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Abstract— Functional Near Infrared Spectroscopy (fNIRS)
is a non invasive functional neuroimaging method used for
studying brain activity using blood oxygen level dependent
(BOLD) signal. We use phase synchronization between fNIRS
channels to detect functional connections between brain regions
in a speech study. Data is collected from 22 neonates whose
brain activity was monitored by fNIRS while being exposed
to two different types of auditory stimuli. The wavelet based
phase locking analysis reveals functional connections between
temporal regions and most other regions in general and frontal
areas in particular.

I. INTRODUCTION

Functional Near Infrared Spectroscopy (fNIRS) is a non
invasive optical method for studying brain activity. It is
based on detecting changes in oxygenated and deoxygenated
hemoglobin concentration in cortical tissue in response
to neural activity. Compared to other functional imaging
methods such as functional Magnetic Resonance Imaging
(fMRI), fNIRS is cheaper, portable and has higher temporal
resolution.

Functional connectivity defined as temporal correlations
between spatially remote neurophysiological events [1] is
a recent subject of interest in functional imaging which
studies how the activated cortical networks interconnect and
coordinate to perform a particular cognitive task. Functional
connections between cortical regions can reveal cortical
networks which are involved in task specific activities and
has been a subject of study in EEG [2] fMRI [3] and more
recently in fNIRS [4].

Different methods have been used to analyze brain func-
tional connectivity. Cross correlation and Cross coherence
are two widely used methods for detecting functional con-
nectivity in fMRI [5], [6]. A seed region is selected in these
methods and the cross correlation/coherence is calculated
between seed region and time course from all other brain
areas. To determine the direction of influence, directed co-
herence (DC) method has been proposed [7]. It decomposes
coherence into components that represent feedforward and
feedback components of the interaction between two time
series. Partial directed coherence and directed transfer func-
tion are also used for neural structure determination [8]. In
practice, these methods rely on modeling the signal with a
multivariate autoregressive model (MAR).
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Another measure of connectivity used to analyze cortical
connectivity is the mutual information between signals from
different brain areas [9]. This method has the advantage that
it is model free and is thus not limited to linear models.

Phase synchronization is another method commonly used
in EEG processing for detecting synchronization between
brain areas during a particular task performance [10]. In
this method, constant phase difference between two time
series is regarded as indication of functional connectivity.
The instantaneous phase of the signal can be estimated with
different methods including Hilbert transform and continuous
wavelet transform.

In this paper, we have used phase coherence to analyze
functional connectivity in fNIRS data. One advantage of
phase coherence is that it is fairly insensitive to variations in
amplitude. It also does not assume stationarity for the signals.
Since phase synchronization is not equivalent to coherence
or frequency synchronization and is an independent charac-
teristic of the interrelationship between two process [10], we
expect it to reveal information that complements that from
other methods such as cross coherence and correlation.

II. MATERIALS AND METHODS
A. Phase Locking using Wavelet Analysis

We use phase locking as a measure of synchronization
between fNIRS channels. Phase synchrony between anatom-
ically remote regions can be an indication of functional
connectivity. We measure phase locking using wavelet based
phase coherence.

Using the Continuous Wavelet Transform (CWT), the
phase difference between two channels at each point in scale
s and time 7 between channels [ and k& can be written as

(UA0) _ inre)-an(ra)) = We(ms)Wi(rs)
(Wi(, s)Wi(7, 5)|

where the asterisk indicates complex conjugate and W(7, s)

is the CWT of signal yx(t) in channel % at scale s and time
7 and is defined as:

Wi(r,s) = j?'/yk(t)-\lf* (t_ST)dt @)

where U is the mother wavelet. We use the complex Morlet
wavelet in our analysis, the mother wavelet defined as:
2
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VT [
where f; is the bandwidth parameter and f. is the center
frequency of the wavelet. The phase locking value (PLV) is
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a measure of how synchronized the phases of the two signals
are in a blocked design paradigm and is defined as [11]

1 ,
PLVj(1,5) = N ¥ yed (P(T8)=d1(7.5) @

where N is the number of stimulation blocks. The term inside
the summation is a vector whose phase is the instantaneous
phase difference between the signals in two channels ob-
tained from Eq. (1) evaluated over a single stimulation block.
If the phase differences at the corresponding time point in
other stimulation blocks are close to each other, then the
phase difference vectors will be aligned and the total vector
norm will be close to unity. On the other hand, if the phase
differences vary randomly across blocks, the vectors being
added will have random phases and the summed vector will
have a small norm. PLV}, (7, s) represents phase locking as
a function of time and scale.

This approach to connectivity is not based on causality and
does not indicate the direction of influence. Instead, it shows
which channels are likely to belong to the same network
for a given stimulation. As a result, the connection between
channels & and [ is the same as the one between channels [
and k. This, however does not mean there is the same amount
of causal information transfered between the two areas.

Statistical inference is based on the bivariate surrogate
data method [12]. The blocks in the two channels under
study are shuffled to create a random connection strength
between them without destroying the intrinsic characteristics
of the signal. For every channel pair, the rank of the original
PLV in the surrogate data values is used to calculate the
statistical significance. Surrogate distribution is derived from
a total of 400 random permutations per channel pair and the
significance level has been chosen to be 0.05.

B. fNIRS Data

We evaluated the analysis method on fNIRS data collected
in a language study. The experiment was originally designed
to study the ability of neonates to learn simple underlying
structures in speech [13]. Data from a total of 22 subjects
(mean age 3.14 days) were used in the study. Informed
consent was acquired from parents when the experiment was
being conducted. The study design was approved by the
ethics committee of the Azienda Ospedaliera Universitaria
di Udine, Italy where the experiment was conducted [13].
During the experiment, audio stimulus was administered
to subjects while the subjects were in state of quiet rest
or sleep. The audio stimuli consisted of consonant-vowel
syllables organized into trisyllabic units and were divided
into two major “grammar” groups named "ABB” and "ABC”
based on their syllables repetition order. Each grammar was
presented in blocks of 18 seconds followed by a silence
of randomly varying duration (25-35 seconds). A total of
14 blocks for each stimulus was presented and the total
experiment time was 22-25 minutes. The experiment design
is shown in Figure 1.

The hemodynamic changes in response to the two types
of stimuli were monitored by an fNIRS device (24 channel

Hitachi ETG-4000 machine with 695 and 830 nm lasers,
interoptode distance of 3 cm and sampling rate of 10 Hz).
Figure 2 shows the optode placement and the location of
channels. The tragus and the vertex were used as landmarks
for optode positioning to ensure data is recorded from
perisylvian and anterior brain regions.

C. Data Analysis

The modified Beer Lambert law was used to convert raw
optical data to changes in oxygenated and deoxygenated
hemoglobin concentration [14]. Blocks containing motion
artifacts were excluded from the analysis. Identification of
contaminated blocks is based on a discrete wavelet motion
artifact removal method [15]. We used a modified version
of this method which only identifies the blocks rather than
removing the artifacts. Essentially, wavelet coefficients cor-
responding to motion are preserved while other coefficients
are set to zero and the signal is reconstructed. The resulting
signal contains only the detected motion artifacts. Blocks in
which one or more of the identified artifacts fall are excluded
from analysis. For the analysis of connection between a
channel pair, only the retained blocks common between the
two channels were used for analysis. The average number
of retained blocks for all channel pairs across all subjects is
9.8.

It has been shown that oxygenated hemoglobin is more
sensitive to regional cerebral blood flow changes than de-
oxygenated hemoglobin [13]. Therefore, only oxygenated
hemoglobin changes were used for this study.

The phase synchronization analysis was performed on
data for one type of structured audio stimulus ("ABB”
grammar) to investigate cortical functional networks involved
in response to this stimulus type.

The fNIRS signal is known to contain systemic inter-
ferences. This includes interference from cardiac pulsation,
respiration, cardiovascular autoregulation and heart rate vari-
ability. The frequency band for connectivity analysis must be
chosen such that it includes the relevant variations caused by
neurovascular coupling while rejecting the frequency bands
containing these interferences. The cardiac interference in
our study is around 2 Hz and the very low frequency inter-
ference (heart rate variability, cardiovascular autoregulation)
is around 0.01 Hz. The respiratory fluctuation is around 0.2
Hz. The frequency band we chose for analysis is 0.03-0.08
Hz to avoid detection of phase locking as a result of the
interferences. This frequency band has also been shown to
contain connectivity information in other resting state and
task-related fMRI studies [6].

With the complex Morlet wavelet used as mother wavelet
with f, = 1.5 and f. = 1, the conversion from scale to
frequency is given by f = % where f is the frequency
corresponding to scale s and 7" is the sampling period.

The phase synchrony is calculated across all blocks for
the same stimulus type and also across desired frequency
and time range. We study the phase coherence during the
resting state of the silence period after stimulation delivery
in each block. It has been shown that the connectivity in
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Fig. 1. The experiment design.
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Fig. 2. Side view of fNIRS optode holder overlaid on schematic repre-
sentation of neonates head. The red circles and blue squares indicate the
source lasers and detectors, respectively. The numbers between the dots are
the channel numbers. The optodes are placed such that they sample data
from perisylvian and anterior brain regions.

this time interval is close to resting state spontaneous BOLD
activity [16]. Every stimulation block consists of 18 seconds
of stimulation presentation followed by a rest period of up to
35 seconds. We therefore average the phase locking from ¢t =
23s to t = 40s to compare phase connectivity in response to
stimulation. The 5 seconds delay from the end of stimulation
block is to allow BOLD signal to return to resting state.
The total coherence value is calculated as the average over
frequency and time window of interest as:

40 SH

tPLVi = Y > PLViy(7,s) (5)

T7=23 s=s5p,

where tPLV},; is the total phase locking value between
channels k and [ and [s;, sp]| is the selected scale range
which is set to 125-300 in our experiment (corresponding to
0.03 Hz to 0.08 Hz).

In order to account for intersubject differences in baseline
phase coherence, connections are normalized as:

tPLV},

tPLVY, = —— =%
.t max;(tPLVy 1)

(6)

This represents connections between channel k£ and [ as
a ratio of maximum connection strength between channel k
and other channels.

III. RESULTS

Figure 3 shows the average coherence map across all
subjects for oxygenated hemoglobin for a representative pair
of channels (channels 2 and 5). The wavelet analysis was
performed up to scale 512. Higher coherence is observed
between scales 125 to 300 which corresponds to 0.08-0.03
Hz and also during the time interval of resting just after
stimulus presentation (from ¢ = 18 seconds to the end
of block). High phase coherence is also observed at 2 Hz
(wavelet scale 5) which is due to cardiac pulsation.

Figure 4 shows the bar plot of the mean phase coherence
between all channel pairs in the left and right hemisphere
(Eq. 6 averaged over all subjects). Only significant channels
with mean phase locking value above 0.7 are displayed. The
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Fig. 3. Average phase coherence map for oxygenated hemoglobin across
all subjects between channels 2 and 5.

rows represent the seed channel number. The analysis was
performed for left and right hemispheres separately.

Some of the detected connections are between spatially
close channels which seems to reflect anatomical connection
between these areas. There are however, other connections
between spatially remote channels. In the right hemisphere,
channel 17 (temporal) shows connection with other channels
including 14 in frontal area. In the left hemisphere, both
channels 6 and 3 (temporal) connect to channel 1 (repre-
senting frontal area), among other channels. The temporal
region is responsible for low level auditory processing in
infants and frontal region is responsible for computation of
structure [17] and both of these regions showed significant
activation for the task involved in our experiment [13]. Our
results suggest the temporal region has significant connection
with other regions and in particular with frontal areas.

In order to further study the connection between tem-
poral and frontal areas which are key areas in the speech
processing process involved in the experiment, we looked
at the connections between channels 5, 15, 6 and 19 as
representative channels for left and right frontal and temporal
areas. Figure 5 shows the average phase locking values when
channel 5 is used as the seed channel. One way ANOVA indi-
cates significant difference between the phase locking values
(F(2,63)=12.75, p<0.01) with cross hemisphere connection
between frontal areas (between channels 5-15) having higher
phase locking value (Tukey’s test p<0.05). This suggests the
connection between left and right frontal areas which are
part of the same network are stronger than connection with
other areas. Similar analysis shows no significant difference
in phase locking value between channel 6 in left temporal
area and the other 3 channels.

IV. DI1SCUSSION AND CONCLUSION

We used phase synchronization to measure connection
strength between fNIRS signals at different channels. The
results suggest high synchronization exists between channels
which are functionally connected in our speech processing
task. In particular, connections from the temporal region to
other channels in frontal and parietal regions were observed.

Verification of detected connections in connectivity study
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Fig. 4.

Mean connection strength between channel pairs. In each row,

validate the results of this study.
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the channel corresponding to the row number is used as the reference
channel. Top and bottom panels shows the connections in the left and right 9]

hemispheres respectively.
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Fig. 5. Average phase locking value between channel 5 and channels 6,15
and 19 representing left temporal, right frontal and right temporal areas,

respectively. Error bars indicate 95% confidence interval of mean.

is an important and challenging step. Since actual brain

[13]

[14]

network connections are unknown, there is no ground truth
to compare the results with. Converging evidence and physi-

ologically relevant connections, however, can be regarded as

[15]

an indication that the detected connections are meaningful.

In our particular study, both temporal and frontal regions

[16]

were involved as suggested by fNIRS activation results [13]
and also expected from functional information about these
regions. Therefore, significant connections between these

general areas seems to be neurophysiologically relevant.

[17]

Comparison of the results of the current study with more
conventional methods is considered for future work to further
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