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Abstract— Functional near-infrared spectroscopy (fNIR)
measures changes in the relative levels of oxygenated and
deoxygenated hemoglobin and has increasingly been used to
assess neural functioning in the brain. In addition to the
ongoing technological developments, investigators have also
been conducting studies on functional mapping and
refinement of data analytic strategies in order to better
understand the relationship between the fNIR signal and
brain activity. However, since fNIR is a relatively new
functional brain imaging modality as compared to positron
emission tomography (PET) and functional magnetic
resonance imaging (fMRI), it still lacks brain-mapping tools
designed to allow researchers and clinicians to easily interact
with their data. The aim of this study is to develop a
registration technique for the fNIR measurements using
anatomical landmarks and structural magnetic resonance
imaging (MRI) templates in order to visualize the brain
activation when and where it happens. The proposed
registration technique utilizes chain-code algorithm and
depicts activations over respective locations based on sensor
geometry. Furthermore, registered data locations have been
used to create spatiotemporal visualization of fNIR
measurements.

1. INTRODUCTION

HERE has been a recent increase in the utilization of
functional near infrared spectroscopy (fNIR) which is
an emerging neuroimaging modality. Its unique attributes
such as being relatively inexpensive, safe, portable,
noninvasive and nonintrusive allow its utilization in key
areas such as neurohabilitation, learning, mental health,
sports medicine, pediatric and emergency medicine.
fNIR spectroscopy uses light in the near-infrared range
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(700-900nm) to monitor changes in the concentrations of
oxygenated hemoglobin (oxy-Hb) and deoxygenated
hemoglobin (deoxy-Hb). [1-4]. Biological tissues are
mostly transparent to near infrared light in the range of 700
to 900nm wavelength. Fortunately, deoxy- and oxy-
hemoglobin have distinctive absorption characteristics
which allow one to determine changes in their
concentrations using incident light at specific wavelengths
together with the modified Beer Lambert law [1,2,5].

fNIR is used to detect cognitive activity related to a
stimuli by comparing oxygenation and blood volume
changes before and after the presentation of the stimuli.
Cognitive activity is determined with respect to cerebral
hemodynamic response since cerebral hemodynamic
changes are related to functional brain activity through a
mechanism which is called neurovascular coupling [2,3].

Optical techniques have been applied to the study of
brain oxygenation and metabolism for several decades [6].
Noninvasive monitoring of human brain function by fNIR
has been extensively studied in recent years for various
types of brain activity including motor [7,8], visual [4],
auditory [9], olfactory [10], speech recognition [11], face
recognition [12] and even higher cognitive tasks [13,14]. A
recent review about fNIRS can be obtained from Gratton et
al. [15] and Izzetoglu et al [16].

This growing focus on fNIR experimentation urges
development of data visualization and registration
techniques for comparison and analysis purposes. This
challenge has been recognized and a group of studies
started to address it [17, 19, 20]. Unfortunately, fNIR data
is not acquired with a structural brain image like fMRI,
spatial data locations are strictly related to source-detector
geometry and although light source and detectors that
collect data are on the head surface, data itself is related to
the changes in the concentrations of oxy-Hb and deoxy-Hb
in the cortex. These issues are the main road-blocks for a
universal fNIR data registration scheme.

In this study, we developed registration and visualization
schemes for fNIR data where the activation patterns in the
cortex can be visualized on their corresponding locations
on brain surface images. Here, the algorithms are applied to
a 16 voxel (volumetric pixel) fNIR sensor geometry



designed to collect data from the pre-frontal cortex. We
have used front, left and right view of frontal lobe brain
surface images obtained from the Digital Anatomist
Project, conducted by department of Biological Structure,
University of Washington.

II. FNIR SENSOR AND MEASUREMENT LOCATIONS

Figure 1 below depicts the fNIR sensor pad that has been
designed for forehead. Within this schema, corresponding
source detector distance is 25mm. All light sources and
detectors form a rectangular grid and positioned on the
head surface. The probe is made of flexible circuit board
that fits the forehead curvature.

Light that reaches the detector follows a banana shaped
path originating from the corresponding light source [4,8].
Measurement point or volumetric pixel (voxel) of interest
that reaches down the cortex is at the ridge of this banana
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Fig. 1. Voxel locations and geometry of fNIR Probe. All 16 voxels are in
a rectangular grid and are in between light source and sensor.

shaped path. Therefore, voxel locations are in the middle
between the light source and detector.

During measurements, probe is placed on the forehead
so that the horizontal symmetry axis (central y-axis)
coincides with symmetry axis of the head, i.e. in between
the eyes. On the vertical axis, sensor is positioned with
respect to international 10-20 head marker system (Homan,
et al 1987). Fpl and Fp2 marker locations are positioned on
the bottom ‘voxel row” level.

III. METHODS

The main objective in this study is to register the voxel
locations onto the frontal lobe brain surface image and
visualize them from front, right and left views. This would
allow the researchers and clinicians to compare
experimental results, view the activation regions and to
interpret the overall fNIR data. The assumption in the
mapping and visualization techniques developed is that
brain structure approximately follows the curvature of the
forehead as does the sensor, that is cortex-to-scalp distance
is constant throughout forehead. The study by Knecht et al.
[28] has found through MRI that cortex-to-scalp distance
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changes throughout head. However, this variability can be
insignificant over certain homogenous regions. In our case,
we are interested in the forehead and assume the cortex-to-
scalp distance is constant in this region.

A. Mapping

The term mapping is used here to define the concept of
registration of the f{NIR data that has been collected using
the probe structure shown in Figure 1 on to 2D brain
surface images.

The proposed mapping technique is consisted of 5 steps.

Step 1: Identification of the reference points on the brain
surface image.

The mapping of the fNIR data is performed on
standardized MRI templates of SPM2 obtained from 152
subject structural MRI image averages. Okamoto, et al [18]
had provided the relationship between head and cortex
surfaces and standardized brain template by marking the
international 10-20 system head locations on both surfaces
within structural MRI images. Using these head locations
as reference points, the vertical locations of the fNIR data
is mapped on to 2D brain surface image. While performing
the mapping, vertical locations are transformed taking into
account the size (height and width) of the standardized
brain template. The horizontal locations are found after
performing the following steps.

Step 2: Calculation of the curvature of the forehead in
the transverse plane and removal of the unwanted skull area

An MRI slice that corresponds to the bottom row of
voxels is shown in Figure 2. The curvature information of
the brain surface and the skull is extracted by first
thresholding the MRI slice. The threshold of the gray-scale

L

Fig. 2. Steps of calculating forehead chain-code from MRI slice of SPM2
T1 template (Institute of Neurology, University of College London). Slice
image is first thresholded & binarized, morphological size filtered, edge
detection is applied and finally chain code is extracted.




image is selected as 110 over [0-255] gray pixel scale.
Then, pixels that have intensity values greater than the
threshold are set to 1 and the remaining ones are taken as
background and set to 0. The thresholded and binarized
image is shown in Figure 2 step 2.

The unwanted skull area in our measurement region, is
removed using a morphological size filter. In this
operation, connected components in the thresholded and
binarized image are first labeled such that white pixel
islands in the black background are generated. The number
of pixels in each island is then counted and only the four
largest islands are selected. Since the islands that
correspond to skull are smaller than brain, the unwanted
skull area gets eliminated as shown in Figure 2-step 2.

Step 3: Extraction of the surface information

The surface information is extracted by applying edge
detection algorithm. Since the image is binary, 3x3 Sobel
kernel, [1 2 1; 0 0 0;-1 -2 -1] (for horizontal) and [ -1 0 1; -
2 0 2;-1 0 1] (for vertical) , is convolved with the image
and two convolutions are normalized and added together to
create the edge image as shown in Figure 2 step 3.

Step 4: Chain code generation

Chain code is a relative representation of neighboring
pixels. The algorithm is essentially an edge tracer which
starts with an initial seed and searches the 8 neighbor pixels
in clock-wise direction for the same valued one as the
initial seed which is 1 in our case. The neighbor pixels to
the initial seed pixel are numbered or coded such that south
is 1, south-west is 2, west is 3 and so on. Once the
neighbor that has white value (1) is found, then the label of
it is changed to seed for the next iteration and its code
number is recorded. The algorithm tracks the border line by
repeating this procedure until the pixel that has no neighbor
having white value is reached. Algorithm has a one-back
memory and paints the pixels that have been passed
through to red to make sure it follows the right direction.
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Fig. 3. Registered 16 voxel locations depicted as with ellipses on the
inverted brain surface image.
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Step 5; Projection of curved 3D head voxel locations
onto 2D brain surface image
Since voxel locations are fixed/known on the 3D sensor
geometry, projections on 2D surface image are found by
walking through the chain code relative to horizontal
symmetry axis. Registered voxel locations are shown in
Figure 3.

B. Visualization

In order to visualize the data, we have developed spatial
graphs registered on the brain surface image using the
mapped voxel locations. These spatial graphs are formed as
color coded surfaces by interpolating the intermediate
points based on the sensor geometry and thresholding. We
have employed common interpolation methods used in
medical imaging including: Nearest neighbor, linear,
cosine, cubic convolution (2 and 4 point), B-Spline (3rd
order), Blackman-Harris windowed sinc (6 point) and
Gaussian (2 and 4 point) [21-27]. Figure 4, below, has
front, right and left views of a spatial graph obtained by
using 3™ order BSpline interpolation [22-24].

Fig. 4. Spatial graph, registered on the forehead front view, thresholded
(with 138 over 255) and right and left views respectively.

We have also developed real-time videos that reflect
activation patterns within the same time scale that they are
recorded. These videos are compiled from frames by
rendering these registered spatial graphs for spatiotemporal
visualization and allowed us to better interpret the
responses to a stimulus and compare inter-intra subject
activity patterns.

Let us note here that Figure 3 represents the true
information on the oxy/deoxy concentrations since those
are the original data points measured by the fNIR sensor.
Figure 4, on the other hand, is a mathematical extrapolation



of the true measurement points onto the entire forehead
area spanned by the fNIR sensor pad. In this representation,
the interpolated data in between voxels may not be
biologically accurate - i.e., oxygenation may change across
a sulcus, and the mathematical model would not take this
into account unless it was centered over a voxel. Therefore,
interpolated spatial maps cannot be held to be a veridical
representation of underlying brain function which is true
only at the voxel centroids. Whereas spatiotemporal
visualization using spatial maps can provide a better
understanding of the localization and progress of
oxygenation changes, given the heterogeneity of the
prefrontal cortex, any interpretation of the areas between
voxels must be made with caution.

IV. CONCLUSION

fNIR is a promising brain monitoring modality which
has gained recent interest from researchers and clinicians
because of its unique characteristics. A universal
visualization technique is required to compare fNIR data
within and across subjects and with other modalities such
as fMRI and PET. In this study we have presented a
method to register and visualize fNIR data on brain surface.
Currently, we are working on further developments in the
algorithm such as exploration of its applicability to
different fNIR sensor geometries and assembly of the tool
in a software package.
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