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Lei Xie, Yong Liu*, Yuling Gao and Jiaqgi Zhou

The First Affiliated Hospital of Dalian Medical University, Dalian, China

In recent years, with the aggravation of aging, the incidence of neurodegenerative
diseases is increasing year by year, and the prognosis of patients is poor. Functional
Near-Infrared Spectroscopy (fNIRS) is a new and non-invasive neuroimaging
technology, which has been gradually deepened in the application research of
neurodegenerative diseases by virtue of its unique neurooxygen signal brain
functional imaging characteristics in monitoring the disease condition, making
treatment plans and evaluating the treatment effect. In this paper, the mechanism
of action and technical characteristics of fNIRS are briefly introduced, and the
application research of fNIRS in different neurodegenerative diseases is summarized
in order to provide new ideas for future related research and clinical application.
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1 Introduction

Neurodegenerative diseases (Pasko et al., 2022) (NDDs) are a group of diseases
characterized by cognitive and motor deficits in patients due to progressive degeneration of
neurons in the brain or spinal cord and/or degeneration of myelin sheath function, including
Parkinson’s disease, Alzheimer’s disease, Huntington’s disease, amyotrophic lateral sclerosis,
and multiple systemic atrophy. The risk of NDDs increases with the increase of age, especially
in the elderly. At present, there is no effective radical cure. In recent years, the incidence of
NDDs has shown an increasing trend from year to year as aging increases (Logroscino et al.,
2022). Previously, the diagnosis and assessment of NDDs relied mainly on clinical
manifestations and traditional imaging, lacking direct probes using cerebral blood oxygen
metabolism as an indicator. Functional Near-Infrared Spectroscopy (Rahman et al., 2020;
Curtin et al., 2019) (fNIRS) is an emerging, non-invasive optical imaging technique in recent
years, which can reflect the level of brain activity by detecting changes in parameters such as
oxyhaemoglobin in brain tissue. The fNIRS technique acquires cerebral blood oxygenation
signals and then combines them with signal analysis methods to extract effective metric
parameters such as brain activation and brain network connectivity, which can be used as
biological indicators for the diagnosis and evaluation of NDDs. In addition, {NIRS can provide
treatment-related information on cortical activation and changes in brain network
connectivity, which has important clinical applications in assessing the extent of disease in
NDDs, guiding treatment, and evaluating efficacy. In some functional areas related to social
cognition, language control and thought computing, such as prefrontal cortex (PFC) and
inferior parietal lobule, fNIRS can effectively detect this area. Measuring PFC activation in
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patients with NDDs versus healthy controls using fNIRS can help in
the diagnosis and disease assessment of patients with NDDs. This
paper summarizes the basic principle of fNIRS technology and its
application research progress in NDDs in recent years, analyzes the
advantages and disadvantages of this technology and puts forward the
prospect in the future.

2 Fundamentals of fNIRS

The fNIRS technology is based on the optical properties of
biological tissues and takes advantage of the good penetration ability
of NIR light into biological tissues. The light source emits NIR light to
a specific brain region, and the NIR light emitted after a series of
absorption and propagation in the biological tissues carries biochemical
information related to the optical properties of the tissues. The
dominant and physiologically dependent absorbing chromophores in
biological tissues are oxygenated hemoglobin (HbO) and deoxygenated
hemoglobin (HbR), and there is a significant difference in near-
infrared (NIR) light absorption in the 650-950 nm band between the
two chromophores. The main purpose of fNIRS is to quantitatively
measure the concentration of two kinds of absorption chromophore in
tissue, and to provide convenient and reliable monitoring index for
clinical and scientific research by obtaining useful information related
to tissue structure and physiological function.

There are about 12-14 billion neuron cells in the human brain,
which have the function of communicating and integrating input
information and outputting processed information. When neuron
cells are resting, HbO in the blood releases oxygen at a certain rate and
converts it into HbR. The ratio of HbO to HbR remains relatively
stable. The oxygen released during this process is absorbed by neurons
for basic metabolic activities. When neuron cells are stimulated and
activated, their demand and consumption for oxygen will greatly
increase, resulting in a rapid decrease in the concentration of HbO
and an increase in HbR. Changes in the concentration of HbO and
HbR in the blood will cause cerebral blood vessels such as the
arteriolar sphincter to relax (Iadecola, 2017), and the corresponding
regional cerebral blood flow (CBF) and cerebral blood volume (CBV)
increase to provide more oxygen-rich fresh blood (Nippert et al.,
2018). During this process, the amount of oxygen replenished will
be much more than the actual consumption of neurons. This produces
an “Overabundance” effect, which ultimately causes the concentration
of HbO in the blood of the brain to increase and the concentration of
HbR to decrease accordingly. This change in blood oxygen level
caused by neural activity is called Neurovascular Coupling (Irani et al.,
2007; Scholkmann et al., 2014). This mechanism is the basis of fNIRS
imaging. NIRS does not directly measure the activity of neurons
themselves, but monitors the physiological changes caused by the
activity of neurons in the brain, namely changes in HbO and HbR
concentrations, and reflects the activity of neurons in the brain.

NIR is an electromagnetic wave between visible light (VIS) and
mid-infrared light (MIR), with a wavelength of 780-2526 nm. The
absorption coefficient of biological tissue changes with the change of
wavelength. In the 650-950nm band, NIR has a strong ability to
penetrate biological tissue. This band is also called the optical window
of biological tissue (Strangman et al., 2002). By placing the NIR light
source on the surface of the scalp, photons will enter the brain tissue
through the scalp and skull. After being absorbed and scattered by the
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brain tissue, they will return to the surface of the scalp and be detected
by the detector. HbO and HbR absorb NIR light differently: HbR
absorbs stronger below 800nm, and HbO absorbs stronger above
800 nm. This absorption difference is also reflected in the blood color,
namely arterial blood (~98% saturated) is redder, and venous blood
(~75% saturated) is purple-colored (Pinti et al., 2020). Select NIR with
one wavelength on both sides of 800 nm, and detect the change in light
intensity when it passes through the brain. Compare the light intensity
during the stimulus presentation period with that during the
non-stimulus and baseline period, and infer that the two absorbing
light groups, HbO and HbR, can indirectly obtain information on
neural activity (Ferrari and Quaresima, 2012). Since the first
non-invasive measurement of changes in hemoglobin concentration
in human brain tissue using the fNIRS technique by Jobsis (1977),
fNIRS is nowadays a promising, safe and non-invasive emerging
research method in neurorehabilitation for neuroimaging.

3 Strengths and weaknesses of fNIRS

fNIRS has its unique advantages over commonly used functional
brain imaging techniques. Compared with common neuroimaging
techniques such as functional magnetic resonance imaging (fMRI),
electroencephalography (EEG) and positron emission tomography
(PET), fNIRS has the strengths of simplicity of operation, low cost,
safety, non-invasiveness, compatibility, and higher temporal
resolution (Lim et al, 2022). Currently, fNIRS is also the only
neuroimaging technique that can accurately detect concentrations
and changes in HbO, HbR, total hemoglobin (HbT), and CSF at the
same time, enabling effective studies of the temporal dynamics and
stability of hydrodynamic coupling. At the same time, there are also
relative shortcomings.

fNIRS can be used in combination with other techniques to
achieve complementary properties. For example, in Parkinson’s
disease, {NIRS can be used to detect the therapeutic effects of
transcranial direct current stimulation (tDCS) to improve postural
balance and mobility in Parkinson’s disease patients. For Parkinson’s
disease and amyotrophic lateral sclerosis, hybrid EEG-fNIRS
modeling enhances the diagnosis and assessment of the disease. fNIRS
also has some weaknesses, fNIRS can only detect the level of blood
oxygen metabolism in the superficial layer of the brain, the ability of
localization is limited, and the signal range can not cover the
whole brain.

3.1 Strengths of fNIRS

When it comes to motion artifacts, fNIRS outperforms other
neuroimaging techniques. When using fMRI to monitor infants,
infants need to be sedated or asleep, otherwise motion artifacts may
appear during the measurement (Fransson et al., 2009). {NIRS, as one
of the standard care tools in pediatric icu, does not have this limitation
and can directly and real-time evaluate the local oxygenation of
infants and young children in conscious states (Balakrishnan et al.,
2018; Hoffman et al., 2017). fNIRS is not limited by posture, and can
observe the activation of the cerebral cortex in the upright state and
the task state (Noah et al,, 2015). In terms of temporal resolution,
fNIRS has better temporal resolution than fMRI and PET: fNIRS
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(Jasdzewski et al., 2003) can sample and observe brain signals with a
temporal resolution of 0.01s, and can directly and quickly measure
neuronal signals for timely hemodynamic analysis. The comparison
of four neuroimaging techniques, fNIRS, fMRI, EEG and PET, is
shown in Table 1.

3.2 Weaknesses of fNIRS

As a reliable method of studying the function and structure of the
cerebral cortex, fNIRS provides detailed information that helps
understand neural activity patterns in specific brain areas. By
observing the activation status of damaged brain areas under different
states, the compensation patterns of healthy brain areas, and the
differences in functional connections between brain areas, it is helpful
to the diagnosis and prognosis of the disease. However, {NIRS still has
many shortcomings that limit its further development in cognitive
neurology and clinical practice. First of all, the biggest shortcoming of
NIRS is that its maximum detection distance is only about 3 cm below
the skull, which limits it to be able to only detect changes in HbO and
HDR in specific cortical areas such as PFC (Keles et al., 2016), but is
powerless when detecting deep brain areas such as basal ganglia. The
detection of NIRS requires good contact between the probe and the
scalp, so it is inevitable that the probe signal will be affected by thick
and excessively dark hair or skin color, resulting in the failure of good
coupling between the photopole and the scalp. At the same time, if a
shift in the probe position occurs during the detection process,
although it is less affected by motion artifacts than PET and EEG, it
will inevitably lead to relative errors in signal reception (San Juan
et al., 2017). These factors are the causes of errors in the detection data
and reduce its resolution. At the same time, like most non-invasive
neuroimaging modalities, raw fNIRS signals often contain mixed
physiological signals or other signals originating outside the cerebral
cortex. Ignoring confounding physiological signals may lead to false
positives, i.e., the detected hemodynamic changes are mistakenly
regarded as functional brain activity; or false negatives occur, and a
true cerebral functional hemodynamic response cannot be observed.
Data analysis needs to be used to remove misleading physiological
signal noise to improve cortical sensitivity.

3.3 Application of multimodal imaging

At present, the application of multimodal imaging has become the
main driving force in promoting the growth of neuroimaging research.
Multimodal functional neuroimaging leverages the characteristics
of complementary different types of neuroimaging techniques, such
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as the fMRI-EEG/MEG and EEG-fNIRS hybrid models. Many
multimodal functional neuroimaging studies combine methods of
measuring electrical signals related to brain neurons with
hemodynamic measurements to conduct more comprehensive brain
science research. In recent years, the EEG-fNIRS model has gradually
been used in brain science research (Uchitel et al., 2021).

For movement disorders, studying the coupling between brain
and muscle contraction is of great benefit to disease research. For
example, when studying Parkinson’s disease, focus on exercise tasks
such as muscle contraction or finger flexion and extension. EEG or
MEG (Magnetography) can be used as a reliable neurofunctional
imaging technology for monitoring exercise tasks (Zheng et al., 2016;
Xu et al., 2017). However, these techniques are prone to motion
artifacts, which affects their testing on large-scale exercise tasks. fNIRS
is not easy to produce motion artifacts. Interestingly, the low temporal
resolution of fNIRS can just be compensated for by the high temporal
resolution of EEG. Therefore, the research on the application of the
hybrid EEG-fNIRS model to Parkinson’s disease has gradually
increased in recent years. Abtahi et al. (2020) used the hybrid
EEG-{NIRS model to monitor and capture physical movement tasks,
and successfully distinguished Parkinson’s disease from neurotypical,
which is of certain significance for the early diagnosis of
Parkinson’s disease.

4 Application of fNIRS in
neurodegenerative diseases

4.1 Parkinson’s disease

Parkinson’s disease (Morris et al., 2024) (PD) is a progressive
neurodegenerative disease commonly seen in middle-aged and elderly
people, with the main pathological features of deformed necrosis of
nigral dopaminergic neurons and accumulation of residual
intraneuronal alpha synaptic nucleoprotein into Lewy bodies. The
main clinical manifestations of PD include postural, gait, and cognitive
abnormalities, resting tremor, and bradykinesia, among other clinical
manifestations. Since patients with PD are often associated with
typical motor deficits, making it difficult to lie still and flat or perform
some motor tasks, and conventional imaging tests such as fMRI
cannot assist in the diagnosis, the clinical diagnosis of PD relies
mainly on the clinical manifestations. The fNIRS provides an auxiliary
diagnostic tool for the clinic due to its good motor anti-interference
property, which can intuitively reflect the cerebral cortical activation
of PD patients under motor tasks.

Dopamine is an important neurotransmitter, and diminished PFC
activity in PD patients is associated with reduced dopamine levels. The

TABLE 1 Comparison of four neuroimaging techniques: fNIRS, fMRI, EEG and PET.

Cost  Affected
9%

artifacts

Temporal

Spatial

resolution  resolution

Hemodynamics

Penetration Convenience

depth

Applicable
population

fNIRS Around 10 Hz Low Low Low HbO, HbR Brain cortex Enormous High
fMRI 1-3Hz Extremely high High High HbR Entire head Limited Low
EEG 256-1,024Hz Low Low High None Brain cortex Enormous High
PET Extremely Low High High High None Entire head Limited Low
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PFC is a joint area involved in the integration of some motor functions
and sensations, as well as being the site of executive attention,
initiating purposeful and goal-oriented behaviors essential for daily
life (Criado et al., 1997). The PFC is associated with executive
function, and it performs relevant tasks through cortical-striatal
dopaminergic pathways in different regions. Executive function is an
umbrella term encompassing a wide range of cognitive abilities,
including problem solving, rule switching, task switching, working
memory manipulation, and response inhibition. The left prefrontal
lobe is associated with learning new motor sequences or with
improving motor performance through repetitive practice, and the
right prefrontal lobe plays a dominant role in maintaining, controlling,
and executing movement changes, both of which are necessary
functions during dual-tasking and walking across obstacles.

4.1.1 Application of fNIRS in PD gait abnormalities

Gait abnormality (Mirelman et al., 2019) (PIGD) is not only a
typical feature of PD, but also an important cause of disability in the
later stage of the disease, which is characterized by the decrease or
disappearance of arm swing of the affected upper limb and drag of the
lower limbs. A study (Koenraadt et al, 2014) measured
haemodynamic changes in PFC in healthy individuals using fNIRS. 11
subjects were randomized to 10 3km/h treadmill walking trials
(normal walking) and 10 3km/h treadmill walking trials (precision
stepping). The walking test and rest time were carried out alternately.
Before both walking trials, the PFC showed profound activation, as
evidenced by increased HbO and decreased HbR. Compared with
normal walking, the precise step task showed more PFC activation in
the first half of the task. The study confirms that PFC is activated
during tasks requiring concentration and that fNIRS is suitable for
recording the planning and initiation process of gait. Hamacher et al.
(2015) provided the first systematic summary of the current state of
research on brain activity during gait tasks using EEG, fMRI and
fNIRS, emphasizing the importance of PFC control in gait as well as
the need to apply fNIRS to gait disorders. Maidan et al. (2016) founds
that there are significant differences in the impact of walking
conditions on HbO levels. In healthy elderly people, compared with
usual walking, HbO increased during dual-task walking, and a
significant increase was observed during the process of avoiding
obstacles. Trend of change. PD patients need to avoid obstacles when
walking in complex environments, which requires the use of
additional cognitive resources such as distraction and visual scanning
to allocate motor resources. During dual task, compared with usual
walking, no significant changes in HbO levels were observed during
dual task walking, but increased during obstacle avoidance, indicating
that PFC activation depends on the nature of the task. These findings
may have implications for PD patients. Gait rehabilitation is of great
significance. Commonly used drugs in PD treatment include
dopaminergic and cholinergic drugs, which can improve the gait of
PD patients during complex walking and promote HbO recruitment
in the PFC (Zhou et al., 2023). In 2021, a randomized controlled trial
(Orcioli-Silva et al., 2021) recruited 23 PD patients and 30 healthy
elderly people. In a trial of barrier-free walking and obstacle
avoidance, patients with PD were treated with and without
medication. Near-infrared spectroscopy was used to measure HbO
concentration and PFC activation in healthy controls and PD groups.
The results of the study showed that compared with walking without
obstacles, PD patients taking medication had increased PFC
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activation during obstacle avoidance. In contrast, PFC activation was
reduced during obstacle avoidance compared with obstacle-free
walking in the unmedicated state. The PFC activity of the healthy
control group was higher when there were obstacles than when
walking without obstacles. This indicates that PD patients in the
unmedicated state exhibit a compensatory mechanism and PFC
activity does not increase during the disorder, indicating that drugs
can improve the gait of PD patients during complex walking.

4.1.2 Application of fNIRS in PD postural
abnormalities

Postural abnormalities are another typical feature of PD,
characterized by trunk tilt, spinal deformity and balance abnormalities.
The PFC has an important role in postural control. A randomized
controlled trial (Mahoney et al., 2016) compared neural activation
patterns, postural stability and their interactions in prefrontal cortex
of PD patients and healthy controls using NIRS as a cortical probe.
The study included 26 patients with PD, 117 patients with mild signs
of Parkinson’s disease and 126 healthy controls. Participants were
asked to stand upright and be silent for 10s while changes in prefrontal
cortex oxyhaemoglobin levels were measured using fNIRS. The results
of the study suggest that people with PD require more prefrontal
activation to maintain an upright posture compared to healthy older
adults. This study highlights the role of the PFC in postural control in
PD patients and provides an opportunity to improve treatment
options for postural instability.

4.1.3 Application of fNIRS in PD cognitive
impairment

Parkinson’s disease with cognitive impairment (PDCI) is one of
the common and important non-motor symptoms of PD, and the
main cognitive domains that are impaired are attention, executive
function, episode learning and memory, and visuospatial abilities.
Studies have shown that nearly 50% of cognitively normal PD patients
progressively experience cognitive decline after 6 years, while patients
diagnosed with PD for more than 10years have further cognitive
impairment and eventually develop Parkinson’s disease dementia. The
Drawing the Clock Test (CDT) (Jalakas et al, 2019) is a
neuropsychological test used to screen overall cognitive function. The
test requires the use of several cognitive domains including executive
function, visuospatial ability, and semantic memory, and can be a
suitable tool to screen for cognitive decline in patients with early stage
PD. fNIRS assesses neural activation during real-time performance of
the CDT. Schejter-Margalit et al. (2022) included 29 patients with PD
and 31 healthy controls and combined the fNIRS for CDT
measurement of neural activation in the PFC. The study found that
the HbO increase slope of PD patients when performing tasks was
lower than that of normal people, that is, the PFC activation was
slower than that of healthy controls, showing a decline in cognitive
ability. It also shows the importance of performing CDT to detect early
cognitive decline in PD patients.

4.1.4 Multimodal research applied to PD

tDCS (Weller et al., 2020) can increase PFC excitability and
improve PFC cognitive function and gait. fNIRS can be used to
evaluate the hemodynamic response related to tDCS treatment (Patel
etal, 2020). In 2021, a randomized controlled trial (Concei¢do et al.,
2021) investigated the effect of adding tDCS to PFC on gait, cognition
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and PFC activity while walking during aerobic exercise in PD patients.
Twenty PD patients were included who participated in two 30-min
aerobic exercise sessions and received different tDCS conditions
(2mAtDCS or sham control) for 1 week, with the treatment target PEC
in the most affected cerebral hemisphere. The study found that
compared with before intervention, aerobic exercise +tDCS
stimulation increased HbO levels and decreased HbR levels in the
stimulated hemisphere, while no significant changes were observed in
aerobic exercise + sham tDCS. Significant changes were observed in
both aerobic exercise +tDCS stimulation and aerobic exercise + sham
tDCS stimulation in the non-stimulated hemisphere. This suggests
that walking reduces steptime variability in the stimulated hemisphere,
is manifested by faster responses, and increases PFC activity (increased
HDbO levels and decreased HbR levels), which were not observed in
aerobic exercise alone. Research has shown that the combination of
aerobic exercise and tDCS is expected to be a way to enhance gait
intervention. The study used fNIRS as a Detection Tools to
demonstrate that adding tDCS to aerobic exercise has an immediate
positive impact on gait variability, processing speed, and execution
control in PD patients.

Deep brain stimulation (Vitek and Starr, 2020) (DBS) surgery is
one of the most important treatments for PD. Due to metal artifacts
and safety concerns, patients undergoing DBS surgery should be used
with caution when undergoing MRI. fNIRS (de Hemptinne et al.,
2015) does not measure activity in deep brain regions such as the basal
ganglia, but it is able to safely measure cortical activity in patients with
DBS to assess the therapeutic effects of DBS surgery. Yu et al. (2021)
recruited five patients with PD who underwent DBS surgery, and the
patients performed a different DBS frequencies to complete a 10-meter
walking task and wore an fNIRS system to measure changes in the
patients’ prefrontal HbO concentrations. The study presents the first
fNIRS-based assessment and optimisation of DBS treatment regimens,
which is expected to provide an objective solution for patient-specific
optimisation of DBS treatment.

4.1.5 Summary

Parkinson’s disease is one of the most studied neurodegenerative
diseases applied by fNIRS. fNIRS, as a unique neuroimaging
technology, has valuable potential application value in early detection
of changes and differences in PFC activation, and detection of subtle
changes in brain activity of PD participants and healthy controls in the
relatively early stage of the disease (Schejter-Margalit et al., 2022),
which helps detect early cognitive decline in PD patients and is of
great significance for improving patient prognosis and delaying
disease progression. The study of fNIRS in PD may provide a
theoretical basis for targeting neuromodulation techniques. At the
same time, NIRS has good compatibility. Multimodal neurological
functional imaging combined with EEG and other technologies can
further expand the application of fNIRS in clinical treatment and
provide more complete brain functional information. However, the
application of fNIRS in the field of PD is still in its infancy and has
certain limitations. fNIRS cannot be directly used as a diagnostic
method for PD. It is an auxiliary diagnostic method that indirectly
reflects brain dysfunction by monitoring brain hemodynamics. The
imaging depth of fNIRS is mainly limited to PFC, but has not been
fully studied in other cortical areas, and the changes in subcortical
structures under different exercise task conditions are still unknown.
In addition, the current relevant research measurement indicators and
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research methods are single, and there is a lack of discussion on the
connection and integrity between limb movements and brain areas.
There is still a need for more samples and higher-quality fNIRS
research to further clarify various neural structures and provide new
ideas for PD diagnosis.

4.2 Alzheimer's disease

Alzheimer’s disease (AD) is the most common age-related
neurodegenerative disease, its etiology and pathogenesis are not
completely clear, the current characteristic pathological changes are
abnormal f-amyloid protein deposition in the brain. It occurs in old
age, accompanied by progressive behavior and cognitive impairment
(Scheltens et al., 2021). AD is one of the major causes of dementia and
seriously affects the prognosis of patients. Globally, it is estimated that
32 million, 69 million and 315 million people suffer from AD
dementia, prodromal AD and preclinical AD, respectively. They
totalled 416 million people in the AD continuum, representing 22%
of the global population of 1.9 billion people aged 50 years and older
(Gustavsson et al., 2023).

4.2.1 Haemodynamics in Alzheimer's disease

Currently, the diagnosis of AD relies on patient history and
clinical scores such as the Brief Mental Status Examination (MMSE)
scale or the Clinical Dementia Rating Scale (CDR). In recent years,
brain imaging techniques such as fMRI and PET have been used
intensively in AD. fMRI visualizes AD-related cortical atrophy and
captures changes in brain connectivity. On this basis, fNIRS provides
functional imaging by measuring cortical haemodynamic responses
making fNIRS a potential alternative to fMRI and PET for more
convenient and non-invasive clinical diagnosis or monitoring of AD
patients. As early as 1996 Hock et al. used fNIRS to monitor AD
haemodynamic responses. This study found (Hock et al., 1996) that in
young healthy subjects, frontal cortical HbO increased and HbR
decreased during the performance of a computational task; in older
healthy subjects, mean HbO and HbR were significantly lower than
normal during the computational task, followed by a significant
increase in the concentrations of HbO and HbT during brain
activation; and in comparison to older healthy subjects, AD patients
performing a computational task had significantly lower HbO and
HbT levels were significantly lower compared to baseline. This
phenomenon may be due to a significant reduction in local cerebral
blood flow over degenerating brain regions such as the parietal cortex
during functional brain activation and is related to the development
and time course of neurodegeneration. A clinical trial (Ferdinando
etal, 2023) recruited 8 patients with AD and 14 healthy controls, and
all participants were subjected to MMSE scoring and 5-min fNIRS
testing. The results of the study showed that the MMSE scores of AD
patients were mildly demented compared to healthy controls. In the
early stages of AD, vascular-driven cerebrospinal fluid transport is
reduced, and reduced haemodynamics in AD patients is associated
with a lag in cerebrovascular-cerebrospinal fluid coupling, which is
visualized on the MMSE score.

4.2.2 fNIRS and mild cognitive impairment

Mild cognitive impairment (MCI) (Rabin et al., 2017) is one of the
main manifestations of AD, and early diagnosis of MCI can help
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prevent the development of cognitive impairment. A randomized
controlled trial (Li et al., 2018) recruited 22 AD patients and 8 healthy
controls divided into MCI group, mild AD group, moderate-severe
AD group and healthy controls. Frontal and parietal HbO
concentrations were measured using fNIRS during a digit speech task,
and the results of the study showed that abnormal haemodynamic
responses were observed in the MCI group through to the moderate-
severe AD group, with a greater decrease in HbO concentration with
increasing disease severity. This test demonstrated that fNIRS
detection of AD is feasible and also has great promise in exploring the
mechanism of AD progression based on fNIRS. Olfactory impairment
is one of the diagnostic criteria for MCI, and Kim et al. (2022)
explored the potential diagnostic value of olfactory stimulation
combined with fNIRS in the early detection of MCI and AD. The study
included 28 healthy controls, 32 preclinical AD, 21 MCI, and
16 AD. All participants were tested for olfactory stimulation while
receiving fNIRS to monitor the orbital frontal cortex. Orbital frontal
cortex oxygenation was reduced in MCI and AD patients with
olfactory stimulation compared to normal subjects, and this difference
was positively correlated with MMSE isofunctional scores, i.e.,
cognitive deficits, and the level of orbital frontal cortex oxygenation
did not differ from that of controls with non-olfactory stimulation.
fNIRS in combination with olfactory stimulation may be a potential
new diagnostic tool for patients with MCI and/or AD.

4.2.3 Multimodal research applied to AD

Currently, both EEG and fNIRS have wide applications in AD
research. eEG monitors EEG activity during cognitive training in AD
patients and investigates the effects on cognitive function by observing
changes in the characteristics of brain regions in different frequency
bands (Abiri et al., 2019). NIRS investigates the changes in cerebral
blood flow and oxygenation levels and their effects on cognition and
mood in AD patients during training (Acevedo et al., 2022). Hybrid
EEG-{NIRS studies combining the complementary properties of both
have better feasibility than EEG or fNIRS alone (Li et al., 2019). A
study (Cicalese et al., 2020) explored the diagnostic value of combined
EEG and fNIRS in an AD population, and concluded that the hybrid
EEG-fNIRS model could be used in clinical treatment with higher
accuracy for AD diagnosis. On this basis, Kim concluded that using
EEG and fNIRS to measure brain signals individually or combining
the two methods could monitor specific brain functions, but that
Alzheimer’s disease research needed to monitor a variety of brain
functions rather than focusing on a single one. Kim et al. (2023)
proposed an innovative integrated research protocol for AD
monitoring. The protocol integrates a 32-channel dry electrode EEG,
a customized 4-channel fNIRS, and gait monitoring using a depth
camera and pressure sensor. Different tasks target different brain
functions. The protocol is expected to provide an easy-to-perform
method of brain and gait monitoring for the elderly and AD patients.

Acupuncture therapy is a non-pharmacological treatment that is
now commonly used for a variety of neurological disorders. However,
fewer therapeutic studies of its effects on the neural mechanisms of AD
patients have been reported in the literature. Ghafoor et al. (2019)
innovatively used fNIRS to analyse the haemodynamic responses of
patients after treatment with acupuncture therapy. The study showed
that acupuncture therapy had a positive impact on improving cognitive
function in AD patients. Acupuncture therapy may be used as a
therapeutic tool for AD patients as a non-pharmacological treatment.
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It is expected that more literature will support the use of acupuncture
in combination with fNIRS for AD treatment in the future.

4.2.4 Summary

Herrmann et al. (2008) found that AD patients had a decrease in
prefrontal lobe oxygenation during language fluency tasks, which was
manifested by a decrease in HbR and an increase in HbO, but the
increase in HbO was less in AD patients than in healthy controls. Arai
et al. (2006) found that activation in the frontal and bilateral parietal
areas in AD patients was significantly lower than that in the normal
areas during the language fluency task, while in the MCI group it was
significantly lower only in the right parietal area, confirming that the
near-infrared spectroscopy system may be a potential tool for initial
screening for Alzheimer’s disease. Metzger et al. (2016) found that
during the language fluency task, the degree of cortical activation in
the frontal and parietal lobe area increased in healthy controls, and the
degree of activation also increased in AD patients, but not as much as
in normal people. These studies confirm the reliability of fNIRS in AD.

Dysfunction of neurovascular units caused by aging, disease, etc.
can lead to changes in neurovascular coupling (Vermeij et al., 2012).
Over time, impaired neurovascular coupling can lead to tissue
damage, loss of function, and cellular degradation. A large number of
studies have shown that dysfunction of neurovascular units (NVU),
which control neurovascular coupling mechanisms, is associated with
various NDDs. Impaired cerebrovascular reactivity, dysregulation of
reduced cerebral blood flow, and dysfunction of the blood-brain
barrier are considered early events in the pathophysiological cascade
of AD (Ferdinando et al., 2023).

Neural activity measured by fNRIS is positively correlated with
blood oxygen level-dependent responses. fNIRS mainly identifies
hemodynamic changes in early AD patients by discovering
abnormalities in neurovascular coupling (Lee et al., 2024). At this time,
AD patients may have no significant dysfunction or atrophy in the
early stages of the disease. {NIRS only evaluates cortical changes, but
cannot be detected in the hippocampus or entorhinal cortex, brain
areas that play an important role in AD. It must be admitted that this
greatly limits the development of fNIRS in AD (Zhang et al., 2023).
Therefore, establishing the relationship between metabolic activity,
structural changes, and amyloid plaque imaging detected by PET and
MRI and the hemodynamic response detected by fNIRS can help assess
the reliability of fNIRS. A study confirmed that the hemodynamic
response in AD patients measured by fNIRS was correlated with
metabolic and anatomical changes observed with PET (Yoon et al.,
2023). But regarding the progress of AD,a direct relation of functional
and structural data is not possible as fNIRS is only able to record
functional activity and not structural information (Metzger et al.,
2016). No conclusions can be drawn based on PET amyloid imaging
and measurement of cortical thickness or hemodynamic data obtained
through fNIRS (Ortner et al., 2019).

4.3 Amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis (ALS) is a rare but serious
neurodegenerative disease that leads to progressive loss of
voluntary muscle control and a poor prognosis. In 2020, a clinical
trial (Deligani et al., 2020) subjected 10 ALS and healthy controls
to multimodal EEG-fNIRS monitoring in the resting state.

frontiersin.org


https://doi.org/10.3389/fnins.2024.1469903
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org

Xie etal.

Resting-state functional connectivity was compared and analysed
between the two groups. The multimodal recordings presented in
this study allow for a multidimensional study of functional network
alterations under ALS pathology, and these results have the
potential to be further extended as one of the tools for non-invasive
diagnosis and prognosis of ALS.

4.3.1 Multimodal research applied to ALS

Nowadays, the application of EEG in ALS related research is
increasing gradually. Under the activation paradigm of EEG, event-
related potential (ERP) reflects patients’ cognitive dysfunction, and
P300 in ERP is currently an objective EEG biological index reflecting
the degree of cognitive impairment (Raggi et al., 2010). The results of
resting EEG studies preliminarily demonstrated the pattern of
neuroelectrophysiological changes in the frontal, temporal and
occipital lobes of the brain of ALS patients, and observed that the
functional connectivity changes were correlated with cognitive
function scores, suggesting that cognitive impairment in ALS involves
extensive disruption of cognitive networks (Dukic et al., 2019).
However, the spatial resolution and signal-to-noise ratio (SNR) of
EEG are low, and for advanced ALS patients, the accuracy is affected
by the lack of fine eye control due to the presence of ocular lesions,
which makes the ERP-based paradigm assessment of ALS patients
uncertain. One of the effective ways to solve this problem is to
combine EEG with other neurofunctional imaging techniques to
achieve complementarity. Given the progressive progression and later
immobility of ALS patients, fNIRS measures brain hemodynamics and
can be used directly at the patient’s bedside, making it a viable
neuroimaging technique that complements EEG properties. It has
been reported that analysis using EEG to measure ERP changes and
fNIRS to measure HbR and HbO changes, as well as to assess the
electrical (EEG) -blood flow (fNIRS) related mechanisms, reflects ALS
non-motor function, and is expected to use these features as potential
diagnostic and prognostic markers for ALS in the future (Borgheai
etal., 2019).

The brain-computer interface (BCI) is a communication system
that allows users to use brain activity to control a computer or other
external device. It can provide a means of communication for people
with severe movement disorders or persistent vegetative states, such
as amyotrophic lateral sclerosis and spinal cord injuries (Webster,
2024). BCI systems require communication signal support. {NIRS is
a novel BCI signal. Coyle et al. (2004) first verified the feasibility of
applying fNIRS to BCI. Hong et al. measured and distinguished
fNIRS signals evoked by three different mental activities, namely
mental arithmetic (MA), right-hand motor imagination (RI), and
left-hand motor imagination (LI). Ten healthy subjects were asked to
complete MA, RI and LI over a 10-s task period while simultaneously
receiving signals from the prefrontal lobe and primary motor cortex.
The feasibility of using three different cognitive tasks as inputs to
implement fNIRS-BCI was demonstrated (Hong et al., 2015). Hosni
et al. (2020) explored the specific spatio-temporal characteristics of
the hemodynamic responses of ALS patients to motion-based image-
based tasks, recorded the hemodynamic responses of eight ALS
patients, emphasizing the importance of subject-specific data-driven
methods in identifying discriminative spatio-temporal characteristics
to optimize BCI performance. Borgheai et al. (2020) explored the
feasibility of a fNIRS based BCI system to enhance communication
in ALS patients, especially in the later stages of the disease. Studies
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have confirmed the potential efficacy of the system in communication
in patients with advanced ALS.

4.4 Multiple sclerosis

Multiple sclerosis (Marcus, 2022) (MS) is a neurodegenerative
disease characterized by chronic inflammatory demyelination of the
central nervous system. Its main clinical manifestations are limb
weakness, ataxia, eye discomfort and mental symptoms. In the past,
the diagnosis of MS mainly depended on clinical manifestations and
pathological examination. In recent years, fNIRS has been used in the
early detection of MS patients. Patients with MS have gait disorder
and cognitive impairment when performing dual tasks. Stojanovic-
Radic et al. (2015) used the medium fNIRS method to study brain
activation during cognitive tasks in MS patients for the first time. The
study included 13 MS patients and 12 healthy controls and recorded
fNIRS during tasks at four difficulty levels. Studies have shown that
brain activation patterns are different in MS patients and healthy
controls. The oxygenated hemoglobin concentration in the left
superior frontal gyrus of the MS group showed an increase in brain
activation at a lower task difficulty level, while in a higher task
difficulty level, the brain activation of the MS group decreased. The
study shows that fNIRS is very sensitive to the changes of HbO and
HDR and can detect neuronal activation in detail, which provides an
inspiration for the follow-up fNIRS technology to detect
MS. Hernandez et al. (2016) used fNIRS to study the changes in brain
activation in patients with MS during simple and distracting motor
tasks. 8 patients with MS and 8 healthy controls were recorded by
fNIRS while performing dual tasks (talking and walking). Compared
with healthy controls, the level of PFC oxygenation in MS group was
higher during dual task. During the whole exercise, there was no
difference in walking ability among different groups, suggesting that
patients with MS may achieve similar performance levels in healthy
controls by increasing brain activation compensation. On this basis,
de Aratanha et al. (2022) used fNIRS and gait parameters to evaluate
cortical hemodynamics in early MS patients and healthy controls
under dual tasks. Participants performed cognitive tasks to simulate
daily activities while walking, and cortical activation maps and gait
variability were used to assess the differences between 19 healthy
controls and 20 MS patients. The results showed that cortical
activation in the exercise planning area was increased in the early
stages of MS compared with the control group. The correlation
between cortical and gait parameters may reveal the possible
compensatory mechanism related to gait during dual tasks in the
early stage of the disease. At present, there are few literatures on the
application of fNIRS to MS, and it is still in its infancy. We look
forward to a strong breakthrough in the application of {NIRS in MS
in the future.

4.5 Other diseases

4.5.1 Multiple system atrophy

Multiple system atrophy (MSA) is a group of disseminated NDDs
of unknown etiology involving the extrapyramidal system, pyramidal
system, cerebellum, and autonomic nervous system, with a rapid
progression of the disease and a lack of effective treatments, and is

frontiersin.org


https://doi.org/10.3389/fnins.2024.1469903
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org

Xie etal.

characterized by early onset of autonomic dysfunction (Poewe et al.,
2022). A study (Suzuki et al., 2008) used fNIRS to investigate the
feasibility of brain tissue oximetry monitoring in assessing cerebral
circulation in patients with MSA. It was found that the cerebral
oxygenation response assessed by fNIRS reflected arterial, venous and
tissue oxygen saturation and was closely related to cerebral blood flow.
NIRS is useful in detecting changes in cerebral oxygenation associated
with cerebral hypoperfusion and may be useful in detecting the lower
limit of cerebral autoregulation in patients with MSA.

4.5.2 Frontotemporal lobe dementia

Frontotemporal lobe dementia (FTD) (Olney et al., 2017) is a type
of NDDs with severe cognitive and behavioral deficits due to
frontotemporal lobe degeneration, which is not easy to be detected
and has an early onset, and most often manifests progressive
worsening of behavioral abnormality, language impairment, and social
cognitive deficits, etc.; Dementia with Lewy bodies (DLB) is a type of
neurodegenerative dementia due to abnormal aggregation of Lewy
bodies and a-synuclein, and is the second most common cognitive
disorder after AD. In 2023, a study (Mei et al., 2023) examined four
different types of dementia, PD, AD, FTD, and DLB, using fNIRS, in
patients with PD in both task and resting states. The study have found
that FTD patients present with decreased or atrophied frontotemporal
lobe function, which may be accompanied by low levels of decreased
frontotemporal oxygen-hemoglobin function. AD patients had lower
and slower activation of the bilateral PFC and left parietal cortex
during working memory maintenance; PD patients had higher
excitability of the prefrontal cortex during the working memory task,
with strong activation of the dorsolateral prefrontal cortex; and LBD
patients showed a strong asymmetry between the two hemispheres
with severe asymmetry, and patients had lower strength of functional
connectivity in the resting state. The different haemodynamic profiles
of the four types of dementia provide evidence that fNIRS can be used
as a potential tool for diagnosing between subtypes of dementia.

5 Discussion

Unlike other neuroimaging technologies, fNIRS has an
irreplaceable position in the field of NDDs due to its unique
neurooxygenation signal brain function imaging technology features
to monitor the condition, formulate the treatment plan, and evaluate
the treatment effect. fNIRS also has the advantages of easy operation,
low cost, high safety, non-invasiveness, good compatibility, and high
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