity within Inf R’
(cluster a > cluster a’ in Fig 3); (2) ‘connectivity within Mid L’ > ‘connectivity within Mid
R’ (cluster b > cluster b’ in Fig 3); and (3) ‘connectivity between Inf L and Mid L’ >
‘connectivity between Inf R and Mid R’ (cluster c > cluster c’ in Fig 3). These three regional
Laterality Indices were calculated separately for HbO and HbR thus giving six indices for
group comparisons in the right- (RH) and left-handed (LH) groups (Fig 4). The ANOVA
revealed significant effects of the regional cluster (F = 5.6, p < 0.0001) and handedness (F =
14.9, p < 0.0002) but no gender effect (F = 2.6, p < 0.1).

In the right-handed group, Laterality Indices were somewhat variable with still significantly
higher connectivity in the right hemisphere in the majority of RH subjects (posthoc multiple
comparison t-test, p < 0.05; Fig 4). Left-handed subjects showed highly negative Laterality
Indices thus demonstrating a significantly greater hemispheric asymmetry (p < 0.001) with
the dominance of the right hemisphere compared to the RH group (Fig 4).

3.3 Granger Causality
Granger Causality (GC) was specifically analyzed for the relationship between hemispheres.
For this analysis, GC values were calculated for each optical channel and its counterpart in
the opposite hemisphere (i.e., between homologous areas in the left and right hemispheres).
These GC values were then averaged over all 14 optical channels in each hemisphere. Figure
5 represents the GC matrices averaged over all left-right channel pairs for each subject. Note
a similar pattern of causality over all frequencies with slightly higher GC values at low
frequencies 0.01-0.03 Hz (Fig 5). Such uniformity across frequencies 0.01-0.1 Hz allowed
us to average the GC values over the whole frequency band for the group analysis which
was done combining all subjects regardless of their handedness.
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Despite variations in the ‘left-versus-right’ relationships in individual subjects, the group
analysis showed that Granger Causality was greater for the relationship ‘R → L’ than ‘L →
R’ (Fig 6). The group difference was significant for oxygenated hemoglobin (paired t-test, p
< 0.05) and de-oxygenated hemoglobin showed the same trend.

4 Discussion
The present study used near-infrared spectroscopy to explore the temporal dynamics in the
prefrontal cortex during the resting state. The major goal was to demonstrate the capability
of optical imaging to delineate regional functional networks and more specifically, to
explore the hemispheric lateralization (if any) of prefrontal intrinsic activity during the
resting state. We measured connectivity in each hemisphere between inferior and middle
frontal gyri (‘unilateral connectivity’) as well as connectivity between homologous
structures of both hemispheres (‘bilateral connectivity’). While functional connectivity is
commonly studied using fMRI, the studies of functional connectivity based on optical
imaging are in their infancy due to limited head coverage in many NIRS instruments and the
lack of standardized methods of analysis. Nevertheless, several groups has reported the use
of NIRS for the assessment of functional connectivity (Rykhlevskaia et al., 2006; White et
al., 2009; Zhang et al., 2010; Hu et al., 2013). The results demonstrate the feasibility of
using NIRS for the analysis of resting state functional networks and that the hemodynamic
modulations in the resting state as well as connectivity within and between functional
networks can be effectively measured by optical methods. NIRS-based connectivity patterns
correspond well to the anatomical and functional compartmentalization of the prefrontal
cortex (namely, the inferior and middle frontal gyri). Thus, our study makes an important
step extending the range of possible applications of the NIRS technology.

The current results demonstrate hemispheric asymmetry of functional connectivity in the
resting state. Specifically, functional connectivity appeared to be stronger within the right –
compared to the left – prefrontal cortex in both right-handed and left-handed individuals.
The finding of the right-hemispheric ‘bias’ of connectivity in the right-handed participants
motivated the inclusion of two left-handed subjects in the study. The left-handed subjects
showed even greater right-hemispheric bias of connectivity although these data are
obviously preliminary and should be confirmed in further experiments. Hemispheric
asymmetry is a well established phenomenon and it is usually discussed in the context of
specific behavioral (sensory, cognitive and motor) tasks. Its hemodynamic correlate is
greater activation of the dominant hemisphere during those tasks usually measured by
BOLD fMRI. However, hemispheric asymmetry regarding functional connectivity has not
been studied comprehensively and is not well established yet for both active and resting
states. We are aware of only a few imaging studies focusing on the laterality of connectivity.
One of the first studies where laterality was assessed from intrinsic brain activity during
passive fixation (one of the ‘eyes open’ variants of the resting state) has demonstrated that
both leftward and rightward regional laterality can be observed across different brain
systems depending on multiple factors including gender (Liu et al., 2009). In this study,
brain asymmetry was shown to be more pronounced in males than in females. Relevant to
our findings, the authors demonstrated that the inferior frontal gyrus was among the brain
regions with rightward laterality (Liu et al., 2009). Yan et al. found significantly greater
resting state connectivity in the cognitive division of anterior cingulate cortex in the right
hemisphere of right-handed participants (Yan et al., 2009). Saenger et al. have studied
resting state functional connectivity of the default mode network in both right- and left-
handed groups of subjects and found various degrees of asymmetry (either leftward or
rightward) in different brain regions (Saenger et al., 2012). Relevant to the current study,
they found rightward functional asymmetries in the middle frontal and middle/superior
temporal gyri in the right-handed group. Interestingly, asymmetries of functional
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connectivity were not accompanied by similar hemispheric differences in gray matter
volume (measured by voxel-based morphometry) which again emphasizes the informative
value of functional connectivity being not identical to the structural connectivity. In a recent
study, Tomasi and Volkow have investigated laterality patterns of short-range (implicated in
functional specialization) and long-range (implicated in functional integration) connectivity
and the gender effects on these laterality patterns using a method of functional connectivity
density mapping (Tomasi and Volkow, 2012). They found that short-range connectivity was
rightward lateralized in areas around the lateral sulcus, whereas long-range connectivity was
rightward lateralized in lateral sulcus and leftward lateralized in inferior prefrontal cortex
and angular gyrus. However, males had greater rightward lateralization of brain connectivity
in superior temporal (short- and long-range) and inferior frontal cortex. Although we have
not found any gender effects on connectivity, our finding of rightward lateralization in the
lateral prefrontal cortex is in line with all the studies cited above.

Electrophysiological studies also demonstrate brain functional asymmetry. For example,
Thatcher et al. (2007) have explored cortical connectivity using current source correlations
derived from the resting state EEG with source imaging LORETA software. The authors
showed that, in general, the right hemisphere exhibited higher intrahemispheric source
correlations than the left hemisphere. This study confirmed the earlier results based on
surface EEG coherence which also found higher right versus left hemispheric coherence
(Tucker et al., 1986). Thus, both electrophysiological and brain imaging studies provide
converging evidence that functional connectivity is higher in the right hemisphere. These
results are consistent with anatomical studies which indicate that the architecture of the left
hemisphere favors more local processing within cortical regions whereas the right
hemisphere is better wired for the integration of information across distant regions (for
review, see Thatcher et al., 2007). Taken together, these data provide the anatomical and
functional basis for the existing view that the left hemisphere is more involved in analytical
and sequential processing while the right hemisphere is more involved in integration and
synthesis of multimodal information (Kinsbourne, 1974).

In addition to the demonstration of higher functional connectivity in the right hemisphere by
optical imaging, which is consistent with previous electrophysiological and imaging results,
the current study found a ‘leading’ role of the right hemisphere in regard to the left
hemisphere, as demonstrated by the higher ‘right-to-left’ Granger Causality (Fig 6). Does
this mean that the left hemisphere is more ‘controlled’ by the right hemisphere in the resting
state? Although the interpretation of this ‘leadership’ is yet unclear and requires
confirmation and further exploration, the finding raises some intriguing questions. First, it
should be noted that the resting state, as typically defined in the imaging studies, is
somewhat an ambiguous state because the level of alertness is not well controlled. For the
resting state, subjects are asked to be relaxed while sitting in the chair and avoid any specific
task or focused thinking thus allowing the mind to ‘freely wander’. It is well known, that
quite often during this state subjects do fall asleep experiencing brief episodes of nap (most
likely, NREM sleep stages 1-2, which was confirmed in the current study by the analysis of
concurrently recorded EEG where sleep spindles were occasionally noticed). Does this
overlap of the resting state with the initial stages of sleep mean that during sleep-like states
the interaction between hemispheres changes in favor of a more proactive role of the right
hemisphere? It is tempting to speculate that this ‘leading’ role of the right hemisphere may
point to its involvement in information processing thought to be specific to sleep such as
post-processing, classifying, re-evaluation and storing of previously acquired information,
the processes which eventually lead to the consolidation of new information into long-term
memory traces. The right hemisphere may be well suited to such post-processing due to its
broader connectivity spanning across different modalities, which may be beneficial for the
formation of associative memories. We don’t know yet the relative roles of both
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hemispheres in those processes but the current finding encourages further studies of the role
of both hemispheres and their relationship in different functional states including rest and
various stages of sleep.

5 Conclusions
Our results demonstrate that functional connectivity can be measured by optical methods
with high temporal resolution. Correlation analysis of optical signals provides sensitive
measures of both local and long-distance functional connectivity in the resting state which
can be used for lateralization and cortical mapping of brain processes in a variety of clinical
applications. The results provide evidence for an important role of the right prefrontal cortex
as a leading hub in the resting state. This may be in contrast to the ‘active’ states during
specific cognitive tasks requiring activation of the dominant (left) hemisphere. Although our
understanding of the brain processes during resting states (including nap and sleep) is still
very limited, the current results point to a possible important role of the right hemisphere in
these processes. These results encourage further exploration of the NIRS connectivity and its
application for the analysis of hemispheric relationships within the functional architecture of
the brain.
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Highlights

• We measure resting state functional connectivity (RSFC) by optical imaging
(NIRS).

• Resting state connectivity is stronger in the right versus left prefrontal cortex.

• Higher ‘right → left’ Granger Causality indicates a leading role of right
hemisphere.

• We suggest an important functional role of the right hemisphere in the resting
state.
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Fig 1.
A: Optical probes positioned on top of the EEG sensor net. B: Positions of all optical fibers
were digitally co-registered in reference to the standard locations of the 10-20 electrode
placement system and then projected on the cortical surface using the NIRS-SPM toolbox
(Ye et al., 2009). C: the locations of optical channels (defined as midpoints between the
corresponding source and detector for each source-detector pair taken into analysis) and
their numbers are shown.
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Fig 2.
Spectra of hemodynamic activity in the resting state. Note peaks at 0.01-0.04 Hz and
0.07-0.1 Hz.
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Fig 3.
Group average connectivity matrices showing pairwise z-coherences (top panels) and
correlations (bottom panels) for all channels. Coherence/correlation between channels v1
and v2 is represented by color at point with x-coordinate = v1 and y-coordinate = v2. Inf L
and Inf R are left/right IFG, Mid L and Mid R are left/right MFG. Matrices are symmetrical
along the main diagonal from bottom-left to top-right.
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Fig 4.
A: Group average connectivity matrices showing pairwise z-coherences for all channels for
two groups of subjects (right- and left-handed). Note a stronger connectivity within the right
hemisphere (top-right quadrants) in both groups. B: Group-average Laterality Indices (LI =
t-values for L > R comparisons for connectivity within and between each anatomical region
and each signal, HbO and HbR). Note a relatively weaker, but significant, rightward
hemispheric asymmetry of connectivity in the right-handed group (LI < 0 at p < 0.05) and a
stronger rightward asymmetry in the left-handed group (LI < 0 at p < 0.001; differences
between groups are also significant at p < 0.01).
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Fig 5.
Granger Causality (GC) calculated for interhemispheric relationships (between homologous
areas in left and right hemispheres) for frequencies 0.01-0.1 Hz. The graphs represent the
GC matrices averaged over all 14 left-right channel pairs for each subject. Panels represent
directed Granger causalities namely, from the left hemisphere to the right hemisphere
(panels titled ‘Left → Right’) as well as in the opposite direction from the right hemisphere
to the left (panels titled ‘Left ← Right’). Granger causality is a directed measure which
allows for a separate analysis of how much signal 2 is dependent on signal 1 (1 → 2) as well
as how much signal 1 is dependent on signal 2 (1 ← 2). Note a similar pattern of causality
over all frequencies with slightly higher GC values at low frequencies 0.01-0.03 Hz.
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Fig 6.
Interhemispheric Granger Causality averaged over all channels and frequencies 0.01-0.1 Hz
for each subject. Group averaged values are shown in the right panels. Granger Causality
was greater ‘from-the-right-to-the-left’ (i.e., left ← right) than ‘from-the-left-to-the-right’
(i.e., left → right). This difference was significant for the HbO signal (paired t-test, p < 0.05,
the top-right panel) while the HbR signal also showed a similar trend.
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