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Stroke is caused by an acute focal disruption of the vasculature in the central nervous system.
Neurological-related functional de¯cits are the most devastating consequences for stroke survi-
vors. Neural signals from stroke patients can re°ect the functional statuses of patients and
provide insights into the neuronal recovery mechanism for functioning, which could be used
as the basis for designing optimal treatment strategies. Near-infrared spectroscopy (NIRS) is a
low-cost, noninvasive, easily operated neuroimage method and it is compatible with various
rehabilitative programs. These advantages make NIRS an excellent candidate in research for
stroke recovery. Here, we focused on the brain functions and recovery for stroke patients at stable
status, conducted a systematic literature review about NIRS applications in stroke since 2000 and
identi¯ed a total of 72 references through ScienceDirect and PubMed database retrieval. The
NIRS studies in stroke include resting-state function and its recovery, motor function and its
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recovery, motor and cognition interference, cognitive function and its recovery, language function
and its recovery, emotional function and its recovery and other applications. Based on the results
of the quality assessment, we identi¯ed some study gaps from the previous research and provided
suggestions for some methodological improvement in the future. The trend of NIRS gives a boost
to its application in stroke, and the potential research directions for NIRS in stroke are pros-
pected, including multi-center clinical research, treatment e±cacy prediction research and brain–
muscle coupling research. Finally, limitations of NIRS are discussed.

Keywords: Near-infrared spectroscopy; stroke; function de¯cits; recovery.

1. Introduction

Stroke is a neurovascular disease caused by insu±-
cient brain blood supply due to the sudden rupture
of blood vessels (cerebral hemorrhage) or blood
vessel blockage (cerebral infarction) in the brain. It
is a global disease burden, characterized by high
morbidity, mortality, and disability. Stroke was
ranked as the second largest cause of death and
disability-adjusted life-years globally reported in
2016.1 The consequences of stroke include hemi-
paresis, sensory and motor impairment, perception
impairment, cognitive impairment, aphasia, dys-
phagia, etc.2 The function impairment caused by
stroke seriously a®ects patients' quality of life and
their return to society.

The function recovery after stroke has been at-
tributed to plasticity and reorganization of the
brain.3 Monitoring neural signals can be an e®ective
way to study the functional status and recovery for
stroke patients, and can be used as the basis for
treatment strategies development. Nowadays, the
most used imaging techniques in stroke prognosis
are functional magnetic resonance imaging (fMRI),
near-infrared spectroscopy (NIRS), electroenceph-
alography (EEG), magnetoencephalography
(MEG) and electromyography (EMG).4–6 Among
these techniques, NIRS can provide a reasonable
spatial and temporal resolution that was between
fMRI and EEG. NIRS has less constraint for sub-
jects during measurement and could obtain results
with high ecological validity. This characteristic
makes NIRS and has a unique advantage when in-
vestigating motor function as well as physical re-
habilitation training in stroke. Furthermore, NIRS
is low-cost, easily operated, and noninvasive.

Because of these merits, NIRS has excellent
potentials for widespread applications in stroke.5,7,8

A recent review by Yang et al. has systematically
reviewed the use of NIRS in stroke.5 Their review

covered a wide range of studies, including studies
using NIRS in bedside or intraoperative monitoring,
studies about patients at risk of stroke, and studies
on brain function and recovery after stroke. They
concluded that previous research provided prelimi-
nary evidence of NIRS in stroke as a monitoring,
therapeutic, and research tool.

The ongoing development of NIRS technology
gives a boost to research on stroke applications.
Here, we focused on the brain functions and recov-
ery for stroke patients at stable status and per-
formed a systematic review from the previous
studies. We assessed and discussed the quality of
the published studies including experimental de-
sign, data processing and statistical analysis, dis-
cussed the latest trend of NIRS and its impact on
stroke studies, ¯nally prospected the potential re-
search directions for NIRS in stroke.

2. Basics of Near-Infrared Spectroscopy

NIRS has been a promising and noninvasive optical
functional neuroimaging method since it was ¯rst
described by J€obsis 40 years ago.9 Its measurement
is based on the tissues' optical properties of high
scattering and low absorption to near-infrared light
(700–900 nm). The scattering is about 100 times
more probable than absorption,10 which makes that
the light could penetrate the brain cortex (or the
muscle tissue) and then be scattered back to the
measurement surface with su±cient photons for
detection. The absorption is mainly associated with
the interaction between photons and chromophores
in the tissue.

NIRS techniques can be classi¯ed as continuous
wave (CW), time-resolved spectroscopy (TRS), and
frequency domain spectroscopy (FDS). The CW
system emits CW light and measures the change of
light intensity. According to Lambert–Beer's law,
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the change in light attenuation due to absorption is
proportional to chromophore concentration. Be-
cause of scattering, the pathlength of photons in the
tissue remains unknown. Hence, the CW system
could only measure concentration changes of oxy-
hemoglobin (� [HbO2]), deoxyhemoglobin (� [Hb])
and total-hemoglobin (� [tHb]). The TRS system
illuminates the tissue with a short (� 100 ps) light
pulse and obtains light's time point spread function.
The FDS system emits intensity-modulated light
and detects both attenuation and phase delay of
emerging light. TRS and FDS can identify the op-
tical properties of tissues, including the reduced
scattering and absorption coe±cients, and get ab-
solute concentrations for HbO2 and Hb.11,12 Nowa-
days, the CW system is mostly used in cognitive
and clinical research.13–16

For NIRS measurements, each source-detector
channel's sensitivity exhibits a banana-shaped pro-
¯le resulting from light di®usion in all directions
inside the tissue. The maximum detection depth is
about half of source-detector separation.17 With a
proper source-detector separation (e.g., 3 cm), NIRS
can measure brain activation from the gray matter
(Fig. 1). For CW-NIRS, the modi¯ed Lambert–
Beer's law relates the light attenuation change to
chromophore concentration change under the as-
sumption of constant light scattering and homoge-
neous light absorption (Eq. (1))18:

�OD ¼ ���c�DPF� d; ð1Þ
where OD is the light attenuation, � is the speci¯c
absorption coe±cient, c is the chromophore con-
centration. DPF is the di®erential pathlength factor
that can be obtained from the previous references,19

and d is the source-detector separation. Usually, at
least two di®erent wavelengths are used in CW-
NIRS. One is sensitive to HbO2, and the other is
sensitive to Hb. Thus, the concentration changes of
HbO2 and Hb can be obtained according to the
following equation

�OD�1 ¼ ð��1
Hb�CHb

þ ��1
HbO2

�CHbO2
Þ �DPF�1 � d

�OD�2 ¼ ð��2
Hb�CHb

þ ��2
HbO2

�CHbO2
Þ �DPF�2 � d

:

ð2Þ

3. Method

3.1. Search strategy

We searched the ScienceDirect and PubMed data-
bases to systematically review all original published
research using NIRS in stroke patients since 2000.
The initial search was conducted in the Science-
Direct database by using the following search terms:
\stroke" and (\NIRS" or \near-infrared spectro-
scopy" or \optical methods"), and yielded 903
papers. After initial title selection and abstract
screening, we eliminated abstract articles, theoreti-
cal articles, review articles, case reports, animal
studies, and bedside or intraoperative monitoring
studies. Then we searched the PubMed database,
and ¯nally identi¯ed a total of 72 stroke studies
with NIRS (Fig. 2). Among these studies, 10 are on
the resting-state function and its recovery
(Table 1), 39 are about motor function and its re-
covery (Table 2), seven are on motor and cognition
interference (Table 3), three are on cognitive func-
tion and its recovery, two are about language
function and its recovery, two are about emotional
function and its recovery and nine are for other
applications in stroke.

3.2. Assessment of study quality

Referring to the National Institutes of Health's
Quality Assessment tool for Observational cohort
and Cross-sectional studies (https://www.nhlbi.nih.
gov/health-topics/study-quality-assessment-tools)
and the Joanna Briggs Institute critical appraisal
tools for Quasi-Experimental Studies (https://jbi.
global/critical-appraisal-tools), we evaluated the
quality of 68 included studies (four studies about the
NIRS method were excluded) including experimental
design, data processing and statistical analysis.
We used the following questions as criteria: (1) Was

Fig. 1. Coronal slice illustrating brain structures accessible with
NIRS (pink ribbon).20 Reproduced with permission from Ref. 18.
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the research objective clearly stated? (2) Was the
study population clearly speci¯ed and de¯ned? (3)
Were the inclusion and exclusion criteria prespeci¯ed
and uniformly applied to all participants? (4) Was
sample size justi¯cation, power description or vari-
ance and e®ect estimated provided? (5) Were the
exposure(s) of interest measured prior to the out-
come(s)? (6) Were the exposure measures clearly
de¯ned, valid, reliable, and implemented consistently
across all study participants? (7) Was there a control
group? (8) Were the outcome measures clearly de-
¯ned, valid, reliable, and implemented consistently
across all study participants? (9) Were key potential
confounding variables measured and adjusted sta-
tistically for their impact on the relationship between
exposure(s) and outcome(s)?

4. NIRS In Stroke Studies

4.1. Resting-state function and its

recovery

4.1.1. Resting-state function

Resting state (RS) is an organized baseline default
mode of the brain. The RS function has been an
important method to investigate brain diseases,
including stroke.21 Table 1 summarizes RS studies
in stroke with NIRS. Li et al. investigated the ce-
rebral spontaneous oscillations with NIRS during
RS, and identi¯ed ¯ve oscillations from di®erent
frequency intervals representing various physiolog-
ical activities.22 The oscillations from frequency
intervals of 0:4 � 2Hz and 0:15 � 0:4Hz mainly
re°ected the cardiac and respiratory activities.
Oscillations of 0:06 � 0:15Hz, 0.02 � 0:06Hz and
0:005 � 0:02Hz re°ected myogenic activities, neu-
rogenic activities of the vessel wall and endothelial

related metabolic activities, respectively. After-
ward, they conducted a series of studies to assess the
amplitude and connectivity characteristics for dif-
ferent RS oscillations in stroke patients. They found
that patients with cerebral infarction (CI) had sig-
ni¯cantly lower oscillation amplitudes in I
(0:005 � 0:02Hz), II (0:02 � 0:06Hz), III
(0:06 � 0:15Hz), and V (0:4 � 2Hz) frequency
intervals.22 The RS oscillation amplitude also re-
duced in subjects at risk for stroke.23

Stroke patients showed abnormal functional
connectivity (FC) in di®erent RS oscillations. Han
et al. found that elderly patients with CI had a
signi¯cant reduction of wavelet coherence and
wavelet phase coherence in the prefrontal cortex
(PFC) at the 0.052–0.145Hz frequency interval,
indicating reduced RS functional connectivity
(RSFC) between the left and right PFC and dis-
ruption of neurovascular coupling.24 Hypertension
could aggravate the PFC phase synchronization
changes in stroke patients.25 Tan et al. further
showed that elderly patients with CI had more ex-
tended RSFC abnormalities in di®erent frequency
intervals.26 Su et al. analyzed the coupling between
cerebral oxyhemoglobin and mean arterial pressure
(MAP) signals in di®erent frequency intervals. The
increased coupling from MAP to cerebral oxyhe-
moglobin indicated the impaired cerebral auto-
regulation in patients.27 As to e®ective connectivity
(EC), Liu et al. demonstrated a signi¯cant reduc-
tion of coupling strength of EC in CI patients. The
coupling direction changed from the motor cortex
(MC) driving PFC to PFC driving MC, which is
di®erent from the healthy subjects. These ¯ndings
indicated that information transmission was
blocked in patients resulting in coupling strength
decrease and connectivity loss.28

Fig. 2. Summary of NIRS application in stroke. The number represents the reference number.
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4.1.2. RS function recovery

Along with recovery, the RSFS for stroke patients
reorganized. Huo et al. found that stroke patients
showed signi¯cantly increased connectivity from
PFC to the occipital lobe (OL) in the median nerve
electrical stimulation state (MNES) compared with
the RS. This connectivity changed from bilateral to
ipsilateral. The connectivities between right PFC
and left PFC, between right PFC and left MC,
between right PFC and right MC changed
from ipsilateral in RS to bilateral in MNES.29

The intermittent sequential pneumatic compression
could induce increase of oscillation amplitude in
bilateral MCs.30 Arun et al. observed signi¯cantly
decreased ipsilesional connectivity, increased con-
tralesional connectivity, and decreased connectivity
between the left and right MCs in patients with left
hemispheric stroke. For patients with right hemi-
spheric stroke, there was an obvious increase in the
ipsilesional connectivity and connectivity between
the left and right MCs. During recovery, connec-
tivity normalization was observed in the ipsilesional

Table 1. Summary of NIRS studies in RS function and its recovery.

Reference Subjects
Type of
stroke

Time since
stroke Device

Measured regions
(channels)

Clinical
applications

Li et al.22 PT: 10 (7 M)
age ¼ 65� 7 years
NS: 10 (7 M)
age ¼ 63:5� 6:4 years

CI >12 months TSAH-100 forehead
(1)

assess the cerebral
oxygenation oscillations
in PT

Li et al.23 PT: 12 (10 M)
age ¼ 60:3� 10:1 years
NS: 20 (14 M)
age ¼ 59:6� 10:2 years

CIA TSAH-100 forehead
(1)

assess the cerebral
oscillations in subjects at
risk for stroke

Han et al.24 PT: 10 (7 M)
age ¼ 74:4� 9:0 years
NS: 18 (7 M)
age ¼ 69:9� 7:3 years

CI >12 months TH200 forehead
(2)

assess the prefrontal RSFC
for PT

Han et al.25 PT: 21 (12 M)
age ¼ 76:6� 8:5 years
NS: 21 (9 M)
age ¼ 69� 7:4 years

CI >12 months TH-200 forehead
(2)

assess the phase
relationship of PFC
oscillations in PT

Tan et al.26 SP: 12 (6 M)
age ¼ 79:0� 7:2 years
NS: 16 (8 M)
age ¼ 68:7� 8:6 years

CI >12 months TH200,
OXYMON
MK III

PFC, SMC
(10)

assess the frequency-speci¯c
RSFC in PT

Su et al.27 PT: 17 (14 M)
age ¼ 55:4� 10:7 years
NS:17 (9 M)
age ¼ 51:8� 7:9 years

CI 2 � 6 months NirScan PFC, PL,
OL (24)

analyze coupling between
cerebral oscillations and
MAP

Liu et al.28 PT: 11 (6 M)
age ¼ 72� 7:6 years
NS:11 (5 M)
age ¼ 65� 6:3 years

CI >12 months NirScan PFC, MC
(10)

assess the frequency-speci¯c
EC in PT

Huo et al.29 PT: 20 (20 M)
age ¼ 62:5� 7:3 years

CI 1 � 5:5 months NirSmart PFC, MC,
OL (32)

investigate MNES-related
changes in RS EC

Xie et al.30 PT: 27 (24 M)
age ¼ 64:7� 9:9 years

CI:17
CH:10

1 � 6 months NirSmart PFC, MC,
TLC (32)

investigate how
intermittent sequential
pneumatic compression
a®ected brain function

Arun et al.31 PT: 20
NS: 20

4 � 8 weeks NIRSport MC
(20)

identify the RSFC change
during recovery

Notes: PT: patients; NS: normal subjects; M: male; PL, parietal lobe; TLC, temporal lobe cortex; CIA: cerebral ischaemia.
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MC and between bilateral MCs.31 This means that
RSFC reorganization could re°ect recovery after
stroke.

4.2. Motor function and its recovery

Motor dysfunction is the most common function
de¯cit after stroke. NIRS was useful for investigat-
ing the cerebral blood volume and oxygenation
during di®erent rehabilitation tasks in stroke
patients.32 Nowadays, NIRS has been used in motor
recovery with physical therapy, robot-assisted
therapy, electrical stimulation, motor imagery (MI),
brain–computer interface (BCI) and noninvasive
brain stimulation (NIBS). NIRS studies about motor
function and its recovery are listed in Table 2.

4.2.1. Motor function

There are six studies investigating the upper limb
(UL) motor function in stroke patients with cere-
bral oxyhemoglobin. NIRS was proved to be an al-
ternative and e®ective way to assess the cerebral
activation in spite of patients' baseline circulatory
status.33,34 Both the contralateral and ipsilateral
MC activation contributed to the motor function
recovery after stroke.35 Kato observed an extended
activation in both the contralateral and ipsilateral
MCs (primary motor cortex, PMC, and supple-
mentary motor areas, SMA) for chronic stroke
patients during hand movement.36 Similarly, Lim
et al. found that chronic stroke patients had more
activation of ipsilesional sensorimotor cortex (SMC)
during the reaching and gripping task but with
worse performance compared with healthy controls.
The bilateral SMC activation was signi¯cantly
correlated with the gripping performance when
using the weaker arm or both arms for patients.37

Bilateral SMC activated during a®ected hand
movements early after stroke (< 25 days), and then
the activation returned to normal pattern at later
stage (> 35 days).38 Sakurada et al. found that in-
ternal focus dominant participants showed signi¯-
cantly higher activation in left PFC than external
focus dominant participants during rhythmic hand
movements. This result means that for stroke
patients, there are individual di®erences for strategies
to improve motor function. Thus, the rehabilitation
and training programs should be personalized.39

One study reported the hemodynamic changes of
forearm extensor muscles during °exion and

extension of the ¯ngers for patients.40 The oxygen-
ation and blood volume showed no evident di®er-
ence between dominant and nondominant muscles
for control subjects, while � [HbO2] in the paretic
muscle is signi¯cantly lower than that in the non-
paretic muscle for patients. Results supported a
shift toward more anaerobic metabolism in a®ected
muscles after stroke.

Three papers were found for gait and postural
balance, and con¯rmed the critical role of MC and
PFC in gait and balance control after stroke. Miyai
et al. found that the bodyweight support lowered
SMC activation for patients, and the improvement
of gait correlated with the improvement of asym-
metry in SMC activation.41 Mihara et al. found that
for infratentorial stroke patients with ataxia, PFC
activation was sustained throughout the whole gait
period, re°ecting the compensatory mechanisms for
locomotor control.42 They also observed postural
perturbation-related activation in the bilateral PFC,
the contralesional premotor area (PMA) and parietal
association cortical areas for stroke patients.43

4.2.2. Motor function recovery

Physical therapy
Four studies are about recovery of UL motor func-
tion. Hatakenaka et al. observed that UL perfor-
mance gains in the pursuit rotor (PR) task were
signi¯cantly lower for patients compared to healthy
subjects, indicating their motor learning de¯cit. The
PFC activation in the PR task shifted from the pre-
SMA to SMA with task repetitions in healthy sub-
jects but not in patients.44 It was found that along
with the two-month rehabilitation training, SMC
activation related to the paretic-arm movement
shifted from the contralesional to ipsilesional
hemisphere, and this progressive lateralization
changed concomitantly with increase in the Fugl-
Meyer assessment (FMA).45 Kinoshita et al. also
found that after two-month physical and occupa-
tional therapy, the improvement in UL motor
function was negatively correlated with the change
of laterality index (LI) in Brodmann Area 4 for
stroke patients with moderate-to-severe UL hemi-
paresis.46 Bai et al. used the hand grasp-and-release
task and demonstrated that Remind-to-Move
treatment enhanced the recruitment of contralat-
eral PMC and is useful for recovery.47

For motor function of lower limb (LL), Lin et al.
demonstrated that active cycling with speed
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feedback induced better cycling performance as well
as increased activation in una®ected PMC com-
pared to active cycling without feedback.48 A study
from Miyara et al. found that the whole-body vi-
bration improved the spasticity in stroke patients
and evoked increased bilateral SMC activation, es-
pecially the contralesional SMC.49 Jigjid et al. found
that the EMG activity and muscle oxygenation in
both paretic and nonparetic lower limbs increased
in passive leg movements. Patients with better
motor function recovery showed less di®erence in
the HbO2 level between the a®ected and una®ected
muscle. This study shows that even passive leg
movement is e®ective to prevent metabolic deteri-
oration in LL after stroke.50

Gait function is an important factor that deter-
mines the ability to complete activities of daily
living independently. Miyai et al. investigated MC
activation changes in stroke patients before and
after two-month of inpatient rehabilitation. After
rehabilitation, the motor function improved, the
PMC activation in the a®ected hemisphere in-
creased, and the asymmetry in SMA activation
signi¯cantly improved which was correlated with
gait improvement.51 Fujimoto et al. found that after
intensive rehabilitation, postural perturbation-re-
lated activations in PFC and bilateral SMA were
observed in patients. Bilateral SMA activation
was signi¯cantly increased after rehabilitation,
and the SMA activation increment of the una®ected
hemisphere was positively correlated with the
gain in balance function.52 This means that SMA
plays an important role in the control of postural
balance and gait function recovery for stroke
patients.

Two studies investigated the in°uence of four-
limb linkage rehabilitation training on brain con-
nectivity in stroke patients. Huo et al. found that
patients had more activation in the contralesional
MC than that in the ipsilesional MC during the
rehabilitation task state (RTS), while healthy con-
trols showed similar activation in bilateral MCs.
For patients, the coupling strength from the MC
and OL to the contralateral PFC in the low fre-
quency interval was signi¯cantly higher.53 The
wavelet phase coherence was also modulated during
RTS for patients.54 These results indicate that four-
limb linkage rehabilitation may induce plastic re-
organization of cognitive resource to compensate
the impaired function.

Robot-assisted therapy
Robot-assisted therapy can improve the recovery of
UL motor function. Its e®ect manifests in both the
UL perfusion and the brain activation. Saita et al.
found that after treatment with single-joint hybrid
assistive limb (HAL-SJ) robot, the number of elbow
°exion/extension movements within 15 s and the
ipsilesional PMC activation prominently increased
for patients.55 Gobbo et al. evaluated the acute
e®ects of robot-assisted hand passive motion on
forearm local perfusion and UL spasticity in
patients with hemiparesis. They found evident
improvements in forearm perfusion and decreased
UL heaviness and sti®ness.56 Researchers also
evaluated the optimal parameter setting under
robot-assisted therapy. Bae et al. found that com-
pared with 0.25Hz and 0.5Hz, passive wrist move-
ments at 0.75Hz by a rehabilitation robot gave rise
to the greatest activation in the contralateral SMA,
PMA and somatosensory association cortex for
stroke patients, suggesting an optimal speed for the
robot to arouse su±cient proprioceptive input
to MC.57

For gait recovery, robot-assisted training not
only improved behavioral outcomes but also reor-
ganization brain activation.58,59 Miyai et al. inves-
tigated the brain activation during treadmill
walking in patients with severe stroke either with
mechanical assistance in swinging the paretic leg
control (CON) or with facilitation technique that
enhanced swinging of the paretic leg (FT).59 The
gait performance and overall cortical activations
were greater under the FT condition. PMC was
mainly activated in the a®ected hemisphere, and its
activation might re°ect adaptive locomotion con-
trol, compensation, or cortical network reorganiza-
tion. Lee et al. found that walking with Motivating
System-Hip (GEMS-H) induced more stronger and
more balanced activation in the primary sensori-
motor cortex (PSMC) to promote gait recovery at
the early phase in chronic stroke patients. During
the late phase, there were less activation in SMC
and SMA indicating that GEMS-H produced a
more coordinate and e±cient gait pattern by the
rhythmic hip °exion and extension movement.60

Caliandro et al. found that the PFC activation was
stronger in walking with Ekso than that in walking
without Ekso, indicating an extra attention and
executive e®ort in Ekso walking. Meanwhile, it was
found that muscle hypo-activation and coactivation
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of nonparetic limb are associated to a high pre-
frontal metabolism.61

Electrical stimulation therapy
As to UL motor function, Hara et al. found that
¯ve-month electromyography-controlled functional
electrical stimulation (EMG-FES) therapy im-
proved arm function in most chronic stroke
patients. EMG-FES induced greater brain cortical
perfusion in the ipsilesional SMC than the volun-
tary muscle contraction condition or FES condition,
and caused a shift in the cortical perfusion from the
contralesional to ipsilesional SMC.62 For LL motor
function, Ferrante et al. studied the muscle meta-
bolic indexes during knee °ex-extension induced by
FES, and found the local and unilateral muscle
metabolic dysfunction for patients.63 Lo et al.
showed that passive cycling with low-intensity FES
promoted more bilateral S2 activation than passive
cycling without FES and passive cycling with high-
intensity FES, indicating its better facilitation of
cortical excitability.64

MI therapy
MI refers to the repeated imagination of a certain
action or movement situation in the mind without
actual muscle activity. Mihara et al. used NIRS–
mediated neurofeedback (NIRS-NFB) as an adju-
vant treatment way in MI training. They found that
neurofeedback with hemoglobin signals detected by
NIRS could enhance the MI-related ipsilesional
PMA activation and facilitate the motor function
recovery in patients compared with neurofeedback
with irrelevant randomized signals. This cortical
activation change was correlated with the hand
function recovery.65 Recently, they published an-
other randomized controlled trial, and observed
greater gait and balance function improvement in
the intervention group with SMA activation as
NIRS-NFB compared with the sham group.66 Only
the intervention group exhibited increased MI-re-
lated SMA activation and enhancement of RSFC
between SMA and ventrolateral PMA. Mirror
therapy (MT) belongs to the MI therapy. In the
study of Brunetti et al., they showed that the initial
motor function and the activity shift in both pre-
cunei could discriminate between MT responders
and MT nonresponders.67

BCI
Rea et al. conducted a pilot study about NIRS-BCI
in stroke. Using the single-trial linear discriminant

analysis, they found that the MC activation could
discriminate the ipsilesional and contralesional hip
movement preparation in most patients. This study
provides insight for BCI applications with NIRS in
the motor rehabilitation after stroke.68 Another
pilot study supported that real-time fMRI and real-
time NIRS as BCI neurofeedback systems combined
with motor learning could gain motor recovery
commensurate with prior studies with longer-dura-
tion motor learning (without BCI). The brain ac-
tivity was successfully modulated during NIRS-
NFB training. This study indicates that BCI
holds the potential for reducing training time for
recovery.69

NIBS
NIBS techniques, such as repetitive transcranial
magnetic stimulation (rTMS) or transcranial direct
current stimulation (tDCS), have been proved to be
e®ective approaches to promote motor recovery.70,71

Tamashiro et al. demonstrated that low-frequency
rTMS combined with intensive occupational ther-
apy allowed more pronounced motor recovery for
patients with una®ected hemisphere dominance
than those with a®ected hemisphere dominance.
Patients' LI before treatment negatively correlated
with the recovery of UL motor function.72 The ef-
¯cacy of NIBS varies among patients, and combined
NIRS and EEG can be used to identify chronic
stroke responders to cerebellar tDCS.73

4.3. Motor and cognition interference
(dual task)

Dual-task walking (DTW) (i.e., performing a sec-
ondary task while walking) is essential for people's
daily activities. However, DTW is challenging for
most stroke survivors. The investigation of neural
mechanisms of DTW could help to understand the
DTW performance in stroke survivors.

Seven studies investigate DTW in stroke patients
and are listed in Table 3. All these studies focus on
the participation of PFC in DTW and show that
motor abilities regulate PFC activation in DTW.
Al-Yahya et al. found that PFC activation was
more extensive during treadmill walking under the
DTW (walking while counting) condition than
under the single-walking (SW) condition in both
patient and control groups. However, under the
simulated walking, the stroke group showed more
increased PFC activation in DTW than SW
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compared to the control group.74 It was observed
that there were more physical and cognitive costs
during DTW for chronic stroke patients than nor-
mal subjects. The PFC might prioritize stroke
patients' physical demands but prioritize cognitive
demands for normal subjects.75 Hawkins et al. found
that the PFC activation was lowest for young
healthy adults during walking and increased sig-
ni¯cantly in the verbal °uency DTW. However, for
chronic stroke patients and older adults with mild
gait de¯cits, PFC was activated more during
walking than young adults, and showed no di®er-
ence between DTW and SW. The over-activation of
PFC was a bene¯cial compensation to preserve
walking speed in stroke patients.76 The over-acti-
vation of PFC was also seen under SW in subacute
stroke patients.77 The PFC recruitment was

a®ected by individual di®erences.78 Chatterjee et al.
showed that patients with low balance con¯dence
exhibited higher PFC activation during walking
than patients with high balance con¯dence. Besides,
patients with poor cognitive performance showed
similar cognitive performance and PFC activations
in the single cognitive task (serial-7 subtraction)
and DWT (walking with serial-7 removal), implying
that the single cognitive task already reached the
ceiling of resource recruitment. Liu et al. found that
the gait performance cost existed in both the
walking while performing cognitive task (WCT)
condition and walking while performing motor task
(WMT) condition for stroke patients. There were
no obvious di®erences between these two condi-
tions. Activation in bilateral PMC and nonlesioned
SMA in WCT andWMT was more substantial than

Table 3. Summary of NIRS studies in motor and cognition interference, cognitive function and its recovery, and aphasia and its
recovery.

References Subjects
Type of
stroke

Time since
stroke Device

Measured regions
(channels) Clinical applications

Al-Yahya et al.74 PT: 28 (26 M)
NS: 30 (18 M)

> 6 months Oxymon Mk III
system

forehead
(8)

investigate PFC
activation and its
relationship to gait
under SW and DTW

Mori et al.75 PT: 14 (12 M)
age ¼ 61:1� 9:3 years
NS: 14 (11 M)
age ¼ 66:3� 13:3 years

CI: 5
CH: 9

> 6 months a NIRS system

(WOT
TM
)

forehead
(16)

study the association
between PFC
activation and
dual-task interference

Hawkins et al.76 PT: 24 (16 M)
age ¼ 58:0� 9:3 years
Elderly NS: 15 (7 M)
age ¼ 77:2� 5:6 years
Young NS: 9 (4M)
age ¼ 22:4� 3:2 years

18:3� 9:3
months

Niro 200NX forehead
(2)

investigate group
di®erences in PFC
control of walking

Hermand et al.77 PT: 11 (6 M)
age ¼ 71:4� 10:1 years

CI: 9
CH: 2

45:5� 34:5
days

Portalite forehead
(2)

assess e®ects of N-back
tasks on cerebral
activity, gait and
cognition

Chatterjee et al.78 PT: 33 (22 M)
age ¼ 59:6� 9:7 years

19:2� 10:4
months

Niro 200NX forehead
(2)

investigate whether
individual di®erences
a®ected
PFC activity

Liu et al.79 PT: 23 (21 M)
age ¼ 51:5� 10:7 years

CI: 12
CH: 12

> 6 months NIRSport PFC, MC
(14)

investigate e®ects of
cognitive DTW

Clark et al.80 PT: 31
SS group: 14
ACC Group: 17

5 � 47 months Niro 200NX PFC
(2)

assess changes in
walking function and
PFC activation
following two
interventions

Notes: FC: frontal cortex; TL, temporal lobe.
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that in SW, and negatively correlated with gait
performance. This study suggested that SMA and
PMC were crucial in the cognitive and motor dual
task walking after stroke.79 After multiple sessions
of accurate adaptability walking intervention, PFC
activation reduced in the DWT indicating a more
automatic control of walking.80

These seven studies demonstrated that motor
abilities regulated PFC activation during walking.
SW could approach the ceiling of available PFC
resources for patients with apparent locomotion
de¯cit, leaving no extra resource. The over-activa-
tion of PFC might be involved as a compensatory
mechanism to ensure the preferential control of
walking in patients.76,77 The MC also plays a vital
role in DTW, but it needs more research.

4.4. Cognitive function and its recovery

Three papers are about cognitive function and its
recovery. The PFC plays a predominant role in
cognitive control,81 and hyper-frontal activity
might compensate for cognitive impairment in
stroke patients.82 Moriya et al. investigated the
acute e®ect of physical exercise on working memory
for stroke patients. They found that aerobic exercise
at moderate intensity could improve working
memory and increase PFC activation, especially the
right PFC.83 Besides, cluster needling of scalp acu-
puncture therapy combined with pharmacological
treatment could signi¯cantly improve the cerebral
hemoglobin levels and cognitive performance in
stroke patients.84

4.5. Aphasia and its recovery

Aphasia is one of function de¯cits after stroke,
which seriously a®ects patients' communication
ability. Obayashi showed that language impairment
after thalamic stroke was attributed to inferior
frontal gyrus (IFG), SMA, and language-related
brain areas. SMA may contribute to the recovery of
word retrieval di±culty and aphasia.85 Hara et al.
investigated the e®ect of rTMS and intensive speech
therapy on aphasia in chronic stroke patients.
rTMS was guided by the dominant activated
hemisphere in a language task. Those with left
hemisphere activation received low-frequency rTMS
to the right IFG, while those with right hemisphere
activation received high-frequency rTMS to the

right IFG. They found that both interventions
similarly improved language function.86

4.6. Emotional function and its recovery

Two studies are about emotional function and its
recovery. Mood disorders after stroke are common,
especially post-stroke depression (PSD).87 Koya-
nagi et al. observed that the frontal HbO2 activa-
tion in the verbal °uency task negatively correlated
with patients' Hamilton rating scale for depression
scores.88 Li et al. found that the PFC activation was
signi¯cantly increased after tDCS treatment than
that before treatment when patients processed
negative faces.89

4.7. Other applications

Five studies are on how di®erent factors in°uence
cerebral blood oxygenation. It was found that both
head-of-bed positioning and an ipsilateral infarct
signi¯cantly altered cerebral blood °ow, HbO2 and
tHb concentrations for acute stroke patients.90 The
infusion of vinpocetine also in°uences the cerebral
blood °ow in acute stroke patients.91 Pizza et al.
investigated the brain hypoxia caused by sleep-dis-
ordered breathing (SDB, obstructive and central
apneas) in stroke patients.92 The brain activation in
PFC could be enhanced by increasing standing load
for patients with a consciousness disorder.93,94

There are four studies about the NIRS method.
Motion artifact is a confounding factor in oscilla-
tion-based NIRS studies that must be considered.95

NIRS combined with DC-MEG, or EEG, show
great potential in assessing neurovascular coupling
by simultaneously monitoring vascular and neuro-
nal signal changes in stroke patients.96,97 Sato et al.
used the TRS system and showed di®erence in op-
tical characteristics between normal and abnormal
brain tissues.98

4.8. Results of quality assessment

Table 4 shows the results of quality assessment, and
the assessment for each study is provided in the
supplementary materials. Studies in this review
scored 6.1 out of 9 on average and range from 4 to 8.
All studies clearly stated the research objective, and
14 studies failed to prespecify the inclusion and
exclusion criteria for participants. All studies clearly
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de¯ned the exposure(s) and outcome(s), and expo-
sure(s) in 25 studies was not prior to the outcome
(s). There was not an independent control group in
23 studies. Nearly all studies did not conduct sam-
ple size justi¯cation or provide power description
except one study. Most studies did not correct sys-
temic interference from super¯cial layers of the
head, leaving key potential confounding variables
unadjusted.

5. Discussion and Conclusions

This review focuses on NIRS applications in stroke.
The existing literatures indicated that NIRS plays
an important role in studying the resting-state
function and its recovery, motor function and its
recovery, motor and cognition interference, cogni-
tive function and its recovery, language function
and its recovery, emotional function and its recov-
ery, and other applications for stroke. These studies
have enhanced our comprehensive knowledge about
post-stroke functional de¯cits and their recovery.
Indeed, these studies pointed a very important di-
rection for personalized rehabilitative intervention
development.

More than 50% of the included studies are fo-
cused on the motor function recovery in stroke.
NIRS was used as a measurement method to eval-
uate the brain (or muscle) function and the neural
mechanism of recovery in stroke patients, and also
as a therapeutic tool to increase the e®ectiveness of
stroke recovery. There are also many studies about
RS, especially RS connectivity. The RS brain net-
works can re°ect the anatomical structure and

relate to the task-state brain networks.99 Boyd et al.
concluded that RS brain network biomarkers have
signi¯cant potential in clinical application for motor
recovery after stroke,100 re°ecting the important
research and clinical value for RS in stroke.

The quality assessment results indicated that
there are some methodological limitations from the
previous studies. First, most studies did not conduct
sample size analysis before their study nor provide
the statistical power in the results. The subject
number in the experimental group varied from 4 to
59 (median: 12; mean: 14.9). 45 studies included the
independent control group with subject number
ranging from 4 to 32 (median: 11; mean: 13.7).
Based on the statistical results of these studies, it is
not feasible to calculate the statistical power. Kohl
et al. proposed that the median sample size
(N ¼ 20) is relatively small for published NIRS-
NFB studies by estimating the statistical power in a
recent review.101 Thus, it can be seen that the
sample size for many included studies in this review
is also small, and this might cause low statistical
power and the exposure e®ect overestimated. The
small sample size is not a speci¯c but general
problem for neuroscienti¯c research, and Button
et al. provided recommendations on how to improve
this problem.102 In the future, it is better for a study
to follow some study quality assessment tools and
perform a priori analysis of sample size which can
control both type-1 error probability and type-2
error probability.103 Otherwise, it is convincing and
useful to give statistical power or statistical sensi-
tivity in the results, favoring subsequent review
studies or meta-analysis.

Table 4. Quality assessment for 68 included studies.

Question Mean score

1 Was the research objective clearly stated? 1
2 Was the study population clearly speci¯ed and de¯ned? 0.94
3 Were the inclusion and exclusion criteria prespeci¯ed and uniformly

applied to all participants?
0.79

4 Was sample size justi¯cation, power description or variance and e®ect
estimated provided?

0.01

5 Were the exposure(s) of interest measured prior to the outcome(s)? 0.63
6 Were the exposure measures clearly de¯ned, valid, reliable, and implemented

consistently across all study participants?
0.99

7 Was there a control group? 0.66
8 Were the outcome measures clearly de¯ned, valid, reliable, and implemented

consistently across all study participants?
1

9 Were key potential confounding variables measured and adjusted statistically for
their impact on the relationship between exposure(s) and outcome(s)?

0.10
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Second, extracerebral systematic component is a
main confounding factor in NIRS signals, but most
included studies did not employ a particular ap-
proach to remove this confounder. Although there
were studies combining NIRS and fMRI which have
proved that NIRS signals were correlated with the
BOLD signal,104,105 such systemic interference
might cause false positive or false negative
results.106 Moreover, it should be noted that the
absence of functional contrast in resting state
studies increases the risk of contaminating results
by extracerebral systematic signals.106 Thus, it is
quite necessary to verify the important work with
systemic interference being removed in the future.
At present, short-distance measurements as regres-
sors in a General Linear Model (GLM) and GLM
with temporally embedded Canonical Correlation
Analysis (tCCA) method has been proved to be
e±cient in removing systemic interference.107,108

When the device is not con¯gured for short-distance
measurement, additional system physiology (e.g.,
heart rate) can be measured to help clear the sig-
nal.109 It is also better to combine NIRS and fMRI
to validate the correlation of NIRS signals with the
BOLD signal, which is instructive for the placement
of optodes, selection of data processing methods and
explanation of results. In addition, it is also im-
portant to design the optimal baseline condition in
the experiment to deduct \spurious" activity from
the experimental condition. Following the guide-
lines according to the recently proposed best prac-
tices for NIRS publications will undoubtedly help to
enhance reliability and repeatability of NIRS
studies.109

Third, three were some limitations about the
control condition in the previous studies. For ex-
ample, the experimental condition and control
condition had inequivalent elements. Some studies
di®ered in age32,40,49 or physiological character-
istics.24,25 between the patient and control groups,
introducing extra causes to a®ect the outcomes.
Some studies added the treatment of interest on top
of the treatment in the control group.84 This might
confuse results as to whether the exposure e®ect was
due to a longer-duration treatment or a speci¯c
treatment. Some studies did not design an inde-
pendent control group. A well-designed control
condition can strengthen the validity of causal
inferences between exposure and outcome. Thus, it
is necessary to follow guidelines for designing suit-
able control conditions.110,111

Although these weaknesses existed, previous
studies have provided insights into stroke function
and recovery. With rigorous research practices,
there are still many limitations needed to be inves-
tigated. First, most studies are single center. It is
necessary to conduct multi-center clinical research
to make sure the results have universal signi¯cance.
Second, various rehabilitation methods (such as
MT67 and NIBS112,113) can help recovery from
stroke, but the e±cacy varies among individuals. It
is quite necessary to make use of machine learning
techniques to identify neural markers predicting
responders and nonresponders to these rehabilita-
tion methods, which can better formulate person-
alized treatment plans. Third, the brain–muscle
coupling is important in stroke recovery process.114

NIRS can collect hemodynamic responses from the
central nervous system and peripheral muscles,
providing a possible approach to study the brain–
muscle coupling in stroke patients. The advantages
of NIRS make it valuable in these future potential
research ¯elds.

Ongoing development of NIRS technology pro-
vides new possibilities in stroke applications. Por-
table, wearable and wireless NIRS devices have
been developed recently.115,116 These devices can be
used in naturalistic environment and make it pos-
sible to continuously track patients in the real-
world. This will help to understand patients' func-
tional status of and adjust the personalized reha-
bilitation strategies in time. Of course, standard
protocols must be developed before these devices
used in the naturalistic settings. In addition, a
portable time-domain NIRS system has recently
been developed which broke through the limitations
of high cost and complexity of TRS.117 The time-
domain NIRS system can di®erentiate the di®erence
in optical parameters between normal and stroke-
induced abnormal brain tissues, separate cerebral
activity and extracerebral activity, and provide
absolute values of blood oxygen parameters.118 This
will promote the comparability and generalizability
of NIRS results and provide new biomarkers with
optical parameters which can characterize brain
tissue structure.

NIRS has also been developed into a promising
tool in the neurofeedback and the BCI applica-
tions.101,119 Researchers have conducted double-
blinded randomized sham-controlled studies
and proved that NIRS-NFB is an e®ective tool for
promoting motor rehabilitation after stroke.65,66
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Optical BCI has also been demonstrated to be
useful in restoration of movement after stroke.119

Due to the advantages of NIRS, it is easier to con-
duct much training to promote the NIRS-NFB or
BCI performance. Moreover, it is possible to carry
out neurofeedback and BCI treatment for chronic
stroke patients in daily life with portable NIRS
system. However, NIRS measures brain hemody-
namic response which lags several seconds after the
neural activity. This will have an adverse impact on
neurofeedback and BCI application performance
based on real-time neural signals. One promising
way is the hybrid system (such as NIRS-EEG).120

By broadening the use reliability of such hybrid
system, it can extend the scope of NIRS towards
broader clinical application.

There are some shortcomings for NIRS that
should be mentioned. NIRS cannot detect activa-
tion from deep brain structures. However, focal
lesions after stroke could result in disruption across
the entire network due to diaschisis.4,121 Patients
with subcortical lesion might show abnormal brain
activity not only in deep-brain regions but also in
cerebral regions. From this perspective, NIRS can
measure cerebral activation to study patients with
subcortical lesion. Besides, cortical measurement
with NIRS is contaminated by systemic interference
from super¯cial layers of the head. This systemic
interference must be removed with a veri¯ed
method, such as the short-distance measurements
as regressors in a GLM method,107 the GLM
with tCCA method,108 the adaptive ¯ltering,122

the wavelet-based method,123 the common average
reference spatial ¯ltering approach,124 etc. In the
future, NIRS can be better applied in clinical
research with the development of processing
methods.125–129

In conclusion, we reviewed an important role of
NIRS in stroke studies, especially about resting-
state function and recovery, motor function and
recovery, and motor and cognition interference.
Together with rigorous research and reporting
practices, NIRS would continue to leverage its
unique strengths in stroke research, such as in
multi-center studies, and treatment e±cacy pre-
diction studies. Although NIRS has some limita-
tions, its application can be expanded by combining
with other neuroimaging techniques, such as
EEG,130,131 and advancing the signal processing
techniques for NIRS.

Con°ict of Interest

The authors declare no con°ict of interest.

Acknowledgments

This work was supported by the National Key
Research and Development Program of
China (2020YFC2004300, 2020YFC2004302,
2020YFC2004303, 2020YFC2004301 and
2020YFC2004304), the National Natural Science
Foundation of China (32000980), the Guangdong
Basic and Applied Basic Research Foundation
(2019A1515110427 and 2020B1515120014), the
Guangdong Basic and Applied Basic Research Foun-
dation Outstanding Youth Project (2021B1515020064),
the Key Laboratory Program of Guangdong Higher
Education Institutes (2020KSYS001), the Science and
Technology Program of Guangzhou (202103000032),
the Key Platform and Scienti¯c Research Project of
Guangdong Provincial Education Department
(2018KTSCX246).

References

1. \Global, regional, and national burden of stroke,
1990–2016: A systematic analysis for the Global
Burden of Disease Study 2016," Lancet Neurol. 18,
439–458 (2019).

2. T. A. Schweizer, R. L. Macdonald, The Behavioral
Consequences of Stroke, Springer, New York
(2014).

3. C. Cirillo, N. Brihmat, E. Castel-Lacanal, A. Le
Friec, M. Barbieux-Guillot, N. Raposo, J. Pariente,
A. Viguier, M. Simonetta-Moreau, J. F. Albucher,
J. M. Olivot, F. Desmoulin, P. Marque, F. Chollet,
I. Loubinoux, \Post-stroke remodeling processes in
animal models and humans," J. Cereb. Blood Flow
Metab. 40, 3–22 (2019).

4. C. Grefkes, G. R. Fink, \Connectivity-based
approaches in stroke and recovery of function,"
Lancet Neurol. 13, 206–216 (2014).

5. M. Yang, Z. Yang, T. Yuan, W. Feng, P. Wang, \A
systemic review of functional near-infrared spec-
troscopy for stroke: Current application and future
directions," Front. Neurol. 10, 58 (2019).

6. A. G. Guggisberg, P. J. Koch, F. C. Hummel, C. M.
Buete¯sch, \Brain networks and their relevance
for stroke rehabilitation," Clin. Neurophysiol. 130,
1098–1124 (2019).

7. K. S. Hong, M. A. Yaqub, \Application of functional
near-infrared spectroscopy in the healthcare

NIRS as a promising tool in stroke

2130006-17

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 H

U
A

Z
H

O
N

G
 U

N
IV

E
R

SI
T

Y
 O

F 
SC

IE
N

C
E

 A
N

D
 T

E
C

H
N

O
L

O
G

Y
 o

n 
11

/0
3/

21
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



industry: A review," J. Innov. Opt. Health Sci. 12,
1930012 (2019).

8. W. L. Chen, J. Wagner, N. Heugel, J. Sugar, Y. W.
Lee, L. Conant, M. Malloy, J. He®ernan, B. Quirk,
A. Zinos, S. A. Beardsley, R. Prost, H. T. Whelan,
\Functional near-infrared spectroscopy and its
clinical application in the ¯eld of neuroscience:
Advances and future directions," Front. Neurosci.
14, 724 (2020).

9. F. F. J€obsis, \Noninvasive, infrared monitoring of
cerebral and myocardial oxygen su±ciency and
circulatory parameters," Science 198, 1264 (1977).

10. D. T. Delpy, M. Cope, \Quanti¯cation in tissue
near-infrared spectroscopy," Philos. Trans. R. Soc.
B, Biol. Sci. 352, 649–659 (1997).

11. M. Wolf, M. Ferrari, V. Quaresima, \Progress of
near-infrared spectroscopy and topography for
brain and muscle clinical applications," J. Biomed.
Opt. 12, 062104 (2007).

12. M. Ferrari, V. Quaresima, \A brief review on
the history of human functional near-infrared
spectroscopy (fNIRS) development and ¯elds of
application," Neuroimage 63, 921–935 (2012).

13. J. Sun, F. Liu, H. Wang, A. Yang, C. Gao, Z. Li,
X. Li, \Connectivity properties in the prefrontal
cortex during working memory: A near-infrared
spectroscopy study," J. Biomed. Opt. 24, 051410
(2019).

14. T. Li, Q. Luo, H. Gong, \Gender-speci¯c hemo-
dynamics in prefrontal cortex during a verbal
working memory task by near-infrared spectro-
scopy," Behav. Brain Res. 209, 148–153 (2010).

15. T. Li, Y. Li, Y. Lin, K. Li, \Signi¯cant and
sustaining elevation of blood oxygen induced
by Chinese cupping therapy as assessed by near-
infrared spectroscopy," Biomed. Opt. Express 8,
223–229 (2017).

16. B. Pan, C. Huang, X. Fang, X. Huang, T. Li,
\Noninvasive and sensitive optical assessment of
brain death," J. Biophoton. 12, e201800240 (2019).

17. G. Strangman, D. A. Boas, J. P. Sutton, \Non-
invasive neuroimaging using near-infrared light,"
Biol. Psychiatry 52, 679–693 (2002).

18. S. Lloyd-Fox, A. Blasi, C. E. Elwell, \Illuminating
the developing brain: The past, present and
future of functional near infrared spectroscopy,"
Neurosci. Biobehav. Rev. 34, 269–284 (2010).

19. A. Duncan, J. H. Meek, M. Clemence, C. E. Elwell,
P. Fallon, L. Tyszczuk, M. Cope, D. T. Delpy,
\Measurement of cranial optical path length as a
function of age using phase resolved near infrared
spectroscopy," Pediatr. Res. 39, 889–894 (1996).

20. H. Obrig, \NIRS in clinical neurology— a 'promising'
tool?," Neuroimage 85, 535–546 (2014).

21. D. Zhang, M. E. Raichle, \Disease and the brain's
dark energy," Nat. Rev. Neurol. 6, 15–28 (2010).

22. Z. Li, Y. Wang, Y. Li, J. Li, L. Zhang, \Wavelet
analysis of cerebral oxygenation signal measured
by near infrared spectroscopy in subjects with ce-
rebral infarction," Microvasc. Res. 80, 142–147
(2010).

23. Z. Li, M. Zhang, Q. Xin, G. Chen, F. Liu, J. Li,
\Spectral analysis of near-infrared spectroscopy
signals measured from prefrontal lobe in subjects at
risk for stroke," Med. Phys. 39, 2179–2185 (2012).

24. Q. Y. Han, M. Zhang, W. H. Li, Y. J. Gao, Q. Xin,
Y. Wang, Z. Y. Li, \Wavelet coherence analysis of
prefrontal tissue oxyhaemoglobin signals as mea-
sured using near-infrared spectroscopy in elderly
subjects with cerebral infarction," Microvasc. Res.
95, 108–115 (2014).

25. Q. Han, Z. Li, Y. Gao, W. Li, Q. Xin, Q. Tan,
M. Zhang, Y. Zhang, \Phase synchronization
analysis of prefrontal tissue oxyhemoglobin oscil-
lations in elderly subjects with cerebral infarction,"
Med. Phys. 41, 102702 (2014).

26. Q. Tan, M. Zhang, Y. Wang, Q. Xin, B. Wang,
Z. Li, \Frequency-speci¯c functional connectivity
revealed by wavelet-based coherence analysis in
elderly subjects with cerebral infarction using
NIRS method," Med. Phys. 42, 5391–5403 (2015).

27. H. Su, C. Huo, B. Wang, W. Li, G. Xu, Q. Liu, Z.
Li, \Alterations in the coupling functions between
cerebral oxyhaemoglobin and arterial blood
pressure signals in post-stroke subjects," PLoS One
13, e0195936 (2018).

28. Q. Liu, B. Wang, Y. Liu, Z. Lv, W. Li, Z. Li,
Y. Fan, \Frequency-speci¯c e®ective connectivity
in subjects with cerebral infarction as revealed by
NIRS method," Neuroscience 373, 169–181 (2018).

29. C. Huo, X. Li, J. Jing, Y. Ma, W. Li, Y. Wang,
W. Liu, Y. Fan, S. Yue, Z. Li, \Median nerve
electrical stimulation-induced changes in e®ective
connectivity in patients with stroke as assessed
with functional near-infrared spectroscopy," Neu-
rorehabil. Neural Repair 33, 1008–1017 (2019).

30. H. Xie, G. Xu, C. Huo, W. Li, H. Zhao, Z. Lv, Z. Li,
\Brain function changes induced by intermittent
sequential pneumatic compression in patients with
stroke as assessed by functional near-infrared
spectroscopy," Phys. Ther. (2021).

31. K. M. Arun, K. A. Smitha, P. N. Sylaja,
C. Kesavadas, \identifying resting-state functional
connectivity changes in the motor cortex using
fNIRS during recovery from stroke," Brain
Topogr. 33, 710–719 (2020).

32. H. Saitou, H. Yanagi, S. Hara, S. Tsuchiya,
S. Tomura, \Cerebral blood volume and oxygenation

J. Sun et al.

2130006-18

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 H

U
A

Z
H

O
N

G
 U

N
IV

E
R

SI
T

Y
 O

F 
SC

IE
N

C
E

 A
N

D
 T

E
C

H
N

O
L

O
G

Y
 o

n 
11

/0
3/

21
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



among poststroke hemiplegic patients: E®ects of 13
rehabilitation tasks measured by near-infrared
spectroscopy," Arch. Phys. Med. Rehabil. 81, 1348–
1356 (2000).

33. Y. Murata, K. Sakatani, Y. Katayama, C. Fukaya,
\Increase in focal concentration of deoxyhaemoglobin
during neuronal activity in cerebral ischaemic
patients," J. Neurol. Neurosurg. Psychiatry 73,
182–184 (2002).

34. Y. Murata, K. Sakatani, T. Hoshino, N. Fujiwara,
T. Kano, S. Nakamura, Y. Katayama, \E®ects
of cerebral ischemia on evoked cerebral blood
oxygenation responses and BOLD contrast
functional MRI in stroke patients," Stroke 37,
2514–2520 (2006).

35. A. K. Rehme, S. B. Eickho®, C. Rottschy, G. R.
Fink, C. Grefkes, \Activation likelihood estimation
meta-analysis of motor-related neural activity after
stroke," Neuroimage 59, 2771–2782 (2012).

36. H. Kato et al., \Near-infrared spectroscopic
topography as a tool to monitor motor reorgani-
zation after hemiparetic stroke: A comparison with
functional MRI," Stroke 33, 2032–2036 (2002).

37. S. B. Lim, J. J. Eng, \Increased sensorimotor
cortex activation with decreased motor performance
during functional upper extremity tasks post-
stroke," J. Neurol. Phys. Ther. 43, 141–150 (2019).

38. K. Takeda, Y. Gomi, I. Imai, N. Shimoda, M.
Hiwatari, H. Kato, \Shift of motor activation areas
during recovery from hemiparesis after cerebral
infarction: A longitudinal study with near-infrared
spectroscopy," Neurosci. Res. 59, 136–144 (2007).

39. T. Sakurada, A. Goto, M. Tetsuka, T. Nakajima,
M. Morita, S. I. Yamamoto, M. Hirai, K. Kawai,
\Prefrontal activity predicts individual di®erences
in optimal attentional strategy for preventing
motor performance decline: A functional near-infrared
spectroscopy study," Neurophotonics 6, 025012 (2019).

40. M. MasoudiMotlagh, J. J. Sugar, M. Azimipour,
W. W. Linz, G. Michalak, N. J. Seo, M. Ranji,
\Monitoring hemodynamic changes in stroke-affected
muscles using near-infrared spectroscopy," J.
Rehabil. Assist. Technol. Eng. 2, 2055668315614195
(2015).

41. I. Miyai, M. Suzuki, M. Hatakenaka, K. Kubota,
\E®ect of body weight support on cortical activation
during gait in patients with stroke," Exp. Brain Res.
169, 85–91 (2006).

42. M. Mihara, I. Miyai, M. Hatakenaka, K. Kubota,
S. Sakoda, \Sustained prefrontal activation during
ataxic gait: A compensatory mechanism for ataxic
stroke?," Neuroimage 37, 1338–1345 (2007).

43. M. Mihara, I. Miyai, N. Hattori, M. Hatakenaka,
H. Yagura, T. Kawano, K. Kubota, \Cortical

control of postural balance in patients with hemi-
plegic stroke," NeuroReport 23, 314–319 (2012).

44. M. Hatakenaka, I. Miyai, M. Mihara, H. Yagura,
N. Hattori, \Impaired motor learning by a pursuit
rotor test reduces functional outcomes during re-
habilitation of poststroke ataxia," Neurorehabil.
Neural Repair 26, 293–300 (2012).

45. M. Delorme, G. Vergotte, S. Perrey, J. Froger, I.
La®ont, \Time course of sensorimotor cortex
reorganization during upper extremity task
accompanying motor recovery early after stroke:
An fNIRS study," Restor. Neurol. Neurosci. 37,
207–218 (2019).

46. S. Kinoshita, H. Tamashiro, T. Okamoto,
N. Urushidani, M. Abo, \Association between
imbalance of cortical brain activity and successful
motor recovery in sub-acute stroke patients with
upper limb hemiparesis: A functional near-infrared
spectroscopy study," NeuroReport 30, 822–827
(2019).

47. Z. Bai, K. N. K. Fong, \\Remind-to-Move"
Treatment enhanced activation of the primary
motor cortex in patients with stroke," Brain
Topogr. 33, 275–283 (2020).

48. P. Y. Lin, J. J. Chen, S. I. Lin, \The cortical con-
trol of cycling exercise in stroke patients: an fNIRS
study," Hum. Brain Mapp. 34, 2381–2390 (2013).

49. K. Miyara, K. Kawamura, S. Matsumoto, A.
Ohwatashi, Y. Itashiki, T. Uema, T. Noma,
K. Ikeda, M. Shimodozono, \Acute changes in
cortical activation during active ankle movement
after whole-body vibration for spasticity in hemiple-
gic legs of stroke patients: A functional near-infrared
spectroscopy study," Top Stroke Rehabil. 27, 67–74
(2020).

50. E. Jigjid, N. Kawashima, H. Ogata, K. Nakazawa,
M. Akai, F. Eto, N. Haga, \E®ects of passive leg
movement on the oxygenation level of lower limb
muscle in chronic stroke patients," Neurorehabil.
Neural Repair 22, 40–49 (2008).

51. I. Miyai, H. Yagura, M. Hatakenaka, I. Oda,
I. Konishi, K. Kubota, \Longitudinal optical
imaging study for locomotor recovery after stroke,"
Stroke 34, 2866–2870 (2003).

52. H. Fujimoto, M. Mihara, N. Hattori, M. Hatake-
naka, T. Kawano, H. Yagura, I. Miyai,
H. Mochizuki, \Cortical changes underlying
balance recovery in patients with hemiplegic
stroke," Neuroimage 85, 547–554 (2014).

53. C. Huo, G. Xu, Z. Li, Z. Lv, Q. Liu, W. Li, H. Ma,
D. Wang, Y. Fan, \Limb linkage rehabilitation
training-related changes in cortical activation and
e®ective connectivity after stroke: A functional near-
infrared spectroscopy study," Sci. Rep. 9, 6226 (2019).

NIRS as a promising tool in stroke

2130006-19

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 H

U
A

Z
H

O
N

G
 U

N
IV

E
R

SI
T

Y
 O

F 
SC

IE
N

C
E

 A
N

D
 T

E
C

H
N

O
L

O
G

Y
 o

n 
11

/0
3/

21
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



54. K. Lu, G. Xu, W. Li, C. Huo, Q. Liu, Z. Lv,
Y. Wang, Z. Li, Y. Fan, \Frequency-speci¯c func-
tional connectivity related to the rehabilitation
task of stroke patients," Med. Phys. 46, 1545–1560
(2019).

55. K. Saita, T. Morishita, H. Arima, K. Hyakutake,
T. Ogata, K. Yagi, E. Shiota, T. Inoue,
\Biofeedback e®ect of hybrid assistive limb in stroke
rehabilitation: A proof of concept study using
functional near infrared spectroscopy," PLoS One
13, e0191361 (2018).

56. G. Massimiliano, G. Paolo, V. Laura, L. Sara,
V. Jorge, O. Claudio, N. Stefano, B. Luciano,
\Hand passive mobilization performed with robotic
assistance: Acute e®ects on upper limb perfusion
and spasticity in stroke survivors," Biomed. Res.
Int. 2017, 1–6 (2017).

57. S. J. Bae, S. H. Jang, J. P. Seo, P. H. Chang,
\A pilot study on the optimal speeds for passive
wrist movements by a rehabilitation robot of stroke
patients: A functional NIRS study," IEEE Proc.
Int. Conf. Rehabilitation and Robotics, Vol. 2017
(2017), pp. 7–12.

58. K. J. Song, H. C. Min, J. Lee, C. J. N. Lee, \The
e®ect of robot-assisted gait training on cortical
activation in stroke patients: A functional near-
infrared spectroscopy study," NeuroRehabilitation
49, 65–73 (2021).

59. I. Miyai, H. Yagura, I. Oda, I. Konishi, K. Kubota,
\Premotor cortex is involved in restoration of gait
in stroke," Ann. Neurol. 52, 188–194 (2002).

60. S.-H. Lee, H.-J. Lee, Y. Shim, W. H. Chang, B.-O.
Choi, G.-H. Ryu, Y.-H. Kim, \Wearable hip-assist
robot modulates cortical activation during gait
in stroke patients: A functional near-infrared
spectroscopy study," J. Neuroeng. Rehabil. 17, 145
(2020).

61. P. Caliandro, F. Molteni, C. Simbolotti, E. Guan-
ziroli, C. Iacovelli, G. Reale, S. Giovannini, L. Padua,
\Exoskeleton-assisted gait in chronic stroke: An
EMG and functional near-infrared spectroscopy
study of muscle activation patterns and prefrontal
cortex activity," Clin. Neurophysiol. 131, 1775–1781
(2020).

62. Y. Hara, S. Obayashi, K. Tsujiuchi, Y. Muraoka,
\The e®ects of electromyography-controlled func-
tional electrical stimulation on upper extremity
function and cortical perfusion in stroke patients,"
Clin. Neurophysiol. 124, 2008–2015 (2013).

63. S. Ferrante, D. Contini, L. Spinelli, A. Pedrocchi,
A. Torricelli, F. Molteni, G. Ferrigno, R. Cubeddu,
\Monitoring muscle metabolic indexes by time-domain
near-infrared spectroscopy during knee °ex-extension
induced by functional electrical stimulation,"
J. Biomed. Opt. 14, 044011 (2009).

64. C. C. Lo, P. Y. Lin, Z. Y. Hoe, J. J. Chen, \Near
infrared spectroscopy study of cortical excitability
during electrical stimulation-assisted cycling for
neurorehabilitation of stroke patients," IEEE
Trans. Neural Syst. Rehabil. Eng. 26, 1292–1300
(2018).

65. M. Mihara, N. Hattori, M. Hatakenaka, H. Yagura,
T. Kawano, T. Hino, I. Miyai, \Near-infrared
spectroscopy-mediated neurofeedback enhances
e±cacy of motor imagery-based training in post-
stroke victims a pilot study," Stroke 44, 1091–1098
(2013).

66. M. Mihara, H. Fujimoto, N. Hattori, H. Otomune,
Y. Kajiyama, K. Konaka, Y.Watanabe, Y. Hiramatsu,
Y. Sunada, I. Miyai, H. Mochizuki, \E®ect of neuro-
feedback facilitation on poststroke gait and balance
recovery: a randomized controlled trial," Neurology 96,
e2587-e2598 (2021).

67. M. Brunetti, N. Morkisch, C. Fritzsch, J. Mehnert,
J. Steinbrink, M. Niedeggen, C. Dohle, \Potential
determinants of e±cacy of mirror therapy in stroke
patients–A pilot study," Restor. Neurol. Neurosci.
33, 421–434 (2015).

68. M. Rea, M. Rana, N. Lugato, P. Terekhin, L. Gizzi,
D. Brotz, A. Fallgatter, N. Birbaumer, R. Sitaram,
A. Caria, \Lower limb movement preparation in
chronic stroke: A pilot study toward an fNIRS-BCI
for gait rehabilitation," Neurorehabil. Neural
Repair 28, 564–575 (2014).

69. A. K. Matarasso, J. D. Rieke, K. White, M. M.
Yusufali, J. J. Daly, \Combined real-time fMRI
and real time fNIRS brain computer interface
(BCI): Training of volitional wrist extension after
stroke, a case series pilot study," PLoS One 16,
e0250431 (2021).

70. C. Grefkes, G. R. Fink, \Noninvasive brain stim-
ulation after stroke: It is time for large randomized
controlled trials!," Curr. Opin. Neurol. 29, 714–
720 (2016).

71. G. Di Pino, G. Pellegrino, G. Assenza, F. Capone,
F. Ferreri, D. Formica, F. Ranieri, M. Tombini,
U. Ziemann, J. C. Rothwell, V. Di Lazzaro,
\Modulation of brain plasticity in stroke: A novel
model for neurorehabilitation," Nat. Rev. Neurol.
10, 597–608 (2014).

72. H. Tamashiro, S. Kinoshita, T. Okamoto,
N. Urushidani, M. Abo, \E®ect of baseline
brain activity on response to low-frequency rTMS/
intensive occupational therapy in poststroke patients
with upper limb hemiparesis: A near-infrared
spectroscopy study," Int. J. Neurosci. 129, 337–343
(2019).

73. Z. Rezaee, S. Ranjan, D. Solanki, M. Bhatta-
charya, M. V. P. Srivastava, U. Lahiri, A. Dutta,
\Feasibility of combining functional near-infrared

J. Sun et al.

2130006-20

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 H

U
A

Z
H

O
N

G
 U

N
IV

E
R

SI
T

Y
 O

F 
SC

IE
N

C
E

 A
N

D
 T

E
C

H
N

O
L

O
G

Y
 o

n 
11

/0
3/

21
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



spectroscopy with electroencephalography to
identify chronic stroke responders to cerebellar
transcranial direct current stimulation-a compu-
tational modeling and portable neuroimaging
methodological study," Cerebellum (2021).

74. E. Al-Yahya, H. Johansen-Berg, U. Kischka,
M. Zarei, J. Cockburn, H. Dawes, \Prefrontal
cortex activation while walking under dual-task
conditions in stroke: a multimodal imaging study,"
Neurorehabil. Neural Repair 30, 591–599 (2016).

75. T. Mori, N. Takeuchi, S. I. Izumi, \Prefrontal
cortex activation during a dual task in patients
with stroke," Gait Posture 59, 193–198 (2018).

76. K. A. Hawkins, E. J. Fox, J. J. Daly, D. K. Rose,
E. A. Christou, T. E. McGuirk, D. M. Otzel, K. A.
Butera, S. A. Chatterjee, D. J. Clark, \Prefrontal
over-activation during walking in people with
mobility de¯cits: Interpretation and functional
implications," Hum. Mov. Sci. 59, 46–55 (2018).

77. E. Hermand, B. Tapie, O. Dupuy, S. Fraser,
M. Compagnat, J. Y. Salle, J. C. Daviet, A.
Perrochon, \Prefrontal cortex activation during
dual task with increasing cognitive load in sub-
acute stroke patients: A pilot study," Front. Aging
Neurosci. 11, 160 (2019).

78. S. A. Chatterjee, E. J. Fox, J. J. Daly, D. K. Rose,
S. S. Wu, E. A. Christou, K. A. Hawkins, D. M.
Otzel, K. A. Butera, J. W. Skinner, D. J. Clark,
\Interpreting prefrontal recruitment during walk-
ing after stroke: In°uence of individual di®erences
in mobility and cognitive function," Front. Hum.
Neurosci. 13, 194 (2019).

79. Y. C. Liu, Y. R. Yang, Y. A. Tsai, R. Y. Wang,
C. F. Lu, \Brain activation and gait alteration
during cognitive and motor dual task walking in
stroke-a functional near-infrared spectroscopy
study," IEEE Trans. Neural Syst. Rehabil. Eng.
26, 2416–2423 (2018).

80. D. J. Clark, D. K. Rose, K. A. Butera, B. Hoi-
sington, L. DeMark, S. A. Chatterjee, K. A. Haw-
kins, D. M. Otzel, J. W. Skinner, E. A. Christou,
S. S. Wu, E. J. Fox, \Rehabilitation with accurate
adaptability walking tasks or steady state walking:
A randomized clinical trial in adults post-stroke,"
Clin. Rehabil. 35, 1196–1206 (2021).

81. F. A. Mansouri, K. Tanaka, M. J. Buckley,
\Con°ict-induced behavioural adjustment: A clue
to the executive functions of the prefrontal cortex,"
Nat. Rev. Neurosci. 10, 141–152 (2009).

82. S. Obayashi, \Frontal dynamic activity as a
predictor of cognitive dysfunction after pontine
ischemia," NeuroRehabilitation 44, 251–261 (2019).

83. M.Moriya, C. Aoki, K. Sakatani, \E®ects of physical
exercise on working memory and prefrontal cortex

function in post-stroke patients," Adv. Exp. Med.
Biol. 923, 203–208 (2016).

84. J. Chen, H. Li, C. Zeng, J. Li, B. Zhao, \Evaluation
of the recovery outcome of poststroke cognitive
impairment after cluster needling of scalp acu-
puncture therapy based on functional near-infrared
spectroscopy," Brain Behav. 10, e01731 (2020).

85. S. Obayashi, \The supplementary motor area
responsible for word retrieval decline after acute
thalamic stroke revealed by coupled SPECT and
near-infrared spectroscopy," Brain Sci. 10, 247
(2020).

86. T. Hara, M. Abo, K. Kakita, Y. Mori, M. Yoshida,
N. Sasaki, \The e®ect of selective transcranial
magnetic stimulation with functional near-infrared
spectrescopy and intensive speech therapy on
individuals with post-stroke aphasia," Eur. Neurol.
77, 186–194 (2017).

87. G. C. Medeiros, D. Roy, N. Kontos, S. R. Beach,
\Post-stroke depression: A 2020 updated review,"
Gen. Hosp. Psychiatry 66, 70–80 (2020).

88. M. Koyanagi, M. Yamada, T. Higashi, W. Mitsunaga,
T. Moriuchi, M. Tsujihata, \The usefulness
of functional near-infrared spectroscopy for the
assessment of post-stroke depression," Front. Hum.
Neurosci. 15, 680847 (2021).

89. H. Li, N. Zhu, E. A. Klomparens, S. Xu, M. Wang,
Q. Wang, J. Wang, L. Song, \Application of
functional near-infrared spectroscopy to explore
the neural mechanism of transcranial direct current
stimulation for post-stroke depression," Neurol.
Res. 41, 714–721 (2019).

90. T. Durduran, C. Zhou, B. L. Edlow, G. Yu,
R. Choe, M. N. Kim, B. L. Cucchiara, M. E. Putt,
Q. Shah, S. E. Kasner, J. H. Greenberg, A. G.
Yodh, J. A. Detre, \Transcranial optical monitoring
of cerebrovascular hemodynamics in acute stroke
patients," Opt. Express 17, 3884–3902 (2009).

91. P. Bonoczk, G. Panczel, Z. Nagy, \Vinpocetine
increases cerebral blood °ow and oxygenation in
stroke patients: A near infrared spectroscopy and
transcranial Doppler study," Eur. J. Ultrasound
15, 85–91 (2002).

92. F. Pizza, M. Biallas, U. Kallweit, M. Wolf, C. L.
Bassetti, \Cerebral hemodynamic changes in
stroke during sleep-disordered breathing," Stroke
43, 1951–1953 (2012).

93. M. Moriya, K. Sakatani, \Relation between
asymmetry of prefrontal activity and autonomic
nervous system in post-stroke patients with a
disorder of consciousness," Adv. Exp. Med. Biol.
1072, 53–58 (2018).

94. M. Moriya, K. Sakatani, \Changes in prefrontal
cortex asymmetry due to standing load in stroke

NIRS as a promising tool in stroke

2130006-21

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 H

U
A

Z
H

O
N

G
 U

N
IV

E
R

SI
T

Y
 O

F 
SC

IE
N

C
E

 A
N

D
 T

E
C

H
N

O
L

O
G

Y
 o

n 
11

/0
3/

21
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



patients measured by NIRS," Adv. Exp. Med. Biol.
1269, 223–227 (2021).

95. J. Selb, M. A. Yücel, D. Phillip, H. W. Schytz, H.
K. Iversen, M. Vangel, M. Ashina, D. A. Boas,
\E®ect of motion artifacts and their correction
on near-infrared spectroscopy oscillation data:
A study in healthy subjects and stroke patients,"
J. Biomed. Opt. 20, 56011 (2015).

96. S. Leistner, T. Sander-Thoemmes, H. Wabnitz,
M. Moeller, M. Wachs, G. Curio, R. Macdonald,
L. Trahms, B.-M. Mackert, \Non-invasive simul-
taneous recording of neuronal and vascular signals
in subacute ischemic stroke," Biomed. Tech. 56,
85–90 (2011).

97. A. Dutta, A. Jacob, S. R. Chowdhury, A. Das,
M. A. Nitsche, \EEG-NIRS based assessment of
neurovascular coupling during anodal transcranial
direct current stimulation — a stroke case series,"
J. Med. Syst. 39, 205 (2015).

98. Y. Sato, Y. Komuro, L. Lin, Z. Tang, L. Hu,
S. Kadowaki, Y. Ugawa, Y. Yamada, K. Sakatani,
\Di®erences in tissue oxygenation, perfusion and
optical properties in brain areas a®ected by stroke:
A time-resolved NIRS study," Adv. Exp. Med. Biol.
1072, 63–67 (2018).

99. M. D. Fox, M. E. Raichle, \Spontaneous °uctua-
tions in brain activity observed with functional
magnetic resonance imaging," Nat. Rev. Neurosci.
8, 700–711 (2007).

100. L. A. Boyd, K. S. Hayward, N. S. Ward, C. M.
Stinear, C. Rosso, R. J. Fisher, A. R. Carter, A. P.
Le®, D. A. Copland, L. M. Carey, L. G. Cohen,
D. M. Basso, J. M. Maguire, S. C. Cramer,
\Biomarkers of stroke recovery: Consensus-based
core recommendations from the stroke recovery
and rehabilitation roundtable," Int. J. Stroke 12,
480–493 (2017).

101. S. H. Kohl, D. M. A. Mehler, M. Lührs, R. T.
Thibault, K. Konrad, B. Sorger, \The potential
of functional near-infrared spectroscopy-based
neurofeedback-a systematic review and recom-
mendations for best practice," Front. Neurosci. 14,
594 (2020).

102. K. S. Button, J. P. Ioannidis, C. Mokrysz, B. A.
Nosek, J. Flint, E. S. Robinson, M. R. Munafò,
\Power failure: Why small sample size undermines
the reliability of neuroscience," Nat. Rev.
Neurosci. 14, 365–376 (2013).

103. M. Susanne, E. Edgar, B. Axel, F. Franz, \A short
tutorial of GPower," Tutor Quant. Methods
Psychol. 3, 51–59 (2007).

104. V. Toronov, A. Webb, J. H. Choi, M. Wolf,
A. Michalos, E. Gratton, D. Hueber, \Investigation
of human brain hemodynamics by simultaneous

near-infrared spectroscopy and functional magnetic
resonance imaging," Med. Phys. 28, 521–527 (2001).

105. G. Strangman, J. P. Culver, J. H. Thompson, D. A.
Boas, \A quantitative comparison of simultaneous
BOLD fMRI and NIRS recordings during func-
tional brain activation," Neuroimage 17, 719–731
(2002).

106. I. Tachtsidis, F. Scholkmann, \False positives
and false negatives in functional near-infrared
spectroscopy: Issues, challenges, and the way
forward," Neurophotonics 3, 031405 (2016).

107. H. Santosa, X. Zhai, F. Fishburn, P. J. Sparto,
T. J. Huppert, \Quantitative comparison of
correction techniques for removing systemic physio-
logical signal in functional near-infrared spectroscopy
studies," Neurophotonics 7, 035009 (2020).

108. A. von Lühmann, X. Li, K. R. Müller, D. A. Boas,
M. A. Yücel, \Improved physiological noise re-
gression in fNIRS: A multimodal extension of the
general linear model using temporally embedded
canonical correlation analysis," Neuroimage 208,
116472 (2020).

109. M. A. Yücel, A. V. Lühmann, F. Scholkmann,
J. Gervain, I. Dan, H. Ayaz, D. Boas, R. J. Cooper,
J. Culver, C. E. Elwell, A. Eggebrecht, M. A.
Franceschini, C. Grova, F. Homae, F. Lesage, H.
Obrig, I. Tachtsidis, S. Tak, Y. Tong, A. Torricelli,
H. Wabnitz, M. Wolf, \Best practices for fNIRS
publications," Neurophotonics 8, 012101 (2021).

110. R. Lindquist, J. F. Wyman, K. M. Talley, M. J.
Findor®, C. R. Gross, \Design of control-group
conditions in clinical trials of behavioral inter-
ventions," J. Nurs. Scholarsh. 39, 214–221 (2007).

111. V. S. Conn, T. C. Sells, \Compared to What?,"
West J. Nurs. Res. 42, 772–773 (2020).

112. J. Lee, A. Lee, H. Kim, M. Shin, S. M. Yun,
Y. Jung, W. H. Chang, Y. H. Kim, \Di®erent brain
connectivity between responders and nonresponders
to dual-mode noninvasive brain stimulation over
bilateral primary motor cortices in stroke patients,"
Neural Plast. 2019, 3826495 (2019).

113. H. L. Filmer, J. B. Mattingley, P. E. Dux,
\Modulating brain activity and behaviour with
tDCS: Rumours of its death have been greatly
exaggerated," Cortex 123, 141–151 (2020).

114. X. Chen, P. Xie, Y. Zhang, Y. Chen, S. Cheng,
L. Zhang, \Abnormal functional corticomuscular
coupling after stroke," Neuroimage Clin. 19,
147–159 (2018).

115. P. Pinti, C. Aichelburg, S. Gilbert, A. Hamilton,
J. Hirsch, P. Burgess, I. Tachtsidis, \A review
on the use of wearable functional near-infrared
spectroscopy in naturalistic environments," Jpn.
Psychol. Res. 60, 347–373 (2018).

J. Sun et al.

2130006-22

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 H

U
A

Z
H

O
N

G
 U

N
IV

E
R

SI
T

Y
 O

F 
SC

IE
N

C
E

 A
N

D
 T

E
C

H
N

O
L

O
G

Y
 o

n 
11

/0
3/

21
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



116. A. von Lühmann, B. B. Zimmermann, A. Ortega-
Martinez, N. Perkins, M. A. Yücel, D. A. Boas,
Towards neuroscience in the everyday world:
Progress in wearable fNIRS instrumentation and
applications, in OSA Biophotonics Congress:
Optics in Life Sciences 2020, Florida (2020).

117. H. Ban, G. Barrett, A. Borisevich, A. Chaturvedi,
J. Dahle, H. Dehghani, B. DoValle, J. Dubois,
R. Field, V. Gopalakrishnan, A. Gundran, M.
Henninger, W. Ho, H. Hughes, R. Jin, J. Kates-
Harbeck, T. Landy, A. Lara, M. Leggiero, G. Lerner,
Z. Aghajan, M. Moon, A. Ojeda, I. Olvera, M.
Ozturk, S. Park, M. Patel, K. Perdue, W. Poon,
Z. Sheldon, B. Siepser, S. Sorgenfrei, N. Sun, V.
Szczepanski, M. Zhang, Z. Zhu, Kernel °ow: A high
channel count scalable TD-fNIRS system, in SPIE
BiOS, SPIE (2021).

118. F. Lange, I. Tachtsidis, \Clinical brain monitoring
with time domain NIRS: A review and future
perspectives," Appl. Sci. (Basel) 9, 1612 (2019).

119. S. R. Soekadar, S. H. Kohl, M. Mihara, A. von
Lühmann, \Optical brain imaging and its application
to neurofeedback," NeuroImage Clin. 30, 102577
(2021).

120. K. S. Hong, M. J. Khan, M. J. Hong, \Feature
extraction and classi¯cation methods for hybrid
fNIRS-EEG brain–computer interfaces," Front.
Hum. Neurosci. 12, 246 (2018).

121. S. Finger, P. J. Koehler, C. Jagella, \The Monakow
concept of diaschisis: Origins and perspectives,"
Arch. Neurol. 61, 283–288 (2004).

122. Q. Zhang, E. N. Brown, G. E. Strangman,
\Adaptive ¯ltering to reduce global interference
in evoked brain activity detection: A human
subject case study," J. Biomed. Opt. 12, 064009
(2007).

123. L. Duan, Z. Zhao, Y. Lin, X. Wu, Y. Luo, P. Xu,
\Wavelet-based method for removing global
physiological noise in functional near-infrared
spectroscopy," Biomed. Opt Express 9, 3805–3820
(2018).

124. G. Bauernfeind, S. C. Wriessnegger, I. Daly, G. R.
Mueller-Putz, \Separating heart and brain: On the
reduction of physiological noise from multichannel
functional near-infrared spectroscopy (fNIRS)
signals," J. Neural Eng. 11, 056010 (2014).

125. J. Sun, L. Rao, C. Gao, \Extracting heartrate from
optical signal of functional near-infrared spectros-
copy based on mathematical morphology," J.
Innov. Opt. Health Sci. 11, 1850010 (2018).

126. T. Li, C. Xue, P. B. Wang, Y. Li, L. H. Wu,
\Photon penetration depth in human brain for
light stimulation and treatment: A realistic Monte
Carlo simulation study," J. Innov. Opt. Health Sci.
10, 10 (2017).

127. A. Wong, L. Robinson, S. Soroush, A. Suresh, K.
P. J. J. O. I. O. H. Sciences, \Assessment of cere-
bral oxygenation response to hemodialysis using
near-infrared spectroscopy (NIRS): Challenges and
solutions," J. Innov. Opt Health Sci. (2021).

128. L. Li, X. Pan, W. Chen, M. Wei, H. Yang, \Multi-
manufacturer drug identi¯cation based on near
infrared spectroscopy and deep transfer learning,"
J. Innov. Opt. Health Sci. 13, 2150016 (2020).

129. Z. H. Barnea, D. Abookasis, \Determination of
creatinine level in patient blood samples by Fourier
NIR spectroscopy and multivariate analysis in
comparison with biochemical assay," J. Innov.
Opt. Health Sci. 12, 1950015 (2019).

130. J. Sun, B. Sun, L. Zhang, Q. Luo, H. Gong,
\Correlation between hemodynamic and electro-
physiological signals dissociates neural correlates of
con°ict detection and resolution in a Stroop task:
A simultaneous near-infrared spectroscopy and
event-related potential study," J. Biomed. Opt. 18,
096014 (2013).

131. C. Gao, J. Sun, X. Yang, H. Gong, \Gender dif-
ferences in brain networks during verbal Sternberg
tasks: A simultaneous near-infrared spectroscopy
and electro-encephalography study," J. Biophoton.
11, e201700120 (2018).

NIRS as a promising tool in stroke

2130006-23

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 H

U
A

Z
H

O
N

G
 U

N
IV

E
R

SI
T

Y
 O

F 
SC

IE
N

C
E

 A
N

D
 T

E
C

H
N

O
L

O
G

Y
 o

n 
11

/0
3/

21
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.


	Near-infrared spectroscopy as a promising tool in stroke: Current applications and future perspectives
	1. Introduction
	2. Basics of Near-Infrared Spectroscopy
	3. Method
	3.1. Search strategy
	3.2. Assessment of study quality

	4. NIRS In Stroke Studies
	4.1. Resting-state function and its recovery
	4.1.1. Resting-state function
	4.1.2. RS function recovery

	4.2. Motor function and its recovery
	4.2.1. Motor function
	4.2.2. Motor function recovery

	4.3. Motor and cognition interference (dual task)
	4.4. Cognitive function and its recovery
	4.5. Aphasia and its recovery
	4.6. Emotional function and its recovery
	4.7. Other applications
	4.8. Results of quality assessment

	5. Discussion and Conclusions
	Conflict of Interest
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on 'Press'] [Based on '[Press Quality]'] Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks true
      /BleedOffset [
        30
        30
        30
        30
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 14.177000
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


