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Abstract
Objective Based on the near-infrared functional brain imaging system, this research studied the hemoglobin 
concentration signal in resting state and task state. The purpose of this research was to analyze the activated brain 
regions and functional connections by exploring the changes in hemoglobin concentration and the differences in 
brain network functional connections between healthy people and mild to moderate AD patients. So as to identify 
the cognitive dysfunction of patients at an early stage. By accurately locating the area of cognitive impairment in 
patients, it provides a basis for precise neural regulation of physical therapy.

Methods Patients who came to our hospital from January 2022 to December 2022 were recruited and selected 
according to the exclusion criteria. After receiving their informed consent, MMSE scale examination and near-infrared 
brain function imaging examination were performed in a relatively quiet environment.

Result A total of 24 subjects were included in this study, including 7 in the control group (age: 72.57 ± 7.19) and 17 
(age: 76.88 ± 9.29) in the AD group. The average cognitive scores were (28.00 ± 1.16), (19.24 ± 4.89), respectively. There 
were no statistically significant differences in gender, years of education, age, and past medical history between the 
AD group and the control group (P > 0.05). In the verbal fluency test (VFT) task, there was a significant difference in 
the activation values of the two groups in channels 01, 06, 07, 09, 13, 14, 15, 16, 19, 21, 22, 23, 27, 29, 31, 35, 38, 40, 
43, 44, 45, 51, and 52II (p < 0.05), and the activation values of the normal group were greater than those of the AD 
group. There was a significant difference in the mean oxygenated hemoglobin concentration in channels 01, 07, 15, 
16, 21, 22, 23, 31, 35, 40, 41, 44, and 48 (p < 0.05), and the average oxygenated hemoglobin concentration in the AD 
group was lower than that in the normal group. There was no significant difference in activation speed between 
the two groups. In the resting state, the number of total network edges, DLPFC-L to PreM and SMC-L, DLPFC-L to 
FEF-L, DLPFC-L to DLPFC-L, FPA-L to PreM and SMC-L, FPA-L to FPA-L, FPA-R to FPA-L, DLPFC-L to DLPFC-R, FEF-R to 
PreM and There was a statistically significant difference in the number of network edges in SMC-L (p < 0.05). Among 
the different groups, the number of network edges in the AD group was smaller than that in the normal group. 
Correlation analysis showed that T14, T31, T16, T23, T27, M16, M22, M41 (T: represents activation value, M: represents 
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Introduction
Alzheimer’s disease (AD) is a chronic neurodegenera-
tive disease. The number of case is expected to reach 
115 million by 2050 [1]. Clinically, AD is typically char-
acterized by impaired recent memory, which gradually 
involves impairments in other cognitive function, such 
as speech, orientation, judgment, executive function and 
behavioral changes, and interfere with activities of daily 
living [2], with or without psychobehavioral abnormali-
ties. The onset of AD is hidden and slowly progresses, 
and the early stage is dominated by recent memory 
decline, which is easy to be ignored as normal aging. In 
fact, the pathological changes of AD have occurred for 
many years before the obvious clinical symptoms of AD. 
Therefore, the clinical diagnosis of AD lags far behind the 
occurrence and development of AD. Although, Amyloid 
PET and Cerebral spinal fluid(CSF) Aβ42 measurement 
has been put into practical use in the stage of MCI, it is 
too expensive to carry out on a large scale in the clinic. 
In addition, the treatment of AD is still a worldwide 
problem, and the efficacy of drug therapy is limited. The 
determination of non-drug therapy (cognitive training, 
transcranial magnetic stimulation, electrical stimulation, 
etc.) requires a quantitative assessment of the brain func-
tion of patients, so as to provide guidance for determin-
ing and optimizing the treatment plan.

Currently, community-based autopsy studies indicate 
that vascular alterations are present in > 50% of clinically 
diagnosed cases of AD. Large-scale multifactor analy-
sis of neuroimaging images of Alzheimer’s disease has 
shown that vascular dysregulation is an early and initial 
pathological event of AD and is associated with cognitive 
decline [3]. Neurons, astrocytes, microglia, endothelial 
cells, pericytes, basement membrane, and extracellu-
lar matrix work together in the brain to form the neu-
rovascular unit (NVU), which regulates neurovascular 
coupling and thus regulates cerebral blood flow (CBF) 
through the brain [4]. Damage to neurovascular units 
causes a decrease in brain CBF, especially in brain regions 
involved in cognition, such as the hippocampus, entorhi-
nal cortex, amygdala, and anterior cingulate gyrus, and 

is observed in the preclinical stage of the disease [5]. 
The first evidence that amyloid changes cerebral vascu-
lar endothelial function in vivo was proposed by Zhang 
et al. The study observed cerebral vascular reactivity of 
AD mice overexpressing APP by applying endothelial-
dependent tube dilator acetylcholine, and found that the 
cerebral cortex CBF of AD mice was reduced compared 
with that of normal mice. It suggests that the cerebrovas-
cular action of metabolically derived peptides of Amyloid 
precursor protein (APP) may play a role in the pathogen-
esis of APP, and this phenomenon occurs before amyloid 
deposition or cognitive dysfunction [6]. There were also 
studies using exogenous Aβ40 to observe cerebral corti-
cal CBF of APP transgenic mice, and it was found that 
Aβ40(but not Aβ42) could reduce cerebral cortical CBF 
by inducing cerebral arteriole vasoconstriction, which 
proved Aβ to have a direct impact on cerebral vessels [7]. 
These studies demonstrate that Aβ affects brain circula-
tion by reducing cerebral perfusion, further confirming 
that vascular dysfunction is an early manifestation of AB 
accumulation, and by identifying vascular dysfunction, 
we can help identify potential dementia risk in patients as 
early as possible.

Over the past 20 years, the introduction of functional 
Near-infrared spectroscopy (fNIRS) into the field of neu-
roscience has created new opportunities to study human 
brain function. fNIRS can monitor the dynamic changes 
of cerebral blood flow in patients in real time (with mod-
erate time and fine spatial resolution) with relatively low 
cost, no radiation, portability, and very low motion sensi-
tivity [8].

Blood circulation and brain function are interrelated 
through neurovascular coupling, also known as hemo-
dynamic responses. When any area of our brain is acti-
vated, the neurons in that area need energy. This energy 
is provided by glucose metabolism, which requires oxy-
gen, which is transported to the region through the Oxy-
Hb[45]. Therefore, increasing amounts of Oxy-Hb or 
decreasing amounts of Deoxy-Hb indirectly suggest brain 
cell activation [9, 10]. Based on the Beer-Lambert law, 
fNIRS can easily and noninvastively measure changes in 

mean hemoglobin concentration, and number represents channel number). There was a positive correlation between 
the total number of network edges, DLPFC-L to PreM and SMC-L, DLPFC-L to DLPFC-L, FPA-L to PreM and SMC-L, 
FPA-L to FPA-L, DLPFC-L to DLPFC-R, FEF-R to PreM and SMC-L, and MMSE scores (p < 0.05).

Discussion In this study, we found hemodynamic changes in the prefrontal lobes of AD patients under the VFT task, 
and the decrease in the functional connectivity of the prefrontal brain network in AD patients in the resting state, and 
these changes were associated with cognitive decline in patients. Our findings suggest that fNIRS may be used as a 
tool for future clinical screening for cognitive impairment, and may also be used to develop personalized preventive 
measures and treatment plans through accurate assessment.
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hemoglobin concentration on the brain surface [11, 12]. 
This information can reflect changes in blood oxygen lev-
els in the cerebral cortex to assess brain activity [13]. As 
a new generation of functional brain imaging technology, 
fNIRS is used to identify changes in cerebral hemody-
namic characteristics of patients to study disease-related 
brain functional states and brain network functional con-
nections[46]. In clinical practice, this technology is used 
to quantitatively assess brain function of patients, provid-
ing a favorable means for early warning of AD patients 
and providing guidance for personalized and precise 
treatment, which can improve treatment effectiveness 
and efficiency. The purpose of this study was to investi-
gate the activated brain regions and functional connec-
tions by observing the changes of hemoglobin in resting 
state and task state of subjects and comparing the dif-
ferences in hemoglobin concentration and functional 
connections of brain networks between mild to moder-
ate AD subjects and cognitively normal control subjects. 
fNIRS was used to detect the activation of each brain 
functional region and the network connection status, so 
as to provide basis for early recognition of cognitive dys-
function and precise neural regulation for treatment.

Method
Study object and group
AD patients who came to Changsha First Hospital from 
January 2022 to December 2022 were selected, and the 
inclusion criteria were: (1) Patients > 60 years of age, (2) 
probable diagnosis of AD (International Classification of 
Diseases 10th Edition of the World Health Organization 
(ICD-10)), (3) MMSE score of 11–26, with more than 6 
years of education, and (5) CDR score of 1–2, volunteered 
to participate in this study. Exclusion criteria: (1) no self-
care ability. (2) other diseases affecting cognitive function 
(vascular dementia, Parkinson’s disease, frontotemporal 
dementia, epilepsy, severe anemia, severe liver and kid-
ney insufficiency, etc.), (3) refused to participate in this 
experiment, (4) could not complete the fNIRS examina-
tion, (5) suffered from depression, (6) Head MRI showed 
Fazekas scale (Appendix 2)≥ 2. Recruit a matching con-
trol group based on the basic situation of the enrolled. 
Before fNIRS monitoring, all subjects were evaluated 
by Mini-Mental State Examination (MMSE), which was 
divided into two groups: control group (subjects with 
MMSE > 26 points were considered to have normal cog-
nition) and AD group (with MMSE < 26 points, in line 
with the sodium standard).

The qualified personnel are investigated, and the uni-
fied questionnaire is adopted by the professionally 
trained investigators, and the face-to-face questionnaire 
survey is conducted after the informed consent of the 
surveyed subjects (Appendix). The content includes gen-
eral demographic information (gender, age, education, 

retirement years, pre-retirement employment, marital 
status, way of living, handedness, medical history) and 
lifestyle habits (smoking, alcohol consumption).

General data collection
The general data include age, sex, education, handedness, 
marital status, past illness, and life after retirement. Pre-
vious medical history: Chronic medical history, including 
hypertension, diabetes, hyperlipidemia, cardiovascular 
and cerebrovascular diseases, was 0 for those without 
chronic medical history, 1 for those with one chronic 
medical history, and 2 for those with two chronic medical 
histories or more.

fNIRS tool
A 53-channel fNIRS device ((BS-7000, Wuhan Znion 
Technology Co, Ltd, China) was used to measure the 
three types of relative concentration changes of Oxy-Hb, 
Deoxy-Hb, and Total-Hb by near-infrared light of a spe-
cific wavelength. The instrument has 16 pairs of emission 
and detector probes. The wavelengths of light emitted 
are 690 nm and 830 nm, and the frequency is 15.625 Hz. 
The distance between each emitter and detector is 2.9–
3.1 cm. The area between the emitter and detector probes 
consists of a channel. Each probe was positioned on the 
scalp of the forehead. The optode arrangement is shown 
in Fig. 1 and is based on the 10/20 System of Electrode 
Placement method, which is also commonly used in 
EEGs. The numbers represent remitter probes, with the 
letters representing detector probes [14].

A total of 16 pairs of optodes and 53 channels. The 
numbers represent remitter probes, with the letters rep-
resenting detector probes. In Fig.  2,Channels 01 (ch01), 
ch04.ch10, ch40, ch47 and ch52 belong to the Pre-Motor 
and Supplementary Motor Cortex (PreM and SMC). 
Ch02, ch03, ch05, ch07, ch08, ch13, ch44, ch46, ch49, 
ch50, ch51 and ch53 belong to the Broca’s area. Ch06, 
ch11, ch14, ch17, ch18, ch20, ch25, ch31, ch32, ch34, 
ch39, ch42 and ch45 belong to the dorsolateral prefron-
tal cortex (DLPFC). Ch12, ch24, ch26, ch38belong to the 
frontal eye fields (FEF). Ch09, ch15, ch16, ch19, ch21, 
ch22, ch23, ch27, ch28, ch29, ch30, ch33, ch35, ch36, 
ch37, ch41, ch43 and ch48 belong to the frontal pole 
area (FPA). All tasks are completed in the morning (8am 
− 12pm), first completing the resting state task and then 
completing the VFT task.

MMSE
An initial assessment of cognitive function, currently the 
most widely used scale, includes orientation (10 points), 
immediate memory (3 points), attention and numeracy 
(5 points), recall (3 points), and verbal ability (9 points), 
out of a possible 30 points.
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Resting data acquisition
The patient was seated and rested for 5 min while wear-
ing the fNIRS device. The patient was asked to relax, look 
at the black cross 50  cm in front, and keep the head as 
stable as possible. The original fNIRS data of the patient 
was collected for 150 s [15].

Verbal fluency test (VFT) data acquisition
The patient was seated and rested for 5 min while wear-
ing the fNRS device. Before the task began, the patient 
followed the voice prompt to count for 30 s. Then com-
plete 3 groups of tasks (please name a variety of vegeta-
bles, please name a variety of fruits, please name a variety 
of animals), each group of tasks lasts 20  s。Then con-
tinue to followed the voice prompt to count for 60 s [16].

fNIRS data preprocessing
fNIRS signal is processed by MATLAB2014b. The original 
fNIRS data were converted to the concentration changes 
of Oxy-Hb and Deoxy-Hb using the modified Beer-Lam-
bert Law [17]. Physiological noise (heart noise ~ 1  Hz, 
respiratory noise ~ 0.25  Hz, Mayer signal ~ 0.1  Hz) and 
mechanical noise were filtered by band-pass filter with 
cut-off frequency range of 0.005 Hz ~ 0.1 Hz, and motion 
artifacts were identified and removed. The data is then 
split into task time and resting time. Baseline correction 
was performed for each subject by subtracting average 
resting state data (30 s before task start and 60 s after task 
completion) from the task data [18]. For VFT tasks, the 
signal of each channel is collected for further analysis 
of the characteristics. The characteristics selected were 
activation value(T value), slope, and average oxygenated 
hemoglobin concentration [19, 20]. Because Oxy-Hb has 

Fig. 2 Spatial distribution of each channel and division of brain regions

 

Fig. 1 Space arrangement of transmitting and receiving probes
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a better signal-to-noise ratio, it can reflect task-related 
cortical activation more directly than Deoxy-Hb. There-
fore, this study focused on the changes of Oxy-Hb. The 
standard Hemodynamic response function (HRF) in this 
study was generated by convolution of the stimulation 
mode (i.e., the 60-second task cycle and the 90-second 
rest cycle) with the typical hemodynamic response func-
tion composed of two gamma functions [21]. The activa-
tion value (T value) is defined as the ratio of the weight 
factor (when the measurement data is linearly fitted to 
the HRF) to the standard error [22]. The meaning of the 
T-value in this study is conceptually the same as in the 
fMRI field, where a high T-value indicates a strong cor-
relation between the signal and HRF.

By measuring the difference in mean oxygen and 
hemoglobin values between the task and the pre-task 
phase, the mean changes in oxygenated hemoglobin con-
centrations across 53 channels were calculated. The mean 
oxygenated hemoglobin value is the average over the 
entire test time window. The slope indicates the speed of 
activation.

For the resting state data, the correlation of hemoglo-
bin changes among different channels was calculated 
using NIRS-KIT [23] software, and the R-value was cal-
culated by Spearman correlation analysis. r ≥ 0.5 was 
defined as a connection between channels, and the num-
ber of connecting edges between each functional zone 
was analyzed, and the strength of functional connections 
of each functional zone in the resting state was repre-
sented by the size of the edge number. Use BrainNets [24] 
to make correlation matrix plots. On the basis of corre-
lation matrix, channels are taken as network nodes and 
the connections between channels are taken as network 
edges. By calculating the number of network edges of 
correlation coefficient r ≥ 0.5, the strength of each func-
tional connection area is further analyzed. The number 
of edges of networks with intra-hemispheric connections 
and inter-hemispheric connections, as well as short con-
nections (connections between each functional area in 
the hemisphere and its own connections and connections 
between other functional areas) and long connections 

(connections between each functional area and func-
tional areas in the other hemisphere) were counted 
respectively.

Statistical method
SPSS27.0 statistical software was used for data process-
ing. Normal test was performed on the measurement 
data. The measurement data conforming to normal dis-
tribution were expressed as (X ± s), and the two indepen-
dent samples T-test was used for comparison between 
groups. The measurement data that did not conform 
to the normal distribution were represented by M (Q1, 
Q3), and the measurement data of the Mann-Whitney 
U test line were represented by (x ± s) for inter-group 
comparison. Counting data were expressed as relative 
numbers, and Chi-square test was used for comparison 
between groups. Spearman correlation analysis was used, 
and p < 0.05 indicated statistically significant difference 
between the two groups.

Result
Demographic data
A total of 24 subjects were included in this study, includ-
ing 7(age: 72.57 ± 7.19) in the control group and 17 (age: 
76.88 ± 9.29) in the AD group. All patients were right-
handed. There was no significant difference between 
AD group and control group in gender, years of educa-
tion and previous disease (P > 0.05). The MMSE score of 
the control group was higher than that of the AD group, 
and the difference was statistically significant (P < 0.05) 
(Table 1).

Task state data analysis
Comparison between activation values (t values)
In the VFT task, the hemoglobin concentration in each 
channel with time, as shown in Fig. 3. The activation val-
ues of each channel are shown in Table 2. Among them, 
the premotor cortex and supplementary motor area 
(Ch01, 40, 52), dorsolateral prefrontal lobe (CH06, 14, 31, 
45), Broca area (CH51, 07, 44, 13), and frontal polar area 
(CH09, 15, 16, 19, 21, 22, 23, 27, 17, 13). The activation 
values of 29, 35, 43) and frontal eye field (CH48) were 
statistically significant (p < 0.05), and the activation values 
of meaningful channels in AD group were all lower than 
those in control group. The activation diagrams of the 
two groups of channels are shown in Figs. 4 and 5.

Comparison of average hemoglobin concentrations
In the VFT task, the hemoglobin concentration of each 
channel is shown in Table  3. Among them, the premo-
tor cortex and supplementary motor area (CH01, CH40), 
Broca area (CH07, CH44), frontal polar area (CH15, 
CH16, CH21, CH22, CH23, CH35, CH41, CH48,), and 
dorsolateral prefrontal lobe (CH31) were significantly 

Table 1 Basic information
Clinical data Control 

group(n = 7)
AD 
group(n = 17)

T(x2) P

Year 72.57 ± 7.19 76.88 ± 9.29 1.095 0.285
Gender Male 3(42.9%) 9(52.9%) 0.202 0.653

Female 4(33.3%) 8(66.7%)
MMSE* 28.00 ± 1.16* 19.24 ± 4.89 -4.632 <0.01
Years of 
schooling

10.43 ± 3.21 12.24 ± 3.09 1.288 0.211

Anamnesis 03(42.8%) 6(35.3%) 0.336 0.845
12(28.6%) 7(41.2%)
22(28.6%) 4(23.5%)
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different (p < 0.05). In addition, the mean hemoglobin 
concentration in AD group was lower than that in con-
trol group in statistically significant channels. The brain 
regions with hemoglobin concentrations in the two 
groups are shown in Fig. 6.

Comparison between the slopes of each channel in the two 
groups
In the VFT task, we selected 2–7 s after the task started 
to calculate the slope. The slope of each channel is shown 
in Table  4. There were significant differences in frontal 
polar region (CH16), premotor cortex and supplemen-
tary motor cortex (CH40) (p < 0.05). The slope of the 
channels in the AD group was lower than that in the con-
trol group. Figure 7 shows the slope of each brain area in 
the two groups.

Analysis of resting state result
For the resting state data, this study calculated the cor-
relation between the changes in oxy-hemoglobin con-
centration of each channel (Fig.  8 shows the functional 
connection matrix of the two groups), and made the 
functional connection matrix between each channel 
according to the magnitude of the correlation, and Fig. 9 
shows the connection of the functional area.

As can be seen from Table  5, there were statistically 
significant differences in the network edge number of 

Table 2 The value of each channel activation between the two 
groups(t value)
Brain regions Channels Control group AD group P value
PreM and SMC Ch01* 1.62 ± 0.94 -0.16 ± 0.34 0.033

Ch40* 2.19 ± 1.67 -0.82 ± 0.40 0.002
Ch52* 1.81 ± 1.95 0.58 ± 0.51 0.019

DLPFC Ch06* 1.78 ± 1.00 0.48 ± 0.32 0.027
Ch14* 2.74 ± 1.33 -0.59 ± 0.29 0.0003
Ch31* 2.21 ± 0.66 0.03 ± 0.26 0.007
Ch45* 2.46 ± 0.70 0.09 ± 0.50 0.020

Broca Ch51* 3.21 ± 0.91 -0.57 ± 0.36 0.0001
Ch07* 3.09 ± 0.64 2.06 ± 0.26 0.003
Ch44* 2.57 ± 0.89 0.61 ± 0.71 0.042
Ch13* 1.84 ± 1.18 -0.78 ± 0.40 0.010

FPA Ch09* 1.88 ± 1.02 0.69 ± 0.35 0.025
Ch15* 1.65 ± 1.40 0.12 ± 0.46 0.033
Ch16* 2.44 ± 1.02 0.66 ± 0.26 0.002
Ch19* 2.31 ± 0.79 0.64 ± 0.25 0.005
Ch21* 1.91 ± 0.86 0.54 ± 0.36 0.031
Ch22* 1.86 ± 1.30 -0.42 ± 0.33 0.009
Ch23* 2.68 ± 1.00 1.06 ± 0.33 0.002
Ch27* 2.40 ± 0.63 1.04 ± 0.23 0.008
Ch29* 1.38 ± 2.46 -0.45 ± 0.25 0.036
Ch35* 1.90 ± 1.37 1.76 ± 0.42 0.038
Ch43* 2.11 ± 0.98 1.37 ± 0.29 0.015

FEF Ch38* 2.77 ± 1.21 0.74 ± 1.03 0.041

Fig. 3 Changes in subject hemoglobin during the VFT task in both groups. The abscissa is time and the ordinate is hemoglobin concentration.(blue- 
Control group, red- AD group)
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the total, DLPFC-L to PreM and SMC-L、DLPFC-L to 
FEF-L、.

DLPFC-L to DLPFC-L、FPA-L to PreM and SMC-
L、FPA-L to FPA-L、FPA-R to FPA-L、DLPFC-L to 
DLPFC-R、FEF-R to PreM and SMC-L(p<0.05). Among 

the different groups, the mean value of AD group was 
lower than of control group.

Correlation analysis
For data at rest state and VFT task, correlation analysis is 
shown in Tables 6 and 7. It is found in the table that the 
total number of network edges at rest (r = 0.431, p < 0.05), 
DLPFC-L to PreM and SMC-L (R-0.521, p < 0.05), 
DLPFC-L to DLPFC-L (r = 0.590, p < 0.05), FPA-L to 
PreM and SMC-L (r-0.406, p < 0.05), FPA-L to FPA-L 
(r-0.415, p < 0.05), DLPFC-L to DLPFC-R (r-0.482.05), 
FEF-R to PreM and SMC-L (r-0.589, p < 0.05) were posi-
tively correlated with MMSE score. The MMSE scale was 
divided into orientation (10 points), memory (6 points), 
including (immediate memory and recall), attention and 
calculation (5 points), and language ability (9 points). The 
hierarchical MMSE scores between the two groups were 
shown in Table 8. Pearson correlation analysis was con-
ducted between the data with differences extracted from 
the above results and different cognitive domain scores, 
and the results were shown in Tables 9, 10.

It can be seen from the table that DLPFC-L to PreM 
and SMC-L, DLPFC-L to DLPFC-L, FPA-L to PreM 

Table 3 Average hemoglobin protein for each channel between 
the two groups
Brain egions Channel Control group AD group P value
PreM and SMC Ch01* 1.28 ± 1.55 0.23 ± 1.01 0.009

Ch40* 1.69 ± 2.03 0.47 ± 1.36 0.005
Broca Ch07* 1.50 ± 0.97 0.12 ± 0.50 0.008

Ch44* 1.65 ± 0.69 0.31 ± 0.86 0.001
FPA Ch15* 1.83 ± 2.10 0.06 ± 0.98 0.006

Ch16* 1.43 ± 1.21 0.19 ± 0.53 0.035
Ch21* 1.10 ± 1.12 0.002 ± 0.36 0.013
Ch22* 1.67 ± 1.12 0.14 ± 0.59 0.018
Ch23* 0.93 ± 1.44 0.26 ± 0.80 0.001
Ch35* 2.19 ± 1.92 0.23 ± 0.71 0.039
Ch41* 1.02 ± 0.80 0.22 ± 0.56 0.010
Ch48* 0.96 ± 0.78 0.34 ± 0.62 0.047

DLPFC Ch31* 0.72 ± 0.82 -0.07 ± 037 0.044

figure. 5 Activation diagram of each channel of the control group

 

Fig. 4 Activation diagram of each channel of the AD group
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and SMC-L, DLPFC-L to DLPFC-R were positively cor-
related with orientation score. DLPFC-L to PreM and 
SMC-L, DLPFC-L to DLPFC-L, FEF-R to PreM and 
SMC-L were positively correlated with memory scores. 
DLPFC-L to DLPFC-L, FEF-R to PreM and SMC-L were 
positively correlated with attention and numeracy. The 
total total number of network edges at rest, DLPFC-L to 
PreM and SMC-L、DLPFC-L to FEF-L、DLPFC-L to 

DLPFC-L、FPA-L to PreM and SMC-L、FPA-L to FPA-
L、DLPFC-L to DLPFC-R、FEF-R to PreM and SMC-L 
were positively correlated with language ability Tables 11 
and 12.

Discussion
In this study, verbal fluency test (VFT) is used to assess 
the cognitive functions of patients, which is one of the 
commonly used methods to assess the cognitive func-
tions of patients [25]. VFT tasks can be used to measure 
a variety of cognitive abilities, such as executive func-
tion, processing speed, word retrieval, and memory [26]. 
Most studies have focused on extracting the mean and 

Table 4 The slope of each channel between the two groups
Brain egions Channel Control group AD group P value
FPA Ch16* 0.14 ± 0.12 0.03 ± 0.07 0.048
PreM and SMC Ch40* 0.19 ± 0.24 -0.01 ± 0.13 0.010

Fig. 7 The left figure is a schematic diagram of the slope of each channel in the control group, and the right is a schematic diagram of the AD group

 

Fig. 6 The mean hemoglobin concentration of the control group is shown on the left, and the hemoglobin concentration of the AD group is shown on 
the right
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peak values of Oxy-Hb to assess subjects’ brain activity, 
but this study not only studied the mean values of Oxy-
Hb, but also extracted various other features that reflect 
the activation of the prefrontal cortex, thus reflecting the 
activation state of the brain.

In this study, by measuring fNIRS signals from the 
frontal region during the VFT task, this study was able 
to identify different Oxy-Hb response patterns in the two 
study groups to provide precise targeting for future neu-
roregulatory therapy. On the other hand, the association 
of fNIRS-derived indicators (including activation, mean 
hemoglobin concentration, and functional connectiv-
ity of resting brain networks) with clinical scores sug-
gests that fNIRS can be used as a clinical routine tool to 
assess cognitive function, monitor disease development, 
and evaluate rehabilitation. VFT task performance in AD 

Table 5 Comparison of functional connectivity strength of 
various brain regions in the resting state

Control group AD group P 
value

Total Network Edges* 477.14 ± 245.25 257.76 ± 130.38 0.090
DLPFC-L to PreM and 
SMC-L*

9.43 ± 3.95 4.35 ± 4.27 0.013

DLPFC-L to FEF-L* 5.29 ± 3.45 2.76 ± 1.89 0.030
DLPFC-L to DLPFC-L* 5.57 ± 2.70 2.82 ± 2.43 0.023
FPA-L to PreM and SMC-L* 13.71 ± 7.99 6.35 ± 4.80 0.010
FPA-L to FPA-L* 21.43 ± 5.77 11.29 ± 7.10 0.030
FPA-R to FPA-L* 37.00 ± 17.39 22.29 ± 11.76 0.024
DLPFC-L to DLPFC-R* 11.14 ± 6.77 5.06 ± 3.46 0.008
FEF-R to PreM and SMC-L* 3.57 ± 2.30 0.88 ± 1.21 0.010

Fig. 9 Schematic diagram of the connection of each functional area, with the control group on the left and the AD group on the right. Different colors 
represent different brain regions

 

Fig. 8 On the left is the control group functional connectivity matrix, and on the right is the AD group functional connectivity matrix
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patients has been found to be associated with structural 
and functional changes in brain regions, including the 
medial and lateral temporal lobes, frontal regions such 
as the anterior cingulate, prefrontal cortex, superior and 
middle frontal gyrus, parietal, and parietal lobules [27].

This study focused on differences in patients’ pre-
frontal cortex, which is the last structure to emerge and 
mature in phylogeny, and that is about 29% of the entire 
adult human cerebral cortex. The prefrontal cortex is a 
key brain region associated with many higher cognitive 
functions. For example, it plays a key role in the cogni-
tion of abstract rules, working memory, attention regula-
tion, as well as in the planning and strategy of behavior, 
thinking and reasoning. Since the interaction between 
the prefrontal cortex and the hippocampus is critical for 
cognition and adaptive behavior, especially memory stor-
age and consolidation [28]. Secondly, about 2/3 of the 
hippocampus Amun’s corner 1 area and the hippocampal 
hypothalamus are linked to the medial prefrontal cortex 
[29]. Theoretically, the prefrontal cortex-hippocampus 
dysfunction is the root cause of various neurocognitive 
symptoms.

In this study, the frontal lobe was divided into the fol-
lowing 5 functional areas. The dorsolateral prefrontal 
cortex (DLPFC) has extensive connections with the sen-
sory and motor cortex and is key to regulating atten-
tion, thinking, and action. The frontal polar area (FPA) is 

Table 6 Correlation analysis of VFT task data with MMSE score
Brain regions Channel Correlation coefficient P value
FPA M15 0.299 0.155

M16* 0.475 0.019
M21 0.323 0.124
M22* 0.434 0.034
M23* 0.497 0.014
M35* 0.475 0.019
M41* 0.527 0.008
M48 0.462 0.462

DLPFC M31 0.383 0.065
T6 0.290 0.169
T14* 0.481 0.017
T31* 0.431 0.036
T45 0.319 0.059

FPA T9 0.237 0.264
T15 0.226 0.288
T16* 0.469 0.021
T19 0.333 0.112
T21 0.354 0.089
T22 0.253 0.232
T23* 0.530 0.008
T27* 0.415 0.044
T29 0.284 0.179
T35 0.384 0.064
T43 0.351 0.092

Note: T-Activation Value, M-mean hemoglobin concentration, The number 
represents the channel number

Table 7 Correlation analysis of resting state data with MMSE 
score

Correlation coefficient P value
Total Network Edges 0.431 0.036
DLPFC-L to PreM and SMC-L 0.521 0.009
DLPFC-L to FEF-L 0.388 0.061
DLPFC-L to DLPFC-L 0.590 0.002
FPA-L to PreM and SMC-L 0.406 0.049
FPA-L to FPA-L 0.415 0.044
FPA-R to FPA-L 0.210 0.325
DLPFC-L to DLPFC-R 0.482 0.017
FEF-R to PreM and SMC-L 0.589 0.002

Table 8 MMSE score for subjects in both groups
Control group AD group P value

MMSE score 28.00 ± 1.16 19.24 ± 4.89 <0.001
Orientation 9.71 ± 0.49 7.29 ± 1.61 <0.001
Memory 4.57 ± 0.53 3.06 ± 1.30 0.007
Attention and calculation 5.43 ± 0.53 2.88 ± 1.41 <0.001
Language ability 8.29 ± 0.76 6.00 ± 1.28 <0.001

Table 9 Correlation analysis of resting data with language 
proficiency scores

Correlation coefficient P value
Total Network Edges 0.573 0.003
DLPFC-L to PreM and SMC-L 0.603 0.002
DLPFC-L to FEF-L 0.542 0.006
DLPFC-L to DLPFC-L 0.670 <0.001
FPA-L to PreM and SMC-L 0.471 0.020
FPA-L to FPA-L 0.542 0.006
DLPFC-L to DLPFC-R 0.631 <0.001
FEF-R to PreM and SMC-L 0.525 0.008

Table 10 Correlation analysis of resting data with orientation
Correlation coefficient P value

DLPFC-L to PreM and SMC-L 0.479 0.018
DLPFC-L to DLPFC-L 0.551 0.005
FPA-L to PreM and SMC-L 0.406 0.049
DLPFC-L to DLPFC-R 0.425 0.038

Table 11 Correlation analysis of resting data with attention and 
calculation

Correlation coefficient P value
DLPFC-L to DLPFC-L 0.424 0.039
FEF-R to PreM and SMC-L 0.480 0.018

Table 12 Correlation analysis of resting data with memory
Correlation coefficient P value

DLPFC-L to PreM and SMC-L 0.477 0.019
DLPFC-L to DLPFC-L 0.500 0.013
FEF-R to PreM and SMC-L 0.607 0.002
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mainly associated with mental activities (such as think-
ing, judgment, intelligence, emotion and memory) and 
muscle coordination. The Broca area is responsible for 
the processing of speech information and the produc-
tion of speech. The premotor cortex and supplemen-
tary motor cortex (PreM and SMC) are responsible 
for controlling certain aspects of movement, including 
preparation for movement, sensory orientation during 
movement, spatial orientation, and partial movement 
involving the proximal and trunk muscles of the body, 
internal planning of movement, organization before and 
after the movement sequence, and coordination between 
the two sides of the body. Frontal eye field (FEF) is mainly 
related to the coordinated movement of both eyes. Since 
the PreM and SMC and Broca regions are susceptible to 
the influence of the subject’s state (in the experiment, 
subject’s involuntary body movement and speech), this 
study focuses on the brain regions (DLPFC and FPA) that 
play an important role in cognitive function.

fNIRS as a tool for early identification of cognitive 
impairment
This study found that there were differences in cerebral 
hemodynamic response between AD group and control 
group, and Oxy-Hb concentration was decreased in AD 
group. This is consistent with the findings of previous 
studies, which observed a decrease in Oxy-Hb concen-
tration in the prefrontal lobe in patients with MCI and 
AD [30, 31]. Possible pathophysiological mechanisms of 
this finding are: on the one hand, when performing cog-
nitive tasks, AD patients may have reduced local cerebral 
blood flow due to vascular dysfunction, which will lead 
to a delay in the decrease or increase of Oxy-Hb concen-
tration shortly after the task begins. On the other hand, 
since AD-induced neurodegeneration may induce func-
tional recombination, compensation of cerebral blood 
flow in other regions may be required to support the 
decline in brain function, leading to an increase in overall 
oxygen consumption [32].

Resting state functional connectivity represents the 
baseline neuronal activity of the human brain in the 
absence of external stimuli and identifies the presence of 
functionally different networks [33]. this theory is sup-
ported by fMRI [34]. This study found that the total brain 
network edge number in AD group was significantly 
lower than that in the control group, and the total brain 
network edge number represented the functional con-
nection strength of the prefrontal network, suggesting a 
decline in the functional connection strength of the pre-
frontal network in AD group. Subregional observation 
showed that these functional connectivity declines were 
mainly concentrated in DLPFC and other brain areas and 
its own network connectivity, and FPA was positively 
correlated with other brain areas and its own network 

connectivity, and it was positively correlated with MMSE 
score. This is consistent with previous studies. TongBoon 
Tang et al. analyzed the functional connectivity of brain 
networks in subjects with normal aging and mild AD, 
and found that the functional connectivity of prefrontal 
cortex in AD patients generally declined [35]. In these 
studies, the loss of connectivity may be due to an increase 
in beta-amyloid deposition [31, 36–38]. A PET-based 
study found scattered Aβ deposits in the frontal, parietal, 
temporal, or occipital cortex (i.e. the neocortex) early in 
cognitive decline in AD. In this study, we found that the 
decreased connection strength of various brain func-
tional areas in the prefrontal lobe was located on the left 
side, which may be related to the patients’ right-hand-
edness, which is still worth further exploration. It was 
found that the connection strength of DLPFC and other 
brain functional areas on the left and the connection 
strength of PFA with other brain functional areas were 
decreased. A systematic review of 36 related articles from 
the past 20 years showed that patients with MCI and AD 
had impaired functional connectivity of brain networks 
in the prefrontal cortex during resting states [39]. By 
detecting activation of prefrontal cortex in task state and 
functional connectivity of brain network in resting state, 
fNIRS may serve as a portable and reliable clinical detec-
tion tool for early identification of AD. The results of this 
study showed that there was no significant difference in 
the activation rate between the AD group and the control 
group, which may be due to the fact that a large number 
of microcirculation opened after the task began, which 
played a partial compensatory role in the early stage of 
the task. It should be noted that because fNIRS can only 
measure the hemodynamic response at the cortical sur-
face (1–3  cm), it is not possible to study any potential 
pathological changes in the subcortical or deep struc-
tures, which may play an important role in the abnormal 
reduction and delay of the hemodynamic response in AD.

fNIRS provides precise targeting for neuroregulatory 
therapies
Because fNIRS can overcome some limitations of other 
traditional functional brain imaging techniques, it is 
more suitable for multiple acquisition in a real rehabili-
tation environment. In fact, this technology can be mea-
sured in a natural context, and the subject can blink, 
speak, and move appropriately during use, without 
causing undue discomfort to the subject, improving the 
subject’s acceptance, and without interfering with diag-
nosis and treatment. In addition, fNIRS can operate in 
performing a variety of different tasks, such as motor, 
somatosensory, or cognitive tasks [9].

In this study, the prefrontal lobe was divided into 53 
channels, and the activated brain regions and functional 
connectivity states were analyzed. It was found that the 
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network connectivity between DLPFC-L-DLPFC-L was 
correlated with various cognitive function scores. It may 
be related to the fact that DLPFC is an evolutionarily spe-
cific cortex of primates and plays a central role in cogni-
tive processes. The DLPFC is believed to underlie the rich 
and complex nature of cognition in humans and other 
primates, and the DLPFC has extensive connections to 
other brain regions. The DLPFC is believed to under-
lie the rich and complex nature of cognition in humans 
and other primates, and the DLPFC has extensive con-
nections to other brain regions [40]. A large number of 
studies based on repetitive transcranial magnetic stimu-
lation in the treatment of cognitive impairment have 
found that cognition is improved after high-frequency 
stimulation of the left dorsolateral prefrontal cortex [41]. 
Therefore, the mechanism by which repetitive TMS ther-
apy can improve patients’ cognitive performance may 
be achieved by improving the functional connectivity of 
patients’ brain networks. Studies have shown that NIRS 
can be used to assess the recovery of patients after stroke 
[42]. Therefore, fNIRS technology, by accurately map-
ping activation maps and functional connectivity maps 
of brain networks, may provide key sites related to cog-
nition for non-invasive neuroregulatory therapy (tran-
scranial magnetic stimulation therapy, direct current 
stimulation therapy, alternating current stimulation ther-
apy, etc.). In addition, by understanding the relationship 
between functional recovery and hemodynamic pattern 
change after injury or during rehabilitation, we can judge 
the effect of neuroregulatory treatment, and provide a 
basis for formulating and optimizing treatment plan.

Summary
To sum up, this study found prefrontal hemodynamic 
changes in AD patients under the VFT task, and the 
functional connectivity strength of prefrontal brain net-
work decreased in AD patients in the resting state, and 
these changes were related to the cognitive decline of 
patients. fNIRS can extract complex and diverse variables 
for analysis, providing good specificity and sensitivity 
for early identification of AD. Our findings suggest that 
fNIRS may be used as a tool for future clinical screening 
for cognitive impairment, as well as for personalized pre-
vention and treatment through precise assessment.

Research deficiencies and prospects
There are several limitations to this study. First, these 
signals are not solely based on neuronal signals, but also 
include signals generated by scalp effects and physio-
logical noise, and eliminating this effect should consider 
the use of multi-range probes and independent compo-
nent analysis. In addition, due to the epidemic situation, 
the sample size is small, not comprehensive, and there 
is insufficient efficacy of the test, so it is necessary to 

further expand the sample size to extract good specificity 
and sensitivity indicators for the early identification and 
precise neuroregulatory treatment of AD. With the devel-
opment of fNIRS devices and the optimization of imag-
ing algorithms, the research on functional connectivity of 
whole brain networks and the application of multimodal 
imaging technology can be realized in the future.
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