Proceedings of the 29th Annual International
Conference of the IEEE EMBS

Cité Internationale, Lyon, France

August 23-26, 2007.

FrB04.4

Using FMRI and FNIRS for localization and monitoring of visual
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Abstract— The purpose of this study was to design a near
infrared spectroscopy (NIRS) sensor head to continuously
monitor visual cortex activation. Visual cortex activation
regions as a result of eye movements were localized using
functional magnetic resonance imaging (FMRI). Once the
region was determined we placed the NIRS sensor head on that
region and emulated the same task perfomed in the FMRI
experiment. The eye movement chosen for our current
validation study was saccades. One subject was instructed to
move their eyes in a saccadic fashion for 30 seconds then fixate
for 30 seconds. We were able to see changes in oxyhemoglobin
and deoxyhemoglin using the NIRS design. These preliminary
results suggest that NIRS can be used as a monitoring tool,
guided by FMRI in patients who may have visual disorders.

I. INTRODUCTION

Studying brain functional activities is an area that is
experiencing rapid growth in the field of biomedical
imaging. Magnetic resonance imaging (MRI) is the most
common modality used in functional imaging. However, just
like with any other modality, it has some drawbacks,
including the lack of portability and expense. That is why
functional researchers are turning to new modalities either to
simultaneously use or run standalone. Near infrared
spectroscopy (NIRS) is one of these modalities because of its
high temporal resolution. Currently there have been and are
efforts to combine NIR with MRI [1]-[6]. We introduce the
concept of continuous monitoring of the visual cortex
subsequent to an FMRI scan rather than simultaneously.

A. Clinical Significance

Functional near-infrared spectroscopy (FNIRS) offers the
ability to monitor brain activation by measuring changes in
the concentration of oxy- and deoxy-hemoglobin (Hb) by
their different spectra in the near-infrared range [7]-[10].
NIRS may be useful in detecting visual dysfunction
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objectively and noninvasively in patients with visual
disturbance. Specifically, Miki et al. [11] demonstrated that
a decreased activation of the visual cortex in patients with
optic neuritis, which can be seen with NIRS. Also, Wilcox et
al. [12] has studied the relationship between object
processing and brain function in human infants, and
observed neural activation in the primary visual cortex and
the inferior temporal cortex. However, other than these few
studies no thorough studies have been made related to the
visual cortex and specifically visual disorders. Thus, we
combined both FMRI and FNIRS technology to first localize
the regions of the cortex that are normally highly activated in
the subject, and then to repeat the same task using FNIRS by
properly placing the sensor on the location determined by the
FMRI scan.

II. TECHNOLOGY REVIEW

A. Near Infrared Light (NIR)

For more than two decades, the single channel
measurement technique of NIR spectroscopy has been
successfully used to measure the hemodynamic response to
brain activity in both adults and neonates [13]-[14]. More
recent studies using the multi channel NIRS technique, NIR
optical topography (OT), have improved spatial and
temporal resolution in both adults [15] and infants [16].

Near infrared light ranges from 600-950nm and is strongly
absorbed by two chromophores, namely, oxyhemoglobin
(HbO) and deoxyhemoglobin (Hb. As a result of this
interaction, the modified Beer-Lambert Law (MBLL), seen
in (1), can be used to quantify changes in chromophore
concentrations [17]-[18].

AOD = 'ln(lﬁnal/lmitia[) =¢ACLB (1)

where AOD = ODy,qi - OD,yyig is the change in optical
density, I, and I, are the measured intensities before and
after the concentration of the chromophores change, AC. L is
the distance between incident light and detected light, ¢ is the
extinction coefficient, and B is the differential path-length
factor (DPF). The general one chromophore equation can be
further expanded for brain functional monitoring
applications where two chromophores need to be monitored,
yielding (2).

AOD" = ("4,0A[HbO] + "1, A[Hb])B'L  (2)
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where A indicates particular wavelength. After rearranging
the mathematical terms the concentration changes can now
be computed by measuring the change in optical density at
two different wavelengths as seen in (3) and (4).

A[Hb] = [(¢"450.(AOD"/ BM)) - (£"100 (AOD™/ B™))]  (3)
[(SMHbSMHbO - SKZHbSMHbO)L]

A[HbO] = [(" 1150 (AOD™/ BM)) - (6”100 (AOD™/ B*))] (4)
[(SMHbSMHbO - SKZHbSMHbO)L]

The basic process is now to propagate two near infrared
wavelengths through the tissue, one which is more strongly
absorbed by oxyhemoglin and the other by deoxyhemoglobin
at two different time periods and take the difference of these
concentrations. In this case all the other variables in (3) and
(4) are defined by the design. This is possibly the simplest
way to do these measurements.

B. NIR Systems

Time domain (TD), frequency domain (FD), and
continuous-wave (CW) systems are currently being used to
solve the above implementation of NIRS [19]. TD systems
[20]-[24] introduce into tissue light impulses on the order of
picoseconds which after passing through different layers
such as skin, skull, cerebrospinal fluid (CSF), and brain
become broadened and attenuated [19]. The output of this
pulse after being transmitted through the highly scattered
medium is known as the temporal point spread function
(TPSF) [20]. An advantage of TD systems over the latter
two is that theoretically it can obtain the highest spatial
resolution and can accurately determine absorption and
scattering [19]. The disadvantages include lower temporal
resolution as a direct result of trying to achieve an adequate
signal to noise ratio, large dimensions, high cost due to the
necessary ultrafast lasers, as well as the requirement to
mechanically stabilize the instrument [25].

In FD systems, [26]-[29] the light source is continuously
operating, but is amplitude modulated at frequencies on the
order of tens to hundreds of megahertz. FD systems have the
advantage of achieving higher temporal resolution than TD
systems. One disadvantage is the noise in the measurements
of scattering effects [19].

In CW systems, [30]-[33] light sources emit light
continuously at constant amplitude or modulated frequencies
not higher than a few tens of kilohertz [19]. The most highly
developed application of CW imaging technology is the
study of hemodynamic and oxygenation changes in
superficial tissues, and of the outer (cortical) regions of the
brain in particular using optical topography [34]. An
advantage of CW systems over the other two is their cost.
However, the main disadvantage is the inability to uniquely
quantify the effects of light scattering and absorption [35].
Other disadvantages are that intensity measurements are far
more sensitive to the optical properties of tissues at or
immediately below the surface than to the properties of
localized regions deeper within the tissue [34]. This is due to
the characteristic 'banana’ shape of the volume of tissue over

which the measurement is sensitive, which is narrow near the
source and detector and very broad in the middle [36]-[37].
Also the detected intensity is highly dependent on surface
coupling, meaning if an optical fiber is moved slightly or
pressed more firmly on the skin then it can result in a very
large change in measurement [34].

III. EXPERIMENTAL DESIGN

A. FMRI Scanning Parameters

FMRI was performed with a 3.0T GE Medical Systems
Signa Excite and the BOLD sensitive T2* weighted echo-
planar (EPI) sequence [38] using an 8 channel array head RF
coil. Scanning protocol included a screening brain MR scan,
including sagittal T1-weighted and axial T2-weighted scans,
to exclude any anatomic brain abnormality (e.g., Arnold —
Chiari malformation) [39]. The locations of activation and
deactivation clusters were defined with respect to the
Montreal Neurological Institute (MNI) coordinates and
anatomical landmarks [40]-[42]. These sites were identified
with the Talairach and Tournoux [43] atlas. The FMRI
acquisition parameters were: TE = 35 ms; TR = 1.5 s; flip
angle =90° single shot; full k-space; 64 x 64 acquisition
matrix with a field of view (FOV) = 24 cm, generating an in-
plane resolution of 3.75 mm® with a max total of 23 axial
slices. A total of 120 volumes (time points) were acquired.
For anatomic imaging, we used a three-dimensional volume
spoiled gradient-echo pulse sequence (0.469 mm?) in the
axial plane and obtained 1.3 mm thick slices.

B. FMRI Data Analysis

Data analysis was carried out using FEAT (FMRI Expert
Analysis Tool) Version 5.4 (FMRIB Software Library,
www.fmrib.ox.ac.uk/fsl). Slice-timing correction using
Fourier-space time-series phase-shifting, motion correction
using MCFLIRT [44], mean-based intensity normalization of
all volumes by the same factor, and highpass temporal
filtering (Gaussian-weighted LSF straight line fitting, with
sigma = 30s) were applied as pre-statistics processing. No
spatial smoothing of the data was performed. Post
processing motion correction included voxel displacements:
absolute (each time point with respect to the reference image
= 0.14mm) and relative (each time point with respect to the
previous image = 0.04mm). Independent Component
Analysis (ICA)-based exploratory data analysis was carried
out using MELODIC [45], in order to investigate the
possible presence of activation or unexpected artifacts.
Time-series statistical analysis was carried out using FILM
with local autocorrelation correction [46]. Z (Gaussianized
T/F) statistic images were thresholded using clusters
determined by an average Z>5.1 and a (corrected) cluster
significance threshold of P<0.05 [47]-[49]. Registration to
high resolution and/or standard images was carried out using
FLIRT [44],[50].

C. FNIR Instrument and Sensor

We used a modified frequency-domain spectrophotometer
(Oximeter, ISS, Champaign, IL) at two different wavelength,
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692 nm and 834 nm. Elght hght sources were used, four for x10' _ Change in Deosyhemoglabin and Osyhemoglkin rom S425 2.5cm
each wavelength, and one photomultiplier tube (PMT)
detector to collect the light. The output signals from the
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Fig. 2 Relative change in concentration of oxyhemoglobin (HbO) and
deoxyhemoglobin (Hb) as a result of alternating between OFF-ON
paradigm for sources 4 and 8. The characteristic pattern in the plot
shows that as the HbO (blue) increases the Hb (green) decreases.

Fig. 1 Actual sensor head design. This straps onto the head at the region 16t Change in Deoxyhemoglobin and Oxyhemogiobin from S185 2cm 1ot
determined from the FMRI trial. We used a symmetric sensor head design e ‘ ‘ P ‘ ‘ =
with one detector and eight sources. Sources 1-4 were 692 nm and 5-8 [\
were 834 nm. e A )’ \\ (\ ,'(\\\ I i
/ \ | |

Every two sources (692 nm and 834 nm) were coupled to e Lo ,[\)' \ | \d J,’/ \. '\{f“/ \( ™
allow for more accuracy and limit the number of positions to .l /, | /” \“\ f\ / \\A 1 /»" ! )\/ \ /‘\\’\. Lo
four. The sources and detector were held into place by a 3 / \\\/ M\ /‘ \ lr \ \ | I \U/' /
plastic molded strap with a slight bend in order to fit W VW / \ f’ \ /"\ s\ /\T\, / Tl L
comfortably (using elastic straps) on the subject’s head. \ Fo / ‘\» | \JL//" 1 \

D. Task - / \ VooV \/\/ ”

The subject was instructed to fixate eyes for 30 seconds o st 2 T Ta0a0ei0 aimm0Zio a0 w0 wem 4
(OFF condition) and then move eyes back and forth in a e
saccadic fashion for 30 seconds (ON condition). This same Fig. 3 Relative? change in concentration of oxyhemoglobin (HbO) and
sk was performed for the FMRI tral.  The difforence  myfemeshin (1) e el f limaing btven 0N
between these two states was calculated. shows that as the HbO (blue) increases the Hb (green) decreases.

E' FNIR Data AnalySiS x10% Change in Deoxyhemoglobin and Oxyhemoglobin from S286 2.5cm 10°

The raw AC and DC data were analyzed. However we did T T T o
not use the algorithm provided by the frequency domain
instrument, rather we derived our own computation based on hl i ) 1
the modified Beer-Lambert law. The raw data was filtered / ! o (,,/w/ [
using a moving average. The extinction coefficients for e N R . i
oxyhemoglobin and deoxyhemoglobin were taken from a \)f \/ \/‘/\ \‘"'\\ A / f\\w’ ‘\w”\:’“\f\/ \1
table. The differential path length factors were derived for 116 ”\A‘/”\f hyl ,\f/ﬁr\’ \ ,/J i f\/\ \ [
both wavelengths [51]. Wl / \\\\,[/“ \ Wi V\\ | v \‘(

115 ’\ (‘ \f\f’ \\ (,./“ N \ | 2
IV. RESULTS W \/ :
After localizing the visual cortex through the FMRI e s o PR S

Time (sec)

activation we were able to successfully monitor the

corresponding . changes mn oxyhem(?glob1n and deoxyhemoglobin (Hb) as a result of alternating between OFF-ON
deoxyhemoglobin as a result of the functional ON-OFF paradigm for sources 2 and 6. The characteristic pattern in the plot
paradigm. Overall the results from the sources from each shows that as the HbO (blue) increases the Hb (green) decreases.

side were symmetric as expected. The source-detector pairs

at 2.5 cm showed a stronger signal than the 2 cm distance.

This is expected because the 2 cm does not penetrate as deep

as the 2,5 cm distance and thus may not detect the signal as

efficiently. The results of the trial are illustrated

accordingly, Fig. 2-5.

Fig. 4 Relative change in concentration of oxyhemoglobin (HbO) and
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Fig. 5 Relative change in concentration of oxyhemoglobin (HbO) and
deoxyhemoglobin (Hb) as a result of alternating between OFF-ON
paradigm for sources 3 and 7. The characteristic pattern in the plot
shows that as the HbO (blue) increases the Hb (green) decreases.

V. DISCUSSION

FMRI and NIR are complimentary to each other in that
they allow for the monitoring and measurement of changes in
the oxy to deoxy hemoglobin ratio, which corresponds to
activation. While FMRI is well developed, NIR is still
lagging behind with respect to imaging the visual cortex and
is not ready for the clinical environment. NIR measurement
accuracy can vary depending on the design of the detector
head.  Constant optode distance is crucial; if head
circumference changes even by a fraction of a millimeter, the
trends are significantly biased [52]. Strangman et al. [53]
did a comprehensive study on factors affecting the accuracy
of NIR concentration calculations and found that the
wavelength selection and optode placement to be important
factors in reducing error. A limitation of NIR is its low
spatial resolution [54]. Statistical parametric mapping, as in
FMRI, cannot be directly applied to NIRS studies because
there are too few measurement portions [13]. On the other
hand compared to other imaging methods, optical
approaches have an excellent temporal resolution [10],[55]
that enables analysis in the frequency domain. NIR is also
low cost, non-invasive, and portable.

The use of functional MRI has proved to be a successful
imaging modality but unfortunately, like many other
modalities, it has its drawbacks. The main being cost and
portability. Therefore, the development of novel, more
selective, and noninvasive diagnostic techniques is a priority.
The inherent potential of this optical technique is that it is
noninvasive and can be used during behavioral tasks in order
to provide temporal and spatial information, making it ideal
for infant research [12]. However, this technique is limited
by its low spatial resolution. With all these in mind, it is
clear that there is a significant clinical need for low cost,
non-invasive, portable imaging modalities that combines
both high spatial resolution and high physiological sensitivity
to improve the clinical sensitivity and specificity for visual
cortex (and long term motor cortex) diagnosis.

FNIRS has several advantages in comparison with other
imaging methods, such as high flexibility, portability, low
cost and biochemical specificity. Moreover, patients and

children who might not stand the confined environment of
functional magnetic resonance imaging (FMRI) experiments
can be repetitively examined. Therefore, it is useful to
further establish FNIRS as a method for functional imaging.
NIRS may be useful in detecting visual dysfunction
objectively and noninvasively in patients with visual
disturbance, especially when used at the bedside [11],[56].
Specifically, Miki et al [11] demonstrated that a decreased
activation of the visual cortex in patients with optic neuritis
can be seen with NIRS. As for the field of evaluating visual
function via the cortex, this has not yet gained popularity.
The use of FNIR and FMRI concurrently may lead to new
findings in the area of functional imaging.  Studies
combining FMRI and FNIR are now emerging [1]-[6].

VI. CONCLUSION

We have demonstrated the feasibility of using both FMRI
and FNIR in order to localize and monitor visual function.
This has potential for a low cost continuous monitoring of
visual disorder via FNIR, after an initial diagnosis is made
through FMRI.
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