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Abstract. Neurofeedback is a method for using neural activity displayed on a computer to regulate one’s own
brain function and has been shown to be a promising technique for training individuals to interact with brain–
machine interface applications such as neuroprosthetic limbs. The goal of this study was to develop a user-
friendly functional near-infrared spectroscopy (fNIRS)-based neurofeedback system to upregulate neural activity
associated with motor imagery, which is frequently used in neuroprosthetic applications. We hypothesized that
fNIRS neurofeedback would enhance activity in motor cortex during a motor imagery task. Twenty-two partic-
ipants performed active and imaginary right-handed squeezing movements using an elastic ball while wearing a
98-channel fNIRS device. Neurofeedback traces representing localized cortical hemodynamic responses were
graphically presented to participants in real time. Participants were instructed to observe this graphical repre-
sentation and use the information to increase signal amplitude. Neural activity was compared during active and
imaginary squeezing with and without neurofeedback. Active squeezing resulted in activity localized to the left
premotor and supplementary motor cortex, and activity in the motor cortex was found to be modulated by neuro-
feedback. Activity in the motor cortex was also shown in the imaginary squeezing condition only in the presence
of neurofeedback. These findings demonstrate that real-time fNIRS neurofeedback is a viable platform for brain–
machine interface applications. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution

or reproduction of this work in whole or in part requires full attribution of the original publication, including its DOI. [DOI: 10.1117/1.NPh.4.2.021107]
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1 Introduction
Neurofeedback has recently been a topic of interest among engi-
neers and neuroscientists due to potential benefits in clinical and
commercial applications.1 Neurofeedback methods have been
shown to enhance recovery of normal brain function in patients
with brain injuries, especially in poststroke victims.2,3 It has also
recently been shown to be a promising technique in developing
brain–machine interface applications, such as neuroprosthetics
and artificial vision.4,5

Most neurofeedback systems currently utilize electroen-
cephalography (EEG) or functional magnetic resonance imag-
ing (fMRI) to acquire the neural activity of the individual
performing the task. Previous studies have demonstrated that
EEG neurofeedback can be used to teach participants how to
control cursor movements in one and two dimensions by modi-
fying neural activity.6–8 However, a major obstacle in developing
EEG brain–machine interface applications lies in the difficulty
of localizing signal components associated with actual physio-
logical movements.9 Prior neuroimaging studies have replicated
the results of EEG neurofeedback by teaching participants
to control cursor movements in multiple dimensions using

fMRI neurofeedback systems based on the blood oxygenation
level-dependent (BOLD) signal from the selected region of
interest (ROI).10 Recent experiments have further demonstrated
the use of fMRI neurofeedback for teaching participants to
control the movement of robotic arms, a task directly related
to the control of neuroprosthetics.5,11 Although these are encour-
aging outcomes, EEG’s poor spatial resolution and fMRI’s
limited experimental environment are barriers to the use of neu-
rofeedback for the development of brain–machine interface
applications.

Functional near-infrared spectroscopy (fNIRS) is a neuroi-
maging modality that measures changes in optical densities
and converts these to changes in hemoglobin concentrations
as a proxy for neural activity. This relationship depends upon
neurovascular coupling and may be influenced by the physio-
logical state of the subject. However, fNIRS provides an alter-
native to EEG and fMRI as a noninvasive brain imaging
technique that may be used for neurofeedback in natural con-
ditions. Spatial resolution is improved in comparison to EEG
and temporal resolution is enhanced in comparison to fMRI.
Over the past decade, fNIRS has been used as a neuroimaging
tool in various fields of studies, including psychiatry, psychol-
ogy, and basic neuroscience research.12 Most notably, fNIRS has
been applied to numerous language studies in human newborns*Address all correspondence to: Joy Hirsch, E-mail: joy.hirsch@yale.edu
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and adults.13,14 Recently developed NIRS machines have a spa-
tial resolution of ∼3 cm and a temporal resolution of 10 ms.
Another major advantage of NIRS is that it allows participants
to remain in a relatively natural environment while undergoing
the training. Although the goal of this experiment is to under-
stand early neural activity in untrained participants associated
with neurofeedback, a long-term goal is to train participants
to manipulate these signals. The ability to train in a natural
environment is particularly important when learning to control
a prosthetic limb. Such training is impossible within an MRI
machine in which any motion >2 mm results in signal
artifact.

Despite the benefits that fNIRS offers over EEG and fMRI,
the potential use of fNIRS in neurofeedback is not well defined.
Previous studies have shown that fNIRS neurofeedback can be
used to increase cortical activation associated with motor
imagery tasks when participants were trained over time as
well as in comparison to sham feedback.15,16 Further questions
concerning the development of fNIRS brain–machine interface
applications, including identification of additional neural com-
ponents associated with motor imagery and neurocircuitry asso-
ciated with effectively incorporating neurofeedback to enhance
performance, remain unanswered. The main goal of this study
was to develop and test an fNIRS neurofeedback system
that utilizes the large amplitude signal from oxyhemoglobin
(OxyHb) changes in the motor cortex associated with upper
limb motor tasks as the feedback signal for the participant
while analyzing the neural effects of neurofeedback using the
deoxyhemoglobin (deOxyHb) signal. We specifically investi-
gated the potential of fNIRS feedback as a platform for
brain–machine interface applications by determining changes
in hemodynamic responses during motor imagery tasks associ-
ated with neural feedback without longitudinal training. We
hypothesized that untrained participants would produce
increased activity in the motor cortex in the presence of neuro-
feedback compared with no feedback, especially during motor
imagery tasks.

2 Methods

2.1 Participants

A total of 22 individuals (14 female, mean age ¼ 24.5�
7.8 years) participated in the experiment. All but two partici-
pants were right handed as determined by the Edinburgh
Handedness Inventory.17 Written informed consent was
obtained from all participants for participation in the study in
accordance with guidelines approved by the Yale University
Institutional Review Board (HIC #1501015178).

2.2 Experimental Design

Participants completed a series of active and imaginary hand-
squeezing motor tasks using an elastic stress ball. During the
active task, participants were asked to perform a rhythmic
squeezing movement at a rate of approximately one squeeze
per second during active blocks lasting 15 s. Rest periods of
15 s were interleaved with the active periods. The block design
consisted of six repetitions for a total of 3 min. Participants
repeated the same block design during the imaginary squeezing
task, but they were asked to imagine themselves squeezing an
elastic ball at a rate of approximately one squeeze per second.
Participants were asked to perform both the real and the

imaginary squeezing tasks under two conditions, with and with-
out neurofeedback. Tasks were performed in the following
order: real squeezing without neurofeedback, imaginary squeez-
ing without neurofeedback, real squeezing with neurofeedback,
and imaginary squeezing with neurofeedback (Fig. 1).
Participants were instructed to perform the task sequence twice,
completing the experiment with a total of eight runs, two runs
per each condition.

2.3 fNIRS Neurofeedback System

An overview of the neurofeedback pathway used in this
experiment is shown in Fig. 2. The major components of the
fNIRS neurofeedback system consist of the fNIRS machine,
the processing computer, and the screen on which feedback
based on the OxyHb was displayed. Local changes in both the
OxyHb and the deOxyHb were acquired on a LABNIRS fNIRS
system (Shimadzu Corp., Kyoto, Japan). Thirty emitters and 29
detectors were secured in place 3 cm apart using a customized
elastic cap. The channel layout along with the emitters and the
detectors used in this experiment is shown in Fig. 3. The ana-
tomical locations of optodes in relation to standard head land-
marks (including inion; nasion; top center, Cz; left, T3; and
right, T4) were determined for each participant using a
Patriot 3-D Digitizer (Polhemus, Colchester, Vermont) and lin-
ear transform techniques as previously described.18–21 The
Montreal Neurological Institute (MNI) coordinates for the chan-
nels were obtained using the NIRS_SPM software17 with
MATLAB (Mathworks, Natick, Massachusetts), and the corre-
sponding anatomical locations of each channel were determined
by the Talairach atlas provided in SPM8.

Because of the relatively high amplitude response of OxyHb,
this signal was used to provide visual representation during neu-
rofeedback trails. Visual feedback was presented by determining
the difference between the current sample and a linear trend of
the previous 10 s of data. The presented data were normalized by
dividing the current sample by the standard deviation of the pre-
vious 10 s of data. The detrended signal was used to generate the
graphical image used for neurofeedback. Neurofeedback was
displayed to each participant using a customized MATLAB
graphic user interface (GUI) with colored dots representing

Fig. 1 2 × 2 graphic demonstrating the conditions in the order in
which participants performed the tasks (a) real squeezing without
neurofeedback, (b) imaginary squeezing without neurofeedback,
(c) real squeezing with neurofeedback, and (d) imaginary squeezing
with neurofeedback.
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the NIRS optode channel layout used in this experiment (Fig. 4).
The layout and anatomical representation were explained to par-
ticipants prior to the experiment. Participants were told that each
dot on the GUI represented the neural activity level at a different
location. Each colored dot represents a single channel. Yellow
represented high activity, blue represented low activity, and
green represented baseline activity. The color of the dots was
updated each second depending upon the real-time activity
level at each optode location using signal processing described
above. Participants were instructed to focus on the group of
channels covering the motor cortex contralateral to the hand
used for squeezing tasks as shown in the black rectangle in
Fig. 4.

2.4 Data Analysis

2.4.1 Signal processing

Baseline drift was modeled and removed using a polynomial of
the fourth degree,

EQ-TARGET;temp:intralink-;sec2.4.1;326;412PðtÞ ¼ a0 þ a1tþ a2t2 þ a3t3 þ a4t4;

which was fitted to the raw fNIRS signals (MATLAB). Any
channel without a signal due to insufficient optode contact
with the scalp was identified by taking the root mean square
of the raw data when the signal magnitude was more than 10
times the average signal and removed automatically.

Fig. 2 Overview of neurofeedback system: participants engage in the task, resulting in neural activation,
which is acquired using the fNIRS system. The signal is processed and displayed to the participant, who
then attempts to modify his/her behavior to change the representation of the signal.

Fig. 3 (a) NIRS optode channel diagram with emitters shown in red circles, detectors shown in blue
circles, and channel numbers shown between emitters and detectors. For orientation, left and right hemi-
spheres are labeled as well as the relative location of the nose. (b) Channel layout rendered on a stan-
dard template brain (dorsal view) shows coverage of frontal, temporal, and parietal lobes. Top of the
figure is frontal; bottom of the figure is posterior. Hemispheres are labeled in (a).
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2.4.2 General linear model analysis

Previous NIRS studies have typically focused on analyses of
neural activity as reflected by the OxyHb signal due to its
large amplitude and higher signal-to-noise ratio.16 However,
recent studies have demonstrated that the deOxyHb signal
shows a higher correlation to the hemodynamic response mea-
sured through the BOLD signal using fMRI,22 may better re-
present neural activity, and contains less systemic artifact
than the OxyHb signal.23,24 While we used the OxyHb signal

to provide feedback to participants, analyses described here rep-
resenting neural activity in response to either active or imagined
tasks are based on deOxyHb signals. For reference, results from
both OxyHb and deOxyHb signals before and after spatial filter-
ing are presented in Fig. 6.

Each participant’s data sets were first reshaped into 3D
volume images for the first-level general linear model
(GLM) analysis using SPM8. DeOxyHb signals were compared
between periods of activity and rest for each condition using
GLM analysis function in the NIRS_SPM toolbox.25,26 For
group data, the beta values (i.e., the amplitude of the deOxyHb
signal) were normalized to standard MNI space using linear
interpolation. The computational mask was subdivided into a
total of 3,753 2 × 2 × 2 mm voxels that “tiled” the shell region
covered by the 98 channels. Results were rendered onto a
standard 3-D brain map, and GLM results were then compared
across conditions between real and imaginary motor tasks and
tasks performed with and without neurofeedback. Interpolated
anatomical locations of peak voxel activity were identified
using NIRS_SPM.26,27

2.4.3 Small volume analysis

A small volume analysis was performed on voxelwise results
using the functional cluster determined from right-handed
ball squeezing in the contralateral motor area. The cluster of
activity used to generate the functional mask is circled in black
in Fig. 5(a). Signal processing related to neurofeedback was
restricted within this small volume during right-handed ball
squeezing with neurofeedback as well as during the two imag-
ined task conditions (with and without neurofeedback).

Fig. 4 Signal display used to represent neurofeedback data to the
participant, shown here at baseline. The color of the dots changed
dynamically according to activity level. Yellow represented high activ-
ity, blue represented low activity, and green represented baseline
activity. For orientation, left and right hemispheres are labeled as
well as the relative location of the nose. The general ROI in the
motor cortex is illustrated by the outlined rectangle in the figure.

Fig. 5 Factorial comparisons showing neural activity during active motor tasks (a, c) and imagined motor
tasks (b, d) without neurofeedback (a, b) and with neurofeedback (c, d) (N ¼ 22, p < 0.01). Only positive
results from deOxyHb signals in the left hemisphere are shown. Results show increased activity in left
premotor and supplementary motor cortex in the presence of neurofeedback for both active and imagined
trials. Black oval outlines surround the ROI defined by the active squeezing without neurofeedback in the
precentral gyrus. Green ovals show this ROI superimposed on the other conditions, showing no activity in
the imaginary squeeze without neurofeedback condition and activity in both neurofeedback conditions
within the ROI [family-wise error (FWE), p < 0.05].
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3 Results
The results are shown in factorial design (Fig. 5). The left col-
umn represents the results of the active ball-squeezing task,
whereas the right column shows the result of the imagined
squeezing task. The top row displays group activation data ren-
dered on a standard brain without neurofeedback. The bottom
row shows activity from trials in the presence of neurofeedback.
Figure 5(a) shows the result of active ball squeezing without
neurofeedback: two clusters of activity located in the premotor,
motor, and supplementary motor cortex. The posterior cluster
has a peak MNI coordinate at ð−52; 14; 6Þ (p < 0.01, t ¼ 3.17,
no. of voxels ¼ 128), and the anterior cluster has a peak MNI
coordinate at ð−12; 0; 72Þ (p < 0.01, t ¼ 4.09, no. of voxels ¼
568). No activity above threshold (p < 0.05) was found in the
left hemisphere for the imaginary motor task without neurofeed-
back [Fig. 5(b)].

Adding neurofeedback to the active squeezing task [Fig. 5(c)]
resulted in a larger cluster of activity in the premotor and pri-
mary motor cortex with a peak MNI coordinate at ð−34; 4; 62Þ
(p < 0.01, t ¼ 5.13, no. of voxels ¼ 2530). The addition of neu-
rofeedback to the imaginary motor task resulted in one cluster in
premotor cortex and another in the frontal eye fields. The pre-
motor cluster has a peak MNI coordinate at ð−40;−12; 66Þ
(p < 0.01, t ¼ 3.31, no. of voxels ¼ 78), and the cluster in
the frontal lobe has a peak MNI coordinate at ð−34; 26; 50Þ
(p < 0.01, t ¼ 3.20, no. of voxels ¼ 74, see Table 1).

3.1 Small Volume Results

Results for imagined ball squeezing without neurofeedback
[Fig. 5(b)] showed no significant clusters of activity in the func-
tionally defined small volume in the motor cortex determined by
active ball squeezing. The green circle is shown for reference
and represents the same area in Fig. 5(a) outlining the functional
activity during ball squeezing in the motor cortex. The cluster of
activity in this same small volume for the ball squeezing with
neurofeedback [Fig. 5(c)] and imaginary condition with neuro-
feedback [Fig. 5(d)] indicated the effects of neurofeedback
(p < 0.05; FWE correction).

4 Discussion
The results of this study demonstrate the utility of an fNIRS-
based neurofeedback system for upregulating motor cortex
activity with minimal training. Specifically, participants showed
increased activity in the motor cortex during neurofeedback for
both active and imagined motor tasks compared with the same
tasks in the absence of neurofeedback. Additional bilateral
activity was seen in the prefrontal cortex during the imagined
task with neurofeedback. These results also suggest that fNIRS
neurofeedback can increase or regulate brain activity with min-
imal training.

4.1 Use of OxyHb Signal for Neurofeedback

OxyHb and deOxyHb hemodynamic signals represent relative
changes in blood oxygen levels28 reflecting underlying neural
activity, similar to magnetic resonance measured in fMRI.12,29,30

The OxyHb signal recorded using fNIRS includes additional
components originating from systemic effects, such as blood
flow, blood pressure, and respiration compared with the
deOxyHb signal12,23,29,30 and has an increased spatial distribu-
tion compared with the deOxyHb signal.24

Despite the susceptibility of the OxyHb signal to systemic
artifacts, localized increases in OxyHb can be used as a visual
proxy for cortical processing in the motor cortex and other areas
where the signals are very large. It is difficult to differentiate
cortical responses from systemic effects, but for presentation
of the biofeedback, this is less important as long as a signal
is present and can be seen by the participant. DeOxyHb signals
are often smaller in amplitude and contain noise that requires
modeling to determine activity that follows a hemodynamic
response function even for studies that focus on group level
activity. In this study, we took advantage of large amplitude
changes in the OxyHb signal to provide single participants
with graphical representations of localized individual neural
activity, from which they could learn to manipulate through
focused attention or other mechanisms. We found that activity
recorded from a single trial from a single participant was enough
to provide a signal that could be presented to an individual as a
source of neurofeedback. Responses localized to the contralat-
eral motor cortex were large enough in amplitude that they could
be seen by participants in real time using the neurofeedback
GUI.

While the OxyHb signal was suitable for neurofeedback
visualization (as demonstrated in this experiment), the deOxyHb
signal was used to measure activity associated with the active
and imagined motor tasks in this study.24 Results from both sig-
nals are shown in Fig. 6. Results indicate that the left precentral
gyrus ROI, shown to be active during right hand movements,31,32

displays increased activity in the presence of neurofeedback
during real and imaginary motor tasks. These findings are con-
sistent with other functional imaging studies using fMRI and
EEG that have demonstrated similar increases in cortical activity
during real and imaginary motor movements.33,34

4.2 Potential Mechanism of Upregulated Activity

In addition to shared neural components between the real and
imaginary motor tasks, results also highlight additional recruit-
ment of neural processes during imaginary motor tasks with
neurofeedback. Activity in the bilateral middle frontal gyri,
which is only present in the imagined task with neurofeedback,
may suggest the incorporation of executive control mechanisms
originating in the prefrontal cortex. Previous neurofeedback
studies have also found bilateral activity in the middle frontal
gyri associated with goal completion, anticipation, goal selec-
tion, planning, and initiation of activity, self-regulation, moni-
toring, and use of feedback.35

Imaginary motor tasks may require additional spatial
processing and working memory abilities relative to real motor
tasks. This finding suggests that additional attentional effort and
maintenance may be necessary to produce activity in the imag-
ined condition. Such activity may represent neurofeedback-
based facilitation of information transfers between the two
brain regions. These results lend additional support to prior stud-
ies demonstrating altered functional connectivity during imag-
ined motor tasks with real-time fMRI neurofeedback.36,37

5 Limitations
Although very little training was necessary to increase motor
activity in the presence of neurofeedback provided by the
OxyHb signal in this experiment, further investigation is needed
to study the longitudinal effects of fNIRS neurofeedback in
changing or shaping neural activity patterns and functional con-
nectivity. The current study showed that naïve participants could
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successfully use fNIRS neurofeedback to increase activation in
brain regions associated with motor imagery and executive func-
tion, and further suggests that fNIRS neurofeedback has poten-
tial for training participants to control brain activity associated
with more complex tasks.

The active squeezing condition was always first, followed by
imaginary squeezing, followed by active squeezing with neuro-
feedback, and then imaginary squeezing with neurofeedback. This
sequence was repeated twice for each subject. To maximize the
ability of the subjects to use neurofeedback without training, the
neurofeedback runs were always presented after the nonneuro-
feedback runs. However, if there was an effect of habituation as

subjects performed the tasks, we would expect that later runs
would show less activity. Nonetheless, neurofeedback runs
showed increased activity compared with nonneurofeedback
runs, indicating that if there was an effect of habituation, the
activity for neurofeedback runs could be even greater than
shown here. The imaginary squeezing runs also always followed
the real squeezing runs. Decreased activity due to habituation
may explain the lack of results during the imaginary squeezing
without neurofeedback condition.

Another limitation of the current study was the presence of
physiological noise in the real-time OxyHb signal presented to
the participants. Future studies incorporating a real-time global

Table 1 GLM results from statistical parametric mapping (SPM) analysis (deOxyHb signals). Peak coordinates are based on the MNI system and
(−) on the x -axis indicates left hemisphere. MNI coordinates were converted to Talairach coordinates to generate cluster labels including ana-
tomical areas and the probability that the cluster is indicated in the labeled region (right column). The t value with the associated probability (p)
indicates level of significance of the peak MNI coordinates. Number of voxels is an indicator of the size of the cluster. t , t value; p, p value; BA,
Brodmann’s area.

Contrast (p < 0.01)
Peak MNI
coordinates t p

No. of
voxels BA Anatomical area Probability

Active squeezing
without neurofeedback

ð−52; 14; 56Þ 3.17 0.00232 128 6 Premotor and supplementary motor cortex 0.42

3 Primary somatosensory cortex 0.22

1 Primary somatosensory cortex 0.13

2 Primary somatosensory cortex 0.12

4 Primary motor cortex 1.00

ð−12;0;72Þ 4.09 0.00026 568 6 Premotor and supplementary motor cortex

ð58;−48; 30Þ 3.41 0.00131 89 40 Supramarginal gyrus part of Wernicke’s area 0.84

(24, 26, 58) 3.26 0.00187 112 6 Premotor and supplementary motor cortex 0.52

8 Frontal eye fields 0.48

Imaginary squeezing
without neurofeedback

ð70;−26;2Þ 3.16 0.00238 57 21 Middle temporal gyrus 0.39

22 Superior temporal gyrus 0.35

42 Primary and auditory association cortex 0.25

ð68;−36; 28Þ 3.86 0.00046 101 40 Supramarginal gyrus part of Wernicke’s area 0.72

22 Superior temporal gyrus 0.16

(56, 22, 30) 3.62 0.0008 59 9 Dorsolateral prefrontal cortex 0.51

46 Dorsolateral prefrontal cortex 0.23

45 Pars triangularis Broca’s area 0.20

Active squeezing with
neurofeedback

ð−34;4;62Þ 5.13 0.00002 2530 6 Premotor and supplementary motor cortex 0.96

ð62;−48; 38Þ 3.79 0.00053 128 40 Supramarginal gyrus part of Wernicke’s area 0.98

Imaginary squeezing
with neurofeedback

ð−40;−12;66Þ 3.31 0.00167 78 6 Premotor and supplementary motor cortex 0.74

3 Primary somatosensory cortex 0.17

ð−34; 26; 50Þ 3.20 0.00213 74 8 Frontal eye fields 0.89

(20, 46, 50) 3.78 0.00055 87 8 Frontal eye fields 0.79

9 Dorsolateral prefrontal cortex 0.21
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mean removal algorithm24 should be conducted in order to deter-
mine the effects of a more localized and specific neurofeedback
on the participant’s neural circuitry associated with motor
imagery tasks.

6 Conclusion
The current study demonstrates the potential of fNIRS as a plat-
form for the development of real-time neurofeedback systems
for brain–machine interface applications such as neuropros-
thetics. The results of the study show that an fNIRS neurofeed-
back system can be used to increase neural activity associated
with simple motor imagery with minimal training. Although
similar studies have been performed using EEG and fMRI,
our results reveal additional details regarding the neurocircuitry
associated with motor imagery and neurofeedback. With an
improved spatial resolution relative to EEG and a more natural
experimental setting than fMRI, fNIRS may be uniquely suit-
able for clinical applications. Further studies are necessary to
investigate how fNIRS neurofeedback modulates brain activity
during complex tasks and how brain activity changes after
extended training sessions.

Disclosures
The authors have nothing to disclose.

Acknowledgments
This work was partially supported by the National Institute of
Mental Health of the National Institutes of Health under award
number R01MH107513 (PI JH). The content is solely the
responsibility of the authors and does not necessarily represent
the official views of the National Institutes of Health. Authors
report no conflict of interest. The data reported in this paper are

available upon request. The authors thank Swethasri Dravida for
assistance with data analysis, article preparation, and editing.

References
1. R. T. Thibault, M. Lifshitz, and A. Raz, “The self-regulating brain and

neurofeedback: experimental science and clinical promise,” Cortex 74,
247–261 (2016).

2. M. Mihara et al., “Near-infrared Spectroscopy–mediated neurofeedback
enhances efficacy of motor imagery–based training in poststroke vic-
tims,” Stroke 44(4), 1091–1098 (2013).

3. K. Shindo et al., “Effects of neurofeedback training with an electroen-
cephalogram-based brain–computer interface for hand paralysis in
patients with chronic stroke: a preliminary case series study,”
J. Rehabil. Med. 43(10), 951–957 (2011).

4. N. Birbaumer et al., “Neurofeedback and brain-computer interface:
clinical applications,” Int. Rev. Neurobiol. 86, 107–117 (2009).

5. J.-H. Lee et al., “Brain–machine interface via real-time fMRI: prelimi-
nary study on thought-controlled robotic arm,” Neurosci. Lett. 450(1),
1–6 (2009).

6. L. J. Trejo, R. Rosipal, and B. Matthews, “Brain-computer interfaces for
1-D and 2-D cursor control: designs using volitional control of the EEG
spectrum or steady-state visual evoked potentials,” IEEE Trans. Neural
Syst. Rehabil. 14(2), 225–229 (2006).

7. J. R. Wolpaw and D. J. McFarland, “Multichannel EEG-based brain-
computer communication,” Electroencephalogr. Clin. Neurophysiol.
90(6), 444–449 (1994).

8. J. R. Wolpaw et al., “An EEG-based brain-computer interface for cursor
control,” Electroencephalogr. Clin. Neurophysiol. 78(3), 252–259 (1991).

9. K. Jerbi et al., “Inferring hand movement kinematics from MEG, EEG
and intracranial EEG: from brain-machine interfaces to motor rehabili-
tation,” IRBM 32(1), 8–18 (2011).

10. S.-S. Yoo et al., “Brain–computer interface using fMRI: spatial naviga-
tion by thoughts,” NeuroReport 15(10), 1591–1595 (2004).

11. L. Minati et al., “Thoughts turned into high-level commands: proof-of-
concept study of a vision-guided robot arm driven by functional MRI
(fMRI) signals,” Med. Eng. Phys. 34(5), 650–658 (2012).

Fig. 6 Renderings showing hemodynamic activity for both oxyHB and deoxyHB. Only left hemisphere
results are shown. Real ball squeezing is shown on the left and imaginary squeezing is shown on the
right. Raw signals are shown and compared with spatially filtered (clean) signals. NF refers to runs with
neurofeedback.

Neurophotonics 021107-7 Apr–Jun 2017 • Vol. 4(2)

Lapborisuth et al.: Neurofeedback-based functional near-infrared spectroscopy. . .

Downloaded From: https://www.spiedigitallibrary.org/journals/Neurophotonics on 1/10/2018 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

http://dx.doi.org/10.1016/j.cortex.2015.10.024
http://dx.doi.org/10.1161/STROKEAHA.111.674507
http://dx.doi.org/10.2340/16501977-0859
http://dx.doi.org/10.1016/S0074-7742(09)86008-X
http://dx.doi.org/10.1016/j.neulet.2008.11.024
http://dx.doi.org/10.1109/TNSRE.2006.875578
http://dx.doi.org/10.1109/TNSRE.2006.875578
http://dx.doi.org/10.1016/0013-4694(94)90135-X
http://dx.doi.org/10.1016/0013-4694(91)90040-B
http://dx.doi.org/10.1016/j.irbm.2010.12.004
http://dx.doi.org/10.1097/01.wnr.0000133296.39160.fe
http://dx.doi.org/10.1016/j.medengphy.2012.02.004


12. M. Ferrari and V. Quaresima, “A brief review on the history of human
functional near-infrared spectroscopy (fNIRS) development and fields
of application,” NeuroImage 63(2), 921–935 (2012).

13. V. Quaresima, S. Bisconti, and M. Ferrari, “A brief review on the use of
functional near-infrared spectroscopy (fNIRS) for language imaging
studies in human newborns and adults,” Brain Lang. 121(2), 79–89
(2012).

14. R. N. Aslin and J. Mehler, “Near-infrared spectroscopy for functional
studies of brain activity in human infants: promise, prospects, and
challenges,” J. Biomed. Opt. 10(1), 011009 (2005).

15. S. E. Kober et al., “Near-infrared spectroscopy based neurofeedback
training increases specific motor imagery related cortical activation
compared to sham feedback,” Biol. Psychol. 95, 21–30 (2014).

16. M. Mihara et al., “Neurofeedback using real-time near-infrared spec-
troscopy enhances motor imagery related cortical activation,” PLoS
One 7(3), e32234 (2012).

17. R. C. Oldfield, “The assessment and analysis of handedness: the
Edinburgh inventory,” Neuropsychologia 9(1), 97–113 (1971).

18. A. T. Eggebrecht et al., “A quantitative spatial comparison of high-
density diffuse optical tomography and fMRI cortical mapping,”
NeuroImage 61(4), 1120–1128 (2012).

19. S. L. Ferradal et al., “Atlas-based head modeling and spatial normali-
zation for high-density diffuse optical tomography: in vivo validation
against fMRI,” NeuroImage 85(Part 1), 117–126 (2014).

20. M. Okamoto et al., “Three-dimensional probabilistic anatomical cranio-
cerebral correlation via the international 10–20 system oriented for
transcranial functional brain mapping,” NeuroImage 21(1), 99–111
(2004).

21. A. K. Singh et al., “Spatial registration of multichannel multi-subject
fNIRS data to MNI space without MRI,” NeuroImage 27(4), 842–
851 (2005).

22. T. Huppert et al., “A temporal comparison of BOLD, ASL, and
NIRS hemodynamic responses to motor stimuli in adult humans,”
NeuroImage 29(2), 368–382 (2006).

23. I. Tachtsidis and F. Scholkmann, “False positives and false negatives in
functional near-infrared spectroscopy: issues, challenges, and the way
forward,” Neurophotonics 3(3), 031405 (2016).

24. X. Zhang, J. A. Noah, and J. Hirsch, “Separation of the global and
local components in functional near-infrared spectroscopy signals
using principal component spatial filtering,” Neurophotonics 3(1),
015004 (2016).

25. K. E. Jang et al., “Wavelet-MDL based detrending method for near
infrared spectroscopy (NIRS),” Proc. SPIE 6850, 68500Y (2008).

26. J. C. Ye et al., “NIRS-SPM: statistical parametric mapping for near-
infrared spectroscopy,” NeuroImage 44(2), 428–447 (2009).

27. S. Tak and J. C. Ye, “Statistical analysis of fNIRS data: a comprehensive
review,” NeuroImage 85(Part 1), 72–91 (2014).

28. A. Villringer and B. Chance, “Non-invasive optical spectroscopy
and imaging of human brain function,” Trends Neurosci. 20(10),
435–442 (1997).

29. D. A. Boas, A. M. Dale, and M. A. Franceschini, “Diffuse optical im-
aging of brain activation: approaches to optimizing image sensitivity,
resolution, and accuracy,” NeuroImage 23(Suppl 1), S275–S288 (2004).

30. D. A. Boas et al., “Twenty years of functional near-infrared spectros-
copy: introduction for the special issue,” NeuroImage 85(Part 1),
1–5 (2014).

31. J. N. Sanes et al., “Shared neural substrates controlling hand movements
in human motor cortex,” Science 268(5218), 1775–1777 (1995).

32. T. A. Yousry et al., “Localization of the motor hand area to a knob on the
precentral gyrus. A new landmark,” Brain 120(1), 141–157 (1997).

33. M. Lotze et al., “Activation of cortical and cerebellar motor areas during
executed and imagined hand movements: an fMRI study,” J. Cognit.
Neurosci. 11(5), 491–501 (1999).

34. M. L. Stavrinou et al., “Evaluation of cortical connectivity during real
and imagined rhythmic finger tapping,” Brain Topogr. 19(3), 137–145
(2007).

35. M. M. Sohlberg and C. A. Mateer, Introduction to Cognitive Rehabili-
tation: Theory and Practice, Guilford Press, New York (1989).

36. S. G. Horovitz, B. D. Berman, and M. Hallett, “Real time BOLD func-
tional MRI neuro-feedback affects functional connectivity,” in Annual
Int. Conf. of the IEEE Engineering in Medicine and Biology Society
(EMBC), pp. 4270–4273 (2010).

37. A. Zilverstand et al., “Windowed correlation: a suitable tool for provid-
ing dynamic fMRI-based functional connectivity neurofeedback on task
difficulty,” PLoS One 9(1), e85929 (2014).

Pawan Lapborisuth received his BS degree in biomedical engineer-
ing from Yale University in 2016. He is a graduate student at the Fu
Foundation School of Engineering and Applied Science at Columbia
University. His current research interests include brain computer inter-
faces and noninvasive neuroimaging technologies, such as EEG and
fNIRS.

Xian Zhang received his PhD in psychology and visual science from
Columbia University in New York in 2003. He is an associate research
scientist in the Brain Function Laboratory in the Department of
Psychiatry, Yale School of Medicine. His research interests include
computational neuroscience, signal processing, and neuroimaging
technologies, such as EEG, fNIRS, and fMRI and their applications
in psychiatry, vision science, social interactions, and decision making.

Adam Noah received his PhD in biomedical sciences from the
Marshall University School of Medicine in 2003. He is an associate
research scientist at Yale School of Medicine in the Department of
Psychiatry and the Brain Function Laboratory. His research interests
include functional near-infrared spectroscopy and integration of other
multimodal and behavioral recording techniques for applications in
communication and social interactions, neurofeedback, and cognitive
neuroimaging.

Joy Hirsch received her PhD in psychology from Columbia University
and currently is a professor of psychiatry and neurobiology, Yale
School of Medicine, and a professor of neuroscience, University
College London. She is director of the Brain Function Laboratory at
Yale. Her research focuses on neural circuitry that underlies human
social interactions usingmultimodal neuroimaging: fNIRS, fMRI, EEG,
eye-tracking, and behavioral measures. Prior to recruitment to Yale
she was a director of the fMRI Research Center at Columbia.

Neurophotonics 021107-8 Apr–Jun 2017 • Vol. 4(2)

Lapborisuth et al.: Neurofeedback-based functional near-infrared spectroscopy. . .

Downloaded From: https://www.spiedigitallibrary.org/journals/Neurophotonics on 1/10/2018 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

http://dx.doi.org/10.1016/j.neuroimage.2012.03.049
http://dx.doi.org/10.1016/j.bandl.2011.03.009
http://dx.doi.org/10.1117/1.1854672
http://dx.doi.org/10.1016/j.biopsycho.2013.05.005
http://dx.doi.org/10.1371/journal.pone.0032234
http://dx.doi.org/10.1371/journal.pone.0032234
http://dx.doi.org/10.1016/0028-3932(71)90067-4
http://dx.doi.org/10.1016/j.neuroimage.2012.01.124
http://dx.doi.org/10.1016/j.neuroimage.2013.03.069
http://dx.doi.org/10.1016/j.neuroimage.2003.08.026
http://dx.doi.org/10.1016/j.neuroimage.2005.05.019
http://dx.doi.org/10.1016/j.neuroimage.2005.08.065
http://dx.doi.org/10.1117/1.NPh.3.3.031405
http://dx.doi.org/10.1117/1.NPh.3.1.015004
http://dx.doi.org/10.1117/12.764141
http://dx.doi.org/10.1016/j.neuroimage.2008.08.036
http://dx.doi.org/10.1016/j.neuroimage.2013.06.016
http://dx.doi.org/10.1016/S0166-2236(97)01132-6
http://dx.doi.org/10.1016/j.neuroimage.2004.07.011
http://dx.doi.org/10.1016/j.neuroimage.2013.11.033
http://dx.doi.org/10.1126/science.7792606
http://dx.doi.org/10.1162/089892999563553
http://dx.doi.org/10.1162/089892999563553
http://dx.doi.org/10.1007/s10548-007-0020-7
http://dx.doi.org/10.1109/IEMBS.2010.5627170
http://dx.doi.org/10.1109/IEMBS.2010.5627170
http://dx.doi.org/10.1109/IEMBS.2010.5627170
http://dx.doi.org/10.1371/journal.pone.0085929

