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Abstract. Functional near-infrared spectroscopy has yet to be implemented as a stand-alone technique within
an ophthalmology clinical setting, despite its promising advantages. The present study aims to further investigate
reliability of visual cortical signals. This was achieved by: (1) assessing the effects of optode placements using
the 10–20 International System of Electrode Placement consisting of 28 channels, (2) determining effects of
stimulus size on response, and (3) evaluating response variability as a result of cap placement across three
sessions. Ten participants with mean age 23.8� 4.8 years (five male) and varying types of hair color and thick-
ness were recruited. Visual stimuli of black-and-white checkerboards, reversing at a frequency of 7.5 Hz were
presented. Visual angles of individual checker squares included 1 deg, 2 deg, 5 deg, 9 deg, and 18 deg. The
number of channels that showed response was analyzed for each participant, stimulus size, and session. 1-deg
stimulus showed the greatest activation. One of three data collection sessions for each participant gave different
results (p < 0.05). Hair color and thickness each had an effect upon the overall HbO (p < 0.05), while only color
had a significant effect for HbD (p < 0.05). A reliable level of robustness and consistency is still required for
clinical implementation and assessment of visual dysfunction. © 2016 Society of Photo-Optical Instrumentation Engineers

(SPIE) [DOI: 10.1117/1.NPh.3.2.025005]
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1 Introduction
Over the course of its development thus far, functional near-
infrared spectroscopy (fNIRS) has been employed in the
areas of neurology, psychiatry, and psychology as well as in
basic research with a long list of topics such as diseases, disor-
ders, rehabilitation, reasoning, and sleep.1 It has been used alone
or in tandem with other modalities such as functional magnetic
resonance imaging (fMRI).

Initially, demonstrated by Jöbsis in 1977, the first fNIRS
studies were not carried out on human subjects until late 1991
and into 1992. After more than 20 years of research, much work
remains to be done in this field. For example, although fNIRS
may be lower in cost, noninvasive, nonionizing, and portable, it
has yet to be proven as a feasible, stand-alone alternative to
fMRI within many clinical settings, such as ophthalmology.

fNIRS operates on the premise that light in the near-infrared
(NIR) range can be transmitted through tissue, is partially
absorbed by certain chromophores—namely, oxygenated (HbO)
and deoxygenated (HbD) hemoglobin—and is received by a
detector at some distance from the source.2 When a region of
the brain is activated, or used, the oxygen demand in that region
increases and it receives a corresponding increase in blood flow
to (over)compensate. The overall increase in blood flow can be
caused by dilation of blood vessels or possibly opening of addi-
tional vessels. This large increase in oxygenated blood flow sup-
plied by the arteries causes a washout of HbD. It is for this
reason that HbD is observed to decrease whether metabolic rate
increases as has been suggested for the visual cortex or not.
Typically, this is shown by an increase in the level of HbO

and a corresponding decrease in HbD that is smaller in magni-
tude. The relation between cortical activation and blood flow is
known as neurovascular coupling.

A limiting factor in fNIRS is the optode placement. Greatest
levels of activation, and therefore increase in HbO, as a result of
visual stimuli, have been observed from optodes that overlie the
primary visual cortex3–5 with a greater response typically seen in
the left hemisphere.6–8 The amount of activation measured
tends to decrease with radial distance from this location. Using
the International 10–20 System of Electrode Placement,9

Wijeakumar et al.7 showed that the largest changes in hemoglo-
bin concentration occurred at O1 and O2 as well as locations
vertically between O1, O2, PO3, and PO4. They also demon-
strated that the greatest and longest activations were induced
using pattern-reversing checkerboards (as opposed to static or
pattern onset/offset). The current International Society for
Clinical Electrophysiology (ISCEV) standard for clinical visual
evoked potentials (VEPs)10 suggests a pattern reversal rate of
1.0 Hz, which corresponds to two reversals per second, in
order to obtain a reliable electroencephalogram (EEG) signal.
However, studies have shown that higher reversal rates produce
a greater response.

Numerous studies have been performed using sweep VEP to
measure contrast sensitivity and visual acuity at reversal rates of
6 Hz. Heine and Meigen11 found that the greatest magnitudes
and significance could be obtained by using pattern-reversal
checkerboards at rates between 4 and 8 Hz for VEP. Another
previous study12 suggested that for larger checker sizes, a higher
temporal frequency would produce a better response. Checker
sizes used in this project are considered large by ISCEV
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standards10 and it has been demonstrated that good fNIRS
results are attainable.6,7

Our study takes a small but important step toward utilizing a
portable stand-alone system for diagnosing visual disorders. In
doing so, we pose several questions: how reliable and robust is
fNIRS at detecting changes in HbO and HbD? Can differences
be detected in the hemodynamic response from various visual
stimuli? Will the same measurements be obtained upon repeti-
tion? Finally, is the current level of sensitivity and repeatability
sufficiently reliable for use in a clinical setting?

2 Materials and Methods

2.1 Instrumentation

A compact NIRScout imaging system (NIRx Medical
Technologies LLC) using five sources (of a possible eight)
and 12 detectors was used to measure the changes in HbO
and HbD at a sampling rate of 8.93 Hz. Change in concentration
of both HbO and HbD was defined as the difference between the
averaged baseline and the stimulus peak (either minimum or
maximum). The LED sources emitted fixed NIR wavelengths
of 760 and 850 nm. Triggers were programmed into the stimu-
lus, routed through the NIRScout system, and read by the data
acquisition program (NIRStar 12.4). This ensured that the
stimulus timing was accurate for data analysis. With the aid
of a retaining cap, all sources and detectors (optodes) were
arranged to overlie the occipital region (Fig. 1), which houses
the visual cortex. Our arrangement resulted in a total of 28 near-
est-neighbor and second nearest-neighbor measurement chan-
nels with source-detector separations of approximately 2.4
and 3.0 cm, respectively.

2.2 Visual Stimulation

A visual stimulus of black-and-white checkerboards, reversing
at a frequency of 7.5 Hz, was utilized in order to elicit a hemo-
dynamic response within the visual cortex. The stimulus

protocol began with a 1-min black screen, which was used to
form the initial baseline, followed by the visual task of reversing
checkerboards, Fig. 1. The checkerboard stimulus duration was
10 s and was followed by 20 s of baseline. This repeated several
times to give a total of 8 stimulus-baseline cycles for each 5-min
trial. These 8 cycles enabled eight observations per factor level.
NIRS signals fluctuate, even during a resting state, which is the
reason that a long initial baseline was chosen.13,14

Each stimulus protocol used a single checker size (spatial
frequency), was displayed on a 60 × 33.8 cm LCD computer
monitor with a 60-Hz refresh rate, and subtended the entire
screen. Presentation (Neurobehavioral Systems, Inc.) software
was utilized in the creation and execution of all visual stimuli.
Each experimental block consisted of five different stimulus
protocols and each protocol employed a different, but uniform,
checker size. The size of the individual checker squares ranged
from small to large with visual angles of approximately 1 deg,
2 deg, 5 deg, 9 deg, and 18 deg in the experimental configura-
tion. A single complete, randomized block of the five spatial
frequencies was run on each of three separate days, and partic-
ipants were unaware of the sequence prior to each data trial.

2.3 Participant and Preparation

A total of 10 participants with mean age 23.8� 4.8 years were
recruited from the population of Wright State University (WSU)
in accordance with the Code of Ethics of the World Medical
Association (Declaration of Helsinki). Of these, five were
female with mean age 23.1� 3.6 years and five were male
with mean age 24.4� 6.1 years. Participants with a variety
of hair types were included. The experimental protocol was
approved by the internal review board at WSU and informed
consent was obtained from each participant prior to involvement
in the study.

Subjects were seated so that their eyes were 55 cm from the
screen and their heads were supported by a chin rest in order to
keep the viewing distance constant. The screen subtended a

Fig. 1 (a) Coronal illustration of optode layout of five sources (gray) and 12 detectors (white) based on
the 10-20 system. (b) Illustration of functional block paradigm with a total of eight cycles for each trial.
(c) A total of five trials (visual angles) were displayed, (i) 1 deg, (ii) 2 deg, (iii) 5 deg, (iv) 9 deg, and
(v) 18 deg each day. Note: not to scale.
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visual area of 47.5 deg × 31.5 deg at this distance. After part-
ing long hair, the optode retaining cap was placed on the sub-
ject’s head and centered. Electrode gel was applied in order to
enhance the conduction of light between the optodes and the
skin by removing an interface with the air, which would signifi-
cantly reduce the signal. This step also allows hair to be pushed
and kept out of the way before loading the optodes into the cap.
Although measurements were taken in a darkened room, a large,
fleece cap was placed over the subject’s head to further reduce
any ambient light from computer screens. The room was also
quiet in order to keep potential distractions to a minimum.

2.4 Analysis

Raw data was initially processed using Homer2:15,16 a
MATLAB®-based (The Mathworks, Inc.) analysis tool. Func-
tions of Homer2 were used within a stand-alone MATLAB®

script in order to automate data processing and reduce the num-
ber of potential human errors. This extracted values such as the
peak and baseline for each stimulus event in each defined data
channel and saved them in a file that could be used for statistical
analysis.

Despite the many available options for filtering signals, the
one chosen in this study was a wavelet. Wavelet filtering17,18 has
shown more stability and consistency than Kalman filtering19 or
principal component analysis,20 for example, and does not
require any strict assumptions or the inclusion of additional
physiological measures. Further, wavelet filtering has proven
to be effective in the reduction of low-frequency oscillations
and motion artifacts that are often present in fNIRS signals.21

In the wavelet filtering method of Molavi and Dumont,22

which is utilized by Homer2, motion artifacts are considered
outliers. The specific value of the tuning parameter (α ¼ 0.10),
which is a probability threshold, was chosen based upon
precedent.21–23 Following application of the wavelet filter to
each dataset, a simple 0.01 to 0.5 Hz bandpass filter was also
used. This allowed elimination of physiological noise and low-
frequency system drift without removing artifacts that may be
related to hemodynamic response. Filtered signals were used to
calculate concentration changes in HbO and HbD via the modi-
fied Beer–Lambert law. Differential pathlength factor values
used for a mean age of 23.8 years were estimated to be 7.57
and 6.26 for wavelengths of 760 and 850 nm, respectively,
based upon literature.24,25

Statistical analysis was executed with JMP software (SAS
Institute, Inc.). The change in HbO and HbD between each pres-
timulus baseline and peak response was the basis for quantita-
tive analysis. Baseline value was defined as the average
concentration value over the 10-s period before each stimulus
onset. Peak value was defined as the extremum reached between
5 and 15 s after stimulus onset.

All quantitative analysis of the observed hemodynamic
responses began with one-way ANOVA. Tukey’s test (Tukey–
Kramer HSD) was then administered in order to compare all
possible differences between both checker size and data collec-
tion session. In addition, JMP’s Fit Model option was used in
two ways. First, the subject number was categorized as a block-
ing factor and set as a model effect along with session and
checker size. In a second model, hair color and thickness
were set as the model effects. The most consistently active chan-
nels were chosen for the statistical analysis of data from each
participant to keep the statistical power as large as possible.

Fig. 2 Hemodynamic responses for three trials using the 1 deg checker size—one trial from each data
collection session—for subject 2. All eight stimulus events from each trial are overlaid on a single graph
for a representative channel. HbO curves range from red (first event) to yellow (eighth event) and HbD
curves range from blue to green. The shaded region indicates the duration of the stimulus and the third
session was found to produce significantly different (p < 0.05) results than the other two for both HbO and
HbD.
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3 Results

3.1 Hemodynamic Response

It was seen that the vast majority of observable hemodynamic
responses reached their extrema—maximum for HbO and mini-
mum for HbD—between 10 and 15 s after stimulus onset. This
is at or after the point which a stimulus ended. Overall, the mag-
nitude of the change in concentration of HbD was approxi-
mately half, or less than, that of the HbO. An example of the
elicited hemodynamic responses for one checker size and par-
ticipant is shown in Fig. 2. Qualitatively, the results for subject 2
far surpassed the rest (Fig. 3). Poorest results were obtained
from subjects 1, 5, 8, and 9.

Subject 2: In general, for this subject, more prominent
responses were observed for the left hemisphere with the highest
magnitude responses observed slightly superior to the left pri-
mary visual cortex (per the 10-20 system). Overall, block aver-
ages across eight stimulus events appeared very smooth with an
easily discernible hemodynamic response, even if one or two of
those events did not exhibit a response. Of the 120 total events, a
hemodynamic response was observed in 117 (97.5%) with an
average of 10 channels (35.7%) per event. Average magnitudes
of the hemodynamic responses, both HbO and HbD, were
greater for the final data collection session than the first two
(p < 0.0001). However, there was no significant difference
(α ¼ 0.05) found between the first and second sessions. The
final data collection session also contained more average chan-
nels with an observable hemodynamic response. The two chan-
nels that were consistent across all sessions were positioned over
the left primary visual cortex.

3.2 Visual Stimuli Comparison: Sensitivity

For 9 of the 10 participants, no statistical differences were found
in mean hemodynamic responses between checker sizes. From a
qualitative comparison of responses across the visual stimuli,
however, there did appear to be a somewhat decreasing trend
in the magnitude of responses for a few participants as the
checker size increased. All others showed little to no visible dif-
ference. Quantitative data is organized by checker size and sum-
marized in Fig. 4. 1-deg checker size produced the greatest
magnitude responses in HbO and HbD for subject 2 across
all three data collection sessions (Table 1).

3.3 Visual Block Comparison: Robustness

Data from 7 of 10 subjects exhibited significant differences
between at least two of the three data collection sessions for
either HbO, HbD, or both. Subjects 1 and 3 produced
differences in HbO response levels; subjects 4, 5, and 6 pro-
duced differences in HbD response levels; and subjects 2 and
8 produced differences for both hemoglobin response levels.
Additionally, no responses were observed for the third session
of subject 5, which means that there are no quantitative statistics
reported for those five trials. Figure 5 summarizes quantitative
data by session.

3.4 Fit Models

The subject-session-size model confirms the results of the one-
way ANOVAs; there was no overall significant difference in
ΔHbO levels between checker sizes. For overall HbD response,

Fig. 3 Summary of qualitative statistics. A total of 120 stimulation events were analyzed for each of 10
participants. Each event possessed a total of 28 possible data channels to give a total of 3360 channels
for each participant that were analyzed for the presence of an observable hemodynamic response. The
number of (a) events and (b) channels in which a response was observed are illustrated. Note that the
highest number of each was obtained for participants 2, 4, 7, and 10.
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however, a significant difference was found between the 1 deg
and the two largest (9 deg and 18 deg) checker sizes. This model
also confirms that significant differences in response levels
occurred between data collection sessions.

Based upon the color-thickness model, with p-values of
<0.0001 and 0.0144, respectively, hair color and thickness
each appeared to have an effect upon the overall HbO response,
as shown in Table 2. The response for black hair was signifi-
cantly higher than brown or blond; the response for coarse
hair was lower than fine. On the other hand, only color appeared
to have a significant effect for HbD responses. The results for
brown hair were found to be significantly lower in magnitude
than those for blond and black.

4 Discussion
Several studies have focused on identifying age-related
differences in hemodynamic response patterns. Many discov-
ered that in general, the magnitude of hemodynamic response
is greater in young adults and tends to decrease with age.26–28

The age range for participants in the current study falls under
the young adult category, which means that hemodynamic
responses should exhibit the typical pattern and show a decent
amount of activation.

In this study, it was observed that an appropriate level of sen-
sitivity is achievable for visual cortex studies but is not yet reli-
able across the population. Data for only 1 in 10 participants
reached significance for the various spatial frequencies used
in the study. Since the largest response was observed for the
smallest checker size, it would be wise to include even smaller
sizes in future studies.

Subject 2, which showed consistent and reliable data, did not
reach the threshold in which half of the channels showed acti-
vation over the occipital region. All others were below one-third

Fig. 4 Summary of quantitative results obtained across checker sizes—given in degrees—for the most
consistent channel in each of the 10 participants. Associated error bars for the HbO (positive, red) and
HbD (negative, blue) responses are given by vertical lines. Differences in response magnitudes only
reached significance (p < 0.05) for the second participant.

Table 1 Mean hemodynamic responses by visual stimulus and data
collection session for subject 2. Reported data corresponds to a chan-
nel over the left primary visual cortex. Concentration changes are
given in units of nmol∕L and uncertainty is reported as standard
error. The use of a * indicates a significant difference (p < 0.05)
from all the other sessions or checker sizes for a participant. A †
or § indicates a significant difference only between those marked
with the same.

Sample size ΔHbO ΔHbD

Subject 2 Session 1 38 53� 3 −176� 0.9*

Session 2 39 64� 4 −23.6� 1.4*

Session 3 40 92� 5* −36.4� 1.9*

1 deg 24 102� 6* −38� 3†

2 deg 24 82� 6† −30.3� 1.9§

5 deg 23 62� 5 −24� 2†

9 deg 22 57� 4† −20.6� 1.8†,§

18 deg 24 45� 3† −16.7� 0.5†,§
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of the overall total number of channels. This suggests that the
optode layout could be even further condensed. This seemingly
small area makes sense because only a fraction of the visual cor-
tex is found on the exterior portion of the cerebrum. Much of it is
actually housed within the longitudinal fissure, which increases
the difficulty to obtain reliable fNIRS data.

The presence of most active channels in the superior region
of the layout suggests that sources and detectors could be
included above those in the current configuration. This fact,

combined with the low number of channels containing observ-
able responses, may indicate that better statistics can be
achieved by shifting the optode arrangement by 5% to 10%
toward the crown of the head.

Additionally, results showed that at the onset of stimulation,
the level of HbO rises significantly and the level of HbD falls to
a lesser degree. It was observed in this study that there was a
tendency for HbO and HbD signals to be more delayed in lateral
regions. The visual association area is located lateral to the vis-
ual cortex and this delay, then, is consistent with activation of
the association area following activation of the visual cortex.

It has been demonstrated that for approximately 7 to 10 s
after the onset of a stimulus, the concentration of HbO increases
significantly to reach a plateau.6,7,29,30 It takes approximately the
same amount of time for HbD levels to decrease in the visual
cortex. Once the stimulus ends, approximately 10 to 12 s are
needed for HbO and HbD to return to normal levels.7,29,31

The time to reach an HbO maximum varies with the stimulus
protocol used. For a 10-s on protocol, such as the one used
in this study, a maximum occurs 1 to 2 s after the stimulus
ends29 before values begin returning to baseline. Hence, since
from this point an additional 10 to 12 s are needed for HbO
and HbD to return to original levels, a 20-s baseline was chosen.

4.1 Overall Subject Comparison

A wide range of hair types were included in order to analyze
feasibility across a potential patient population. There were
some differences in the measured responses based upon hair
type. This was expected, since it is known that melanin absorbs

Fig. 5 Summary of quantitative results obtained across data collection sessions for the most consistent
channel in each of the 10 participants. Associated error bars for the HbO (positive, red) and HbD (neg-
ative, blue) responses are given by vertical lines. Differences in response magnitudes for both HbO and
HbD only reached significance (p < 0.05) for two of the 10 participants.

Table 2 Summary of statistical results organized by hair type. Within
each section and column if factor levels are not connected by the
same letter, then they are considered significantly different
(p < 0.05). Hemoglobin changes are given in nmol∕L.

Hair color Subjects ΔHbO ΔHbD

Blond/Light 2, 7, 10 39� 9b −18� 3b

Brown 1, 4, 5, 8, 9 57� 6 −7.2� 1.8a

Black 3, 6 185� 13a −28� 4b

Hair thickness Subjects ΔHbO ΔHbD

Fine 2, 4, 7, 10 116� 8a −18� 2a

Medium 1, 8, 9 103� 9ab −21� 3a

Coarse 3, 5, 6 62� 12b −13� 3a
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NIR light and previous manuscripts have reported the use of
participants with light-colored hair only. Seen in Table 2, the
largest measured magnitude changes in HbO and HbD occurred
for participants with very dark hair. This particular result was
not expected, since the higher quantity of melanin in dark
hair would absorb the NIR light more than in light-colored
hair. However, the data from those with dark-colored hair
was generally lower in quality and, therefore, is not necessarily
as reliable as data from those with lighter-colored hair.
Therefore, further studies are needed to investigate this phe-
nomenon as well as any potential interaction between the effects
of hair color and thickness.

4.2 Overall Sensitivity

It was hoped to measure at least some difference in the level of
responses prompted by various stimuli. This was accomplished
for only one of the 10 participants, the results of which can be
seen in Fig. 4. Achieving an acceptable level of sensitivity in
healthy individuals shows the feasibility of using fNIRS to
study activation in the visual cortex. This achievement for
healthy participants should allow extension to study dysfunction
of the visual pathways using fNIRS by providing a basis for
comparison. The greatest differences in hemodynamic response
were measured between the 1 deg and 5 deg through 18 deg
checker sizes, which indicates at least two potentially reliable
stimulus levels to use for studying visual dysfunction. No sta-
tistically significant differences were found between the
responses of stimuli for any other subject, which suggests
low reliability. However, there appeared to be a decreasing
trend in response magnitude as checker size increased for a
few participants, although no differences reached significance.
This could indicate that sufficient reliability can be achieved
with further optimization.

4.3 Overall Repeatability

Lack of repeatability could be caused by at least one of several
possible factors. First, the experimental setup may need to be
refined. To minimize variation in the procedure used, the
same person setup, aligned the cap, and applied the optodes for
all three data collection sessions on each participant. However,
the participant was asked to fasten the cap so that it was com-
fortably snug and may not have been as conscientious to con-
sistency as the experimenter. Also, sometimes it took a couple of
sessions for the experimenter to get accustomed to application
for each participant due to variations in head shape and hair. In
practice, every person’s hair acts differently when attempting to
clear a small patch of skin for optode contact. This is true even
from one region to another on the same person, which some-
times serves to make optode application particularly challenging
and, unfortunately, reduces the ease of performing a completely
consistent experimental setup each time. In addition, the times
available for data collection were limited. As such, sessions for
each participant were not restricted to the exact same time of day
or week. The use of caffeine was not prohibited and the level of
nearby noise, unfortunately, could not be completely regulated.
All of these factors, along with potential boredom from repeti-
tion, could contribute to changes in a participant’s level of atten-
tiveness between data collection sessions or even within the
same session.

4.4 Regulation and Quality Control

The level of attention given to the stimuli is difficult to interpret
and record. The importance of attention levels, especially for the
visual cortex, is an example of a piece of information that could
have been confounded by external variables and not readily
quantifiable. Also, despite efforts to perform data collection
in a quiet environment, distracting levels of noise were reported
in five of 30 total sessions. In addition, several participants com-
mented that they had difficulty remaining awake and alert, par-
ticularly after the third trial. The level of attentiveness during
stimulation could have played a role in the observed hemo-
dynamic responses, or lack thereof. It could also possibly
explain the longer-period signal oscillations noted for a few par-
ticipants. For future studies, it may be prudent to include an
audio cue at the beginning of or just prior to the beginning
of a stimulus. Doing so would remind the participants that
they need to pay attention to the stimulus. In addition, the num-
ber of trials could be limited.

Beyond these factors, it is known that nicotine increases
CBF; none of the participants were active smokers. Caffeine
has other effects—such as increasing heart rate, metabolism,
and vasoconstriction—which actually decrease CBF. Several
participants were known coffee or soda drinkers, although
their specific ingestion habits were not officially recorded.
For those on whom fNIRS is already difficult, caffeine ingestion
could possibly increase the difficulty of obtaining reliable
signals.

Regulation of such commonly-used stimulants may be diffi-
cult from a researcher’s or clinician’s perspective. It is the prac-
tice of some fNIRS researchers to request that participants
refrain from alcohol or caffeine use for at least 24 h prior to
data collection.32 However, if fNIRS is extended to the clinical
realm, a patient or doctor may not know in advance that such an
exam will need to be performed.

4.5 Data Variability

4.5.1 Oscillations

The magnitude of 0.1-Hz oscillations has been proven to be pos-
ture-dependent. These oscillations are greatest when standing
and least when lying down, as a person would be during an
MRI.33 For this study, subjects are in a seated position. This
is a compromise between the magnitudes of spontaneous, regu-
latory BP oscillations—or Mayer waves. As such, care must be
taken during analysis and when comparing results between stud-
ies and modalities that utilize another posture.

As it has been noted in previous studies, low-frequency oscil-
lations are common in NIRS data, especially with lower mag-
nitude responses like in the visual cortex. Not only do these
oscillations appear in the overall time series, but they can sur-
vive averaging over many stimulus events.34 Thus, care must be
taken when filtering and processing fNIRS signals, especially
for the visual cortex. Unfortunately, not everyone reports details
on data processing steps.

4.5.2 Motion artifacts and noise

It is rare to see a signal reported from a single stimulus response
in scholarly articles. Instead, reported responses are generally
averaged over a number of stimuli events, sessions, or even
across subjects. While doing so increases SNR, it does not
allow one to see the true variability in the data. Individual
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responses are generally much noisier than data typically pre-
sented. Looking at individual stimulus events then presents a
challenge when trying to comment upon the repeatability of
fNIRS measurements. This challenge can be compounded if
a person moves during data collection. An advantage of imaging
the visual cortex is that stimulation of this cortical region
requires no movement on the part of the subject.

A disadvantage to imaging the visual cortex in adults is the
location of this region of the brain. The skull here is generally a
bit thicker, not uniformly shaped, and the depth of the cortex
varies from person to person. Further, the weight of the optode
leads tend to tug the optodes themselves down over time, which
could, for instance, lead to detector saturation as a result of opto-
des losing contact with the skin. It is important to have a snug-
fitting cap—or other optode retaining device—for each subject
and a specific method of loading the optodes into the cap.

Additionally, despite various sizes of commercially-available
optode retaining caps, there were still difficulties in achieving a
good fit. Even with a variety of cap sizes, there are bound to be
adults who have a large quantity of hair or whose head shape
causes poor optode contact with the scalp. These subjects may
require special modifications in order to obtain a snug fit.

Alternative to such modifications, a new optode holder could
be designed that only covers the visual cortex/occipital region,
but is adjustable to different head shapes and circumferences.
Such a new design could also allow denser optode configura-
tions. The design and production of such equipment could
take a good deal of time to perfect—both in terms of creation
and determining an ideal optode configuration. For this project,
we chose the option of multiple cap sizes. Investigation of a new
design, however, is currently underway.

4.6 Resolution

Since fNIRS is limited by its low-spatial resolution, groups have
begun investigating methods by which to improve upon it.
Specifically, diffuse optical tomography (DOT) instruments
are being designed with a high-density array of optodes. This
provides higher SNR with greater repeatability and spatial res-
olution over traditional fNIRS.

Zeff et al.35 describe the development of such a DOT system.
The quantity of optodes arranged in a relatively dense configu-
ration not only allows for lateral image reconstruction, but, due
to an increased number of source–detector separation distances,
allows for depth reconstruction as well. The reported high
repeatability would mean that fewer stimulus cycles would
be required. This means even further reduced time to diagnosis
and increased patient comfort. Such systems could be the future
of fNIRS.

5 Conclusion
This study has shown that using the standard 10–20 cap for
studying brain activation in the visual cortex may not be opti-
mal. It is suggested that a modified optode layout with higher
(superior) placement be used to attain more reliable data across
participants. A more robust alternative would be a dedicated
optode cap designed solely for the visual cortex that would
be adjustable for hair, head shape and size. In regards to stimulus
size, it was found that the 1 deg checker size yielded the greatest
magnitude signals. Although signals were consistently present
across the three sessions, there was a significant difference in
one of these sessions, which raises the concern of repeatability.

Thus, in order for fNIRS to be utilized clinically for assess-
ment of visual dysfunction, further optimization is needed
before acceptable levels of reliability and repeatability can be
reached. Since data processing methods have been well
explored, this optimization would primarily include improve-
ments in the hardware and experimental setup.
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