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Abstract

Objective: To investigate the clinical efficacy and neural mechanisms of targeted 810-nm
transcranial near-infrared stimulation (tNIRS) over the bilateral angular gyrus in Alzheimer's
disease (AD). Impact Statement: We provide the first clinical evidence that targeted tNIRS
ameliorates AD cognitive deficits by dynamically reconfiguring large-scale brain networks,
establishing a precise, mechanistic neuromodulation strategy. Introduction: While tNIRS shows
potential for AD, conventional whole-brain irradiation lacks anatomical precision and yields
inconsistent outcomes. Resolving these elusive network-level mechanisms requires targeted
stimulation paradigms. Methods: In a randomized, sham-controlled trial, 36 biomarker-confirmed
AD patients received 810nm tNIRS targeted at the bilateral angular gyrus or sham stimulation (20
mins/side daily, 15 days). Baseline and post-intervention neuropsychological assessments, resting-
state fMRI, and TMS-EEG were utilized to decode cognitive improvements and network dynamics.
Results: Targeted tNIRS significantly improved cognition, memory, language, attention, and
executive functions while reducing neuropsychiatric symptoms. fMRI revealed enhanced intra-
network connectivity within the default mode network (DMN) and promoted functional synergy
between the DMN, dorsal attention, frontoparietal, and limbic networks. TMS-EEG demonstrated
enhanced information flow and dynamic nodal reconfiguration, specifically boosting prefrontal and
temporo-occipital activation. Conclusion: Bilateral angular gyrus targeted tNIRS may effectively
mitigates AD cognitive impairment potentially through modulation of functional connectivity and
adaptively reconfiguring higher-order cognitive networks, serving as a highly promising clinical

neuromodulation therapy.
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Introduction

As global population aging intensifies, the incidence of Alzheimer’s disease (AD) is increasing
annually!'2], Conventional, drug-based treatment for AD has many limitations, such as side effects,
high costs, limited efficacy, and challenges in research and developmentB3#l. Therefore, the need for
novel and effective interventions to combat AD is pressing.

Recent studies have demonstrated that transcranial near-infrared stimulation (tNIRS) can
enhance cognitive function in patients with ADB-%l, tNIRS employs near-infrared light, typically in
the 600-1100 nm wavelength range, which exhibits unique optical attributes such as deep tissue
penetration, low absorption by water and hemoglobin, and high scattering within biological
tissues[”3l. These optical attributes of tNIRS empower neurologists to employ light as a natural
transmission medium, effectively traversing the dermal and cranial barriers to establish direct
interaction with the cerebral parenchymal®°l. Through this direct engagement, tNIRS activates
biochemical processes that sustain a healthy cerebral environment, thereby providing an effective
intervention strategy for both acute and chronic pathological brain conditions!”-!%-121, Rodent studies
have confirmed that this technology can enhance adenosine triphosphate synthesis by activating
mitochondrial cytochrome oxidase, stimulate vascular endothelial growth factor secretion, improve
metabolic waste clearance through meningeal lymphatic vessels, and reduce oxidative stress,

inflammatory responses, tau protein hyperphosphorylation, and amyloid beta (AP) plaque
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deposition, thus providing a theoretical foundation for its use to ameliorate the pathological

microenvironment in AD[!3-21], Controlled experiments in healthy young and older adult cohorts

have demonstrated that tNIRS modulates key neurobiological processes, including neurosynaptic

plasticity, enhances resting-state functional connectivity (FC), and optimizes cerebral oxygenation

dynamics. These mechanistic improvements reportedly correlate with significant enhancements in

working memory performance and executive function metrics among intervention groups?2-24],

Clinical reports on tNIRS therapy for dementia have consistently demonstrated excellent safety

profiles, and no severe adverse events have been reported. Improvements in participants’ cognitive

function, emotional state, and health-related quality of life have also been reported. The therapeutic

benefits appear to be primarily achieved through whole-brain multifocal stimulation, with treatment

protocols lasting 8-12 weeks[?>-281. Current tNIRS protocols predominantly rely on a nonspecific,

whole-brain irradiation approach. The lack of precise anatomical targeting contributes to

inconsistent therapeutic outcomes. Since AD is increasingly understood as a disorder of brain

network dysregulation, there is a compelling need for randomized controlled trials that employ

precise, target-specific stimulation. Such studies are essential to establish the efficacy of modulating

key neural hubs and to elucidate the underlying brain network mechanisms.

AP deposition in the brain of patients with AD reportedly first appears in the posterior cingulate

gyrus, prefrontal cortex, anterior cuneus, and temporoparietal regions, and the reduction of FC in

these regions reportedly affects the functional integrity of the default mode network (DMN) [29-31],

As a core hub of the DMN and a potential convergence zone in AD, the angular gyrus (AG) is

involved in memory retrieval and formation®2l. Furthermore, gray matter volume and functional

coupling within both AG are also associated with cognitive ability in patients with AD. Additionally,
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the AG exhibits extensive structural connectivity and FC with other brain regions, including the

medial prefrontal cortex, temporal cortex, precuneus, and superior and inferior frontal gyri, playing

a pivotal role in functional integration and participating in processes such as perceptual attention

and decision-making!3334l,  Previous experiments involving non-invasive neuromodulation

treatment for AD that targeted the AGs demonstrated improvements in patients’ cognitive function

and amelioration of their neuropsychiatric symptoms; they also revealed significant increases in FC

within the DMN regions, along with enhanced local, long-range, and dynamic connectivity across

the brainl3>-30], Therefore, tNIRS that targets both AG may ameliorate declines in the function of

this core hub and facilitate information integration across different cognitive domains, thereby

constituting an effective AD therapy.

The brain network is a focal point in AD research, and our understanding of the pathogenesis

of AD is shifting toward a systemic framework of large-scale brain network dysfunction[37-381,

During the progression of AD, the DMN is especially vulnerable owing to its high metabolic

demands and synaptic complexity. Dysfunctional integration among higher-order cognitive

networks—including the DMN, dorsal attention network (DAN), frontoparietal network (FPN), and

limbic network (LN) also leads to dissociation between memory encoding and executive function(®*-

421, The global efficiency of whole-brain networks progressively diminishes because of the loss of

white matter tract integrity, synaptic loss in hub nodes, and weakened neural synchrony[*344],

functional magnetic resonance imaging (fMRI) is a critical, non-invasive neuroimaging modality

for the mapping of alterations in brain activity patterns and FC, facilitating mechanistic

investigations into the effects of neuromodulatory interventions. Complementary to this technique,

the integration of transcranial magnetic stimulation (TMS) with electroencephalography (EEG)
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uniquely enables real-time investigation of dynamic brain network interactions, offering precise
quantification of neural information propagation dynamics with millisecond-level temporal
resolution[*>4%],  Therefore, the integration of fMRI with TMS-EEG enables the more
comprehensive study of FC and information transfer within the brain of patients with AD.

To address some of the abovementioned knowledge gaps in the field, we conducted a
randomized, sham-controlled, blinded trial. We aimed to investigate whether 810 nm tNIRS that
targets the AG can improve cognitive function in patients with AD, as this technique is both portable
and safe. We employed neuropsychological assessments to evaluate the efficacy of tNIRS applied
over a clinically relevant 15-day period in patients with mild AD. Additionally, fMRI and TMS—
EEG data were collected from the active stimulation group. Pre-stimulation versus post-stimulation
changes in resting-state FC, whole brain network nodal properties, connectivity strength, and
efficiency were analyzed to help elucidate the intrinsic neuromodulatory mechanisms. We
hypothesized that tNIRS would enhance cognitive function in patients with AD by optimizing
resting-state functional brain networks and time-varying network dynamics. With this study, we

sought to establish a novel paradigm for tNIRS therapy in AD research.

Results
Overview of tNIRS treatment paradigm

To systematically investigate the clinical efficacy and underlying neural mechanisms of
bilateral angular gyrus-targeted tNIRS in AD, we designed a randomized, sham-controlled, and
blinded clinical trial (Figure 1). A total of 36 patients with mild AD were enrolled and randomly

assigned to either the active tNIRS group (n=18) or the sham stimulation group (n=18). To
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comprehensively evaluate the multidimensional effects of the intervention, neuropsychological
assessments, resting-state fMRI, and TMS-EEG were conducted at specific time points across a 75-

day period.

Neuropsychological fMRI TMS-EEG Neuropsychological
Assessment - Assessment

| «— Sham/tNIRS stimulation ——

‘ A4 A A A A A A Ao A A A A

Wl = Do "oy 7e

-10 0 50 time (min)
L 1L ]
v v
Patient preparation Stimulation left AG tNIRS Stimulation right AG Post-investigation

Figure 1. Experiment flow chart. Participants were divided into a phototherapy group and a sham stimulation group,

both undergoing 15 days of intervention. Preparation occurred 10 minutes before each intervention, and safety

assessment was performed within 10 minutes of the intervention. tNIRS Group-Day 1: Underwent fMRI, TMS-EEG,

and neuropsychological assessments, followed by phototherapy initiation. Days 2-14: Received only phototherapy.

Day 15: After phototherapy, underwent fMRI, TMS-EEG, and neuropsychological assessments. Day 75: Underwent

only neuropsychological assessments. Sham Group-Day 1: Underwent neuropsychological assessments followed by

sham stimulation. Days 2-14: Received only sham stimulation. Day 15: After sham stimulation, underwent

neuropsychological assessments. After each session, study personnel checked for adverse reactions and documented

them.

Prior to analyzing the clinical outcomes and network dynamics, we established the specific

tNIRS intervention paradigm and validated its optical feasibility. The bilateral AG target regions
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were determined by the 10-20 International EEG system, corresponding to the P3/P4 positions of

the scalp. All patients were asked to cut their hair short at both sites to expose the scalp. In the tNIRS

group, participants received 20 minutes of light exposure over the bilateral AG for 15 consecutive

days. For the selection of wavelength, we referred to the previous study by Zhang et all*’l. They

conducted transcranial photobiomodulation (tPBM) optical simulations across four representative

brain regions (the prefrontal, parietal, occipital and temporal lobes) at four wavelengths (660 nm,

810 nm, 980 nm, and 1064 nm). The results demonstrated that in the temporal lobe, which is

adjacent to the angular gyrus, the photon fluence attenuation curves for 660 nm, 980 nm, and 1064

nm nearly overlapped. In contrast, the 810 nm wavelength maintained a significant advantage in

photon transmission, with its photon fluence remaining above the effective threshold at a depth of

approximately 4.5 cm. A core prerequisite for treating AD is that a sufficient dose of photons must

penetrate the skull and reach the deep brain parenchyma to trigger a photobiomodulation response.

Regarding the critical metric of photon delivery to the brain parenchyma, the 810 nm wavelength is

significantly superior to 660 nm. Furthermore, compared to 980 nm and 1064 nm, 810 nm exhibits

a lower absorbed fraction and a higher transmission fraction. Consequently, this ensures that

sufficient optical energy can precisely reach the pathological areas during tPBM treatment for AD.

The active stimulation group received 810 nm near-infrared light stimulation at an intensity of

85 mW/cm?* and a stimulation area of 0.8 cm® (a circular area of 1 cm in diameter). In the sham

group, an identical-appearing spacer without light emission was placed on the corresponding scalp

locations (P3/P4). The sham device produced no light, heat, vibration, or sound, and was

indistinguishable in appearance from the active device. Both active and sham groups received the

same treatment duration (20 minutes per side, daily for 15 consecutive days), the same device
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placement procedure, and identical operator interactions. All participants were instructed to remain
seated comfortably with their eyes closed during stimulation. Importantly, 810 nm tNIRS produces
no perceptible heat, vibration, or sound at the scalp surface, making effective blinding feasible. Both
near-infrared light stimulation and sham stimulation were provided by a transcranial photoelectric
synchronous neuromodulator (Hunan Secrek Medical Technology Co., Ltd., Hunan, China), and the

subjects sat comfortably in a recliner to receive stimulation.

Bilateral angular gyrus region optical parameter analysis based on
Optical Monte Carlo simulation

To accurately evaluate the photon fluence distribution of 810 nm tPBM in the bilateral angular
gyrus region of the human brain, we employed the Monte Carlo model of photon migration in
voxelized media (MCVM)4748] to construct an optical simulation framework based on a high-
resolution human anatomical model. This simulation was designed to verify whether photons can
effectively penetrate brain tissues to ultimately and precisely deliver optical energy to the bilateral
AG.

The high-precision three-dimensional (3D) human head model utilized in this study was
derived from the Visible Chinese Human (VCH)*%%0 dataset. The VCH dataset is based on a
Chinese male anatomical specimen, whose entire body was transversely sectioned and imaged at
intervals of 0.02 cm. The images within this dataset were meticulously annotated by professional
anatomists. In this study, we performed 3D resampling on the VCH head dataset to construct a 200
X 475X 450 voxel matrix (Figure 2A,2D) with a resolution of 0.04 X 0.04 X 0.04 cm?. Based on the

cerebral anatomical structure, the simulation model was precisely segmented into multiple tissue
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types with distinct optical properties, including the scalp, skull, cerebrospinal fluid (CSF), gray

matter and white matter, etc. At a wavelength of 810 nm, each tissue type was assigned a specific

absorption coefficient, scattering coefficient, and anisotropy factor, thereby ensuring the

biophysical realism of the photon propagation simulation. To ensure methodological consistency

and comparability with previous MCVM-based transcranial photobiomodulation studies, all

simulation parameters and model assumptions were adopted from the MCVM-based studies by

Zhang et al. and Yang et al. (47481, Specifically, the VCH human head model, tissue segmentation

strategy, wavelength-dependent optical properties, photon-transport rules, boundary condition

handling, source normalization, and fluence-calculation procedures followed the established

MCVM framework described in those studies. The present analysis represents an angular gyrus-

focused application of the previously validated MCVM simulation protocol, with the light source

position adapted to the bilateral angular gyrus region according to the stimulation paradigm used in

this clinical trial.
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Figure 2. Photon fluence distribution in the bilateral angular gyrus based on MCVM. A. Light propagation in the left

angular gyrus region. B. Photon fluence changes with the depth of penetration in the left angular gyrus region. C.

Photon fluence distribution of different slices in the left angular gyrus region. D. Light propagation in the right

angular gyrus region. E. Photon fluence changes with the depth of penetration in the right angular gyrus region. F.

Photon fluence distribution of different slices in the right angular gyrus region.

The angular gyrus of the human brain is located above Wernicke's area, at the junction of the

parietal and occipital lobes. In biological tissues, the attenuation of photon fluence depends not only

on depth but is also profoundly influenced by the hierarchical structure of the tissue. As illustrated

in Figure 2A, 2D, MCVM simulation results visually reveal the photon propagation dynamics of

810 nm near-infrared light within this specific region. For the incident light source, the Gaussian

source with a 1 cm diameter was applied to both the left and right angular gyrus.
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Penetration depth is a critical determinant of the clinical efficacy of tPBM. By extracting the
attenuation curves of photon fluence as a function of depth along the incident optical axis (the x-
axis) (Figure 2B for the left area and Figure 2E for the right angular gyrus), a rapid exponential
decay in energy is clearly observed as photons traverse the scalp and skull. Once the photons
penetrate the cranial barrier, the attenuation slope of the photon fluence within the brain parenchyma
flattens significantly, because the optical scattering properties of gray and white matter are higher
than their absorption properties. This wavelength specific characteristic of low absorption and high
scattering enables photons to generate a widespread scattering effect within the angular gyrus. Upon
entering the gray and white matter regions, the local photon fluence is still maintained between 10-
3and 10 W/em™.

Furthermore, the two-dimensional tomographic views (Figure 2C, 2F) detail the spatial
diffusion range of optical energy across the cross-section (X-Z plane). Across a series of slices at
varying depths, the contour lines (white) clearly demonstrate a broad spatial diffusion pattern of
photons within the brain tissue of the bilateral angular gyrus. Even at the peripheral slices, the

angular gyrus remains covered by an effective optical field.

Demographic and Clinical Characteristics

In this study, 36 patients diagnosed with AD via positron emission tomography—CT or analysis
of cerebrospinal fluid at our research center were enrolled (18 per group), all of whom completed
the 15-day intervention and 60-day follow-up periods for efficacy analysis. At baseline, no
significant differences were observed in sex, age, educational attainment, AD duration, or Mini-

Mental State Examination (MMSE), Montreal Cognitive Assessment (MoCA), or Clinical
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Dementia Rating (CDR) scores (Table 1).

Tablel. Demographic and clinical characteristics at baseline.

Variables HC(N=16) Sham(N=18) tNIRS(N=18) p value
Gender(Female,n%) 10(62.5%) 13(72.2%) 11(61.1%) 0.750?

Age(years) 68.5+5.56 66.33£8.05 69.4416.50 0.083

Education(years) 10.814+3.96 10.5613.26 10.724+4.30 0.869°

Duration(years) - 1.81+1.06 225+1.32 0.273¢

MMSE - 20.94+2.80 20.831+2.45 0.689¢

MOCA - 15.33+£3.45 16.331+3.50 0.208¢

CDR - 0.5(50%) 0.5(50%) 12

Notes: Data are presented as (mean £ SD) or counts (%). tNIRS:transcranial near-infrared light stimulation. HC:
Healthy controls. MMSE: Mini-mental State Examination. MoCA: Montreal cognitive assessment. CDR: Clinical
Dementia Rating. a: The p value was obtained by Fisher's exact test. b: The p value was obtained by Welch's ANOVA

test. c: The p value was obtained using two-sample t-test.

Neuropsychology Analysis

In all neuropsychological assessments, post-treatment differences were observed between the
active and sham stimulation groups (all timexgroup interactions, p < 0.05). Within-group
comparisons revealed varying degrees of treatment efficacy in the true stimulation group, while no
significant differences were observed in the sham group.

In the tNIRS group, improvements were observed in the 15-day post-treatment MMSE, MoCA,
and (Alzheimer’s Disease Assessment Scale-Cognitive Section) ADAS-cog scores (Figure 3.A-C),

compared with baseline (all p < 0.0167). The improvements in the MMSE and MoCA scores had
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weakened by day 60 (both p < 0.0167) and were no longer different from baseline (MMSE: p =

0.028; MoCA: p=0.019). The therapy had a longer-lasting effect on the ADAS-cog score, with the

improvement still evident by day 60 compared with baseline (p = 0.002), although it was lower than

the immediate post-treatment effect (p = 0.006).

Improvements in the Neuropsychiatric Inventory (NPI) were observed by days 2 and 10 (Figure

3.D), compared with baseline (both p <0.0167). In the Rey Auditory Verbal Learning Test (AVLT)

subtests (Figure 3.E-G), improvements were observed after treatment (all p < 0.0167).

Improvements in the AVLT-I and AVLT-D scores had weakened by day 60 (both p < 0.0167),

although the scores were still better than those at baseline (both p <0.0167). The AVLT-R score no

longer differed from that at baseline by day 60 (p = 0.053). The Boston Naming Test (BNT) score

(Figure 3.H) had improved by day 15 but had weakened by day 60 (p < 0.0167) to no longer differ

from that at baseline (p = 0.02). The Digit Span Test (DST) (forward and backward) scores (Figure

3.1-J) had improved by day 15 (both p < 0.0167) but had weakened by day 60 (both p < 0.0167) to

no longer differ from those at baseline (DST-1: p = 0.018; DST-2: p = 0.046). The Trail Making

Test (TMT) section A score (Figure 3. K) was better immediately after treatment and on day 60

(both p < 0.0167) than that at baseline, with no difference between the immediate post-treatment

time point and day 60 (p = 0.071). The TMT section B score (Figure 3.L) had improvement by day

15 (p < 0.0167) but had weakened by day 60 (p < 0.0167) to no longer differ from that at baseline

(p = 0.084).

To evaluate clinical significance, we referenced MCID thresholds from previous literature . In

our tNIRS group, mean MMSE improvement of 2.17 points and ADAS-Cog improvement of 3.67

points exceeded the respective thresholds, indicating clinically meaningful benefits.
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Figure 3. Results of the Neuropsychological Measurement. A.The scores of Mini-mental state examination. B. The
scores of Montreal cognitive assessment. C. The scores of Alzheimer's disease assessment scale-cognitive section-
cognitions. D. The scores of Neuropsychiatric Inventory. E. The scores of Rey auditory verbal learning test-
Immediate Recall. F. The scores of Rey auditory verbal learning test-Delayed Recall. G.The scores of Rey auditory
verbal learning test-Recognition. H. The scores of Boston naming test. I: The scores of Digit span test-1. J. The
scores of Digit span test-2. K. The scores of Trail making test-A. L. The scores of Trail making test-B. *: vs. pre

(Day0), p<0.0167; A:vs. post (Dayl5), p<0.0167; #: Group x Time interaction, p < 0.05.

Comparison between healthy controls and pre-stimulation patients
After GRF correction (voxel-level p < 0.001, cluster-level p < 0.05), the AD group exhibited
significantly lower low-frequency fluctuation amplitude (ALFF) in several brain regions compared

with the healthy controls (HC) group, including the left superior frontal gyrus, left middle frontal gyrus,
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right anterior cuneus, left middle cingulate gyrus, left posterior cingulate gyrus, and left precuneus.

Consistently, following GRF correction (voxel-level p < 0.005, cluster-level p < 0.05),
Regional homogeneity (ReHo) was also significantly reduced in the AD group relative to HC. This
reduction was localized within a widespread cluster in the posterior medial cortex, with its statistical
peak in the left posterior cingulate gyrus. The cluster encompassed bilateral middle and posterior

cingulate gyri and extended into the right precuneus (Figure 4).

~
N

ALFF-Left ALFF-Right ReHo-Left ReHo-Right

Figure 4. Regional Differences in Neurophysiology Between between healthy controls and pre-stimulation patients.

A. ALFF Left and Right hemisphere. B. ReHo Left and Right hemisphere.

Changes in function connectivity of fMRI

Although neuropsychological scales have confirmed the significant clinical efficacy of 810 nm
tNIRS at the macroscopic level, the underlying neural remodeling mechanisms remain a black box.
To address this, we employed fMRI to investigate spatial connectivity changes in the brain networks
of patients. In the selected Region of Interests (ROIs), five seed regions exhibited significant post-
stimulation changes in FC compared with the pre-stimulation baseline: the orbital area 12/47 R,

caudal area 35/36_R, area 28/34 L (entorhinal cortex [EC]), pulvinar L, and intraparietal area 7 R
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(Table 2, Figure 5.A-E).

Among the five seed ROIs, four exhibited increased FC with other brain regions following

stimulation. (1) Orbital area 12/47 R exhibited strengthened connectivity with both cunei, both

precunei, and the right superior occipital cortex. (2) Caudal area 35/36 R exhibited enhanced

coupling with the right middle frontal gyrus and precentral gyrus. (3) Area 28/34 L (EC)

demonstrated increased FC with multiple parietal and sensorimotor areas, including the right

precentral gyrus, postcentral gyrus, paracentral lobule, superior parietal lobule (SPL), and precuneus.

(4) Similarly, the left pulvinar nucleus exhibited enhanced connectivity with the temporal and

opercular regions, including the right Rolandic operculum, superior temporal gyrus, Heschl’s gyrus,

insula, and superior temporal pole. In contrast, the other seed ROI (intraparietal area 7_R) exhibited

reduced FC with other brain regions, specifically shown as decreased coupling with the bilateral

posterior cingulate cortex (PCC).

Network-level mapping based on Yeo parcellation demonstrated that these effects were

distributed across six of the seven canonical brain networks, with the DMN showing the most

extensive involvement, whereas the ventral attention network was not implicated (Table 2, Figure

5.F-G).
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Table2. Seed-Based Functional Connectivity Explanation.

ROI Peak MNI coordinate region Network Change
Cuneus_R DMN +
) Cuneus_L DMN +
Orbital area
Precuneus_ R DMN +
12/47_R(DMN)
Precuneus L DMN +
Occipital Sup R VN +
FPN +
Caudal area Frontal Mid 2 R
35/36_ R(DMN) Precentral R SMN
Precentral R SMN +
Area 28/34 L Postcentral R SMN +
(EC, entorhinal Paracentral_Lobule R SMN +
cortex)(LN) Parietal Sup R FPN +
Precuneus R DMN +
Rolandic_Oper R SMN
+
Temporal Sup R DMN
+
Heschl R DMN
Pulvinar L(DAN) +
Temporal Pole Sup R DMN
+
Insula R PFN
+
Intraparietal Cingulate Post L DMN -
area 7_R(DAN) Cingulate Post R DMN -

9202 ‘60 Jequsides uo Biosouaios' [ds//:sdny wouy pepeojumoq

Notes: DMN: Default Mode Network. VN: Visual Network. SMN: Sensorimotor Network. LN: Limbic Network.
FPN: Frontoparietal Network. DAN: Dorsal Attention Network. +: Enhanced functional connectivity. -: Decreased

functional connectivity.
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Figure 5. Resting-State Functional Connectivity of Seed-ROI. A. The brain cluster sFC changes with Orbital area

12/47 R as the ROI after tNIRS. B. The brain cluster sFC changes with Caudal area 35/36 R as the ROI after tNIRS.

C. The brain cluster sFC changes with Area 28/34 L (EC, entorhinal cortex) as the ROI after tNIRS. D. The brain

cluster sFC changes with a custom Pulvinar L ROI after tNIRS. E. The brain cluster sFC changes with the custom

Intraparietal area 7 R ROI after tNIRS. F. Left-view FC visualization via BrainNet. G. Top-view FC visualization

via BrainNet. H. Front-view FC visualization via BrainNet. VN: Visual Network. SMN: Sensorimotor Network.

DAN: Dorsal Attention Network. VAN: Ventral Attention Network. LN: Limbic Network. FPN: Frontoparietal

Network. DMN: Default Mode Network. A-E: Red cluster:Enhanced region. Blue cluster:Decreased region. F-G:

Red edge: Enhanced functional connectivity. Green edge: Decreased functional connectivity. Enhanced functional

connectivity: DMN-DMN/VN/FPN/SMN/LN;;LN-FPN/SMN/; DAN-SMN/FPN/DMN. Decreased functional
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connectivity: DAN-DMN.

Analysis of TMS-EEG changes

fMRI reveals enhanced static spatial connectivity between the DMN and high-order cognitive
networks. However, higher-order cognition often relies on millisecond-level dynamic information
integration. To further investigate whether tNIRS improves the temporal dynamic transmission
efficiency of brain networks, we employed TMS-EEG to study the strength and efficiency of
instantaneous information transmission in the brain.

We discovered that, compared with baseline, patients with AD exhibited enhanced extensive
neural connections in various brain regions after stimulation. In the early phase (60-540 ms), global
enhancement peaked. In the mid-phase (710-1200 ms), enhancement was concentrated in the left
prefrontal cortex (the dominant outflow hub), right occipital lobe, and both temporal regions, and
significant outflow from the occipital areas was also observed. In the late phase (1360-1850 ms),
the overall connectivity strength resembled that of the mid-phase, but the occipital outflow had
increased while the prefrontal outflow had declined. No connectivity reduction was detected after
stimulation, indicating globally enhanced brain activity following tNIRS (Figure 6.A). Combining
these results with the fMRI FC results, we analyzed meaningful TMS—-EEG connections and
directions in the frontal, parietal, and occipital regions. We discovered significant early-phase
information flow from the parietal to the prefrontal regions and from the prefrontal to the occipital
regions but no significant directional coupling between the parietal and occipital regions (Figure
6.B-D).

Consistent with this, we further analyzed the reorganization pattern of the top 10% of
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functional connectivity strength before and after stimulation. Following stimulation, the brain's

functional connectivity underwent significant reorganization, with notably enhanced connections

between the frontal lobe (electrodes Fz, Fpl, Fp2, F3) and temporal lobe (T4, TS, T3), as well as

between the central region (C3, C4) and the temporal lobe (T4, T5) (Figure 7).
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6. TMS-EEG Connectivity Changes in Alzheimer’s Disease Patients Before and After tNIRS. A.

Connectivity changes after pre—post t-tests. Time (millisecond): After single-pulse TMS. Early: 60-540ms. Middle:

710-1200ms. Late: 1360-1850ms. Red line: enhanced connection. black arrows: the direction of information flow.

B. Frontal and parieto-occipital connectivity changes over time after t-tests.C. Statistical analysis of connection

directionality between prefrontal and parietal regions. D. Statistical analysis of connection directionality between
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prefrontal and occipital regions. PreF: Prefrontal cortex. P: Parietal cortex. O: Occipital cortex. *: The p value was

obtained using two-sample t-test, p<<0.05.
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Figure 7. TMS-EEG Network Patterns Over Time in Alzheimer’s Disease Patients Before and After tNIRS. Time
(millisecond): After single-pulse TMS. Early: 60-540ms. Middle: 710-1200ms. Late: 1360-1850ms. Red line:

enhanced connection. black arrows: the direction of information flow.

Discussion

The results of this study confirm that tNIRS that targets the AG ameliorates cognitive deficits
and neuropsychiatric symptoms in patients with AD. Compared with the pretreatment baseline,
patients with AD exhibited post-tNIRS improvements in global cognition, memory, language,
attention, executive functions, and neuropsychiatric behaviors. The sham group exhibited negligible
clinical efficacy. These findings indicate a significant short-term therapeutic efficacy of the tNIRS

intervention. Post-tNIRS FC significantly increased within the DMN and among higher-order
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cognitive networks (the DMN, DAN, FPN, and LN). Increased connectivity was observed between

the temporal region within the DMN and the pulvinar region in the DAN, whereas connectivity was

reduced between the posterior cingulate region in the DMN and the intraparietal area in the DAN.

TMS-EEG revealed enhanced long-range (anterior—posterior and interhemispheric) connections in

time-varying networks, along with improved information transmission efficiency in key hubs. These

findings offer preliminary insights into the tNIRS-related mechanisms that may contribute to

cognitive improvement in patients with AD. This may accelerate the use of tNIRS in neuroscience

research and in the clinical management of aging-related neurological disorders. Notably,

improvements in MMSE, MoCA, DST, and BNT scores attenuated at the 60-day follow-up. This

pattern is consistent with previous PBM studies reporting cognitive declines after treatment

cessation, suggesting that a single 15-day tNIRS course may be time-limited. Longer protocols (e.g.,

4 months) have been associated with more sustained effects. Future studies should explore

maintenance schedules and extended follow-up to optimize long-term benefits.

Our neuropsychological assessments, using multidimensional scales, demonstrated that

bilateral AG-targeted tNIRS not only improved memory function in patients with AD but also

enhanced performance across additional cognitive domains, including attention, executive function,

and language processing. Critically, this intervention elevated global cognitive capacity. After the

15-day intervention, the intervention group exhibited significant cognitive improvements compared

with baseline in the MMSE, MOCA, and ADAS-cog scores, reflecting overall cognitive-related

correlations. Of note, these three scales consist of sections that test visuospatial ability, cognitive

ability, and attention, such as clock-drawing tests, cube-drawing tests, and copying of simple

graphical objects. The tNIRS group exhibited significant enhancements in these abilities by day 15,
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which may be related to the stimulation of both AG. A large amount of evidence supports the notion

that the parietal cortex participates in spatial orientation and navigation. Using specialized tests of

memory and attention (the AVLT and DST), visuospatial and executive function (the TMT), and

language ability (the BNT), we observed that participants in the tNIRS group had more significant

improvements than those in the sham stimulation group.

Furthermore, tNIRS reportedly has the potential to ameliorate neuropsychiatric symptoms in

patients with demential>!l. Our research confirmed that potential, as indicated by the NPI results.

Some of our participants exhibited abnormal mental behavior in the baseline NPI test, which is a

burden to caregivers; however, by day 15, they exhibited improvements. Moreover, no adverse

events occurred among the participants during the experimental procedure. These results suggest

that tNIRS induces clinically significant changes, highlighting its potential utility to improve

cognitive ability, executive function, and neuropsychiatric behavior in early-stage AD.

The AG was previously identified as a central parietal hub of the DMN associated with AD,

exhibiting an integrative role in cross-regional communication!®2->31, From an optical perspective,

selecting the 810 nm wavelength for targeted irradiation of the bilateral AG holds significant

importance for quantitatively investigating the spatial heterogeneity of biological tissues. For

example, Zhang et al. utilized nonlinear optical imaging techniques to quantitatively reveal the

heterogeneity in the spatial distribution of proteins in diabetic bone tissue, which could serve as

biomarkers for assessing tissue damage. This demonstrates that, whether decoding microscopic

optical markers in bone tissue or evaluating the energy distribution of near-infrared light in specific

cortical targets (such as AG), accurately characterizing the spatial heterogeneity of complex tissues

is crucial for optimizing optical interventions and diagnostics. The fundamental prerequisite for
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tNIRS therapy to exert clinical neuromodulatory effects is that a sufficient dose of photons must

penetrate the scalp and cranial barriers to reach deep regions of the brain parenchyma. In this study,

we integrated clinical observations with optical simulations using the MCVM to establish a physical

foundation for the efficacy of 810 nm tNIRS. Based on a high-precision anatomical human head

model, the MCVM simulations confirmed that 810 nm near-infrared light successfully achieved

effective deep photon transmission due to its distinct physical properties of low absorption and high

scattering within brain tissue. Furthermore, the simulations demonstrated that upon penetrating the

skull, the photons generated a widespread optical scattering field within the targeted bilateral AG.

Ultimately, these MCVM optical simulation results validate the scientific rationale for utilizing the

810 nm wavelength to precisely target and irradiate the bilateral AG.

Regarding the mechanisms underlying cognitive impairment in AD, the fMRI analysis

comparing healthy controls and the AD group revealed that, consistent with existing literature, brain

regions with altered ALFF involved the DMN, FPN, and DAN, while ReHo alterations were

primarily concentrated in core hubs of the DMN. These findings support the association between

higher-order cognitive network dysfunction and AD pathogenesis, suggesting that such networks

may serve as key targets for interventions like tNIRS neuromodulation aimed at restoring network

function. Following 810 nm tNIRS that targeted both AG, our FC analyses revealed significantly

enhanced intra-network connectivity within the DMN. Additionally, we detected region-specific

connectivity enhancement across nine network pairs: DMN-FPN/DAN/LN/VN/SMN, LN-

FPN/SMN, and DAN-FPN/SMN. In addition, increased connectivity was observed between the

temporal region within the DMN and the pulvinar region in the DAN, whereas connectivity was

reduced between the posterior cingulate region in the DMN and the intraparietal area in the DAN.
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The DMN, DAN, FPN, and LN have been validated as regulators of higher-order cognition. The

outcomes observed in this study, primarily characterized by enhanced intra-DMN connectivity and

alterations in connectivity across multiple networks, appear to be closely associated with the

integrative capacity of AGP4° Thus, tNIRS may achieve these effects through bilateral AG

stimulation alone, reaffirming the AG as a pivotal target for future tNIRS-based AD therapies.

Cognitive networks undergo preferential degradation in AD. This manifests as aberrant

connectivity within and between these networks 130, Degradation of intra-DMN connectivity is

closely associated with AD progression [>781. We observed enhanced connectivity between orbital

area 12/47 R and both precunei within the medial core subsystem of the DMN. The medial core

subsystem may be involved in the consolidation and retrieval of episodic memory°l. Aberrations

in FC among higher-order cognitive networks (the DMN, LN, and FPN) in patients with AD

primarily manifest as segregation**-42, The EC within the LN serves as a relay hub in the

bidirectional hippocampo-neocortical circuit, mediating memory integration. Our results

demonstrated enhanced connectivity between the EC and precuneus in the DMN, which correlates

with improved episodic memoryl®l. As part of the neocortex, the SPL integrates spatiotemporal

information and participates in memory retrievall®!-651, We observed enhanced connectivity between

the EC and SPL in the FPN, facilitating memory efficiency. Furthermore, we identified a

strengthened connectivity between the parahippocampal gyrus in the medial temporal subsystem of

the DMN and the middle frontal gyrus in the FPNI%®l, Our preliminary findings suggest that tNIRS

targeting the AG may contribute to enhanced connectivity within the DMN and among higher-order

cognitive networks, which may result in improvements in cognitive function.

Notably, we observed weakened FC between the SPL in the DAN and the PCC in the DMN.
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As part of the medial core subsystem, the PCC mediates stimulus-independent thought and self-

referential processing. In contrast, the SPL engages in top-down spatial attention control and

exhibits antagonistic interactions with the DMNI®7], The attenuated SPL-PCC connectivity aligns

with their antagonistic relationship and correlates with improved performance during attentionally

demanding tasks[®7].

Conversely, enhanced connectivity was detected between the left pulvinar region of the

thalamus in the DAN and the right lateral temporal cortex/temporal pole in the DMN. The temporal

regions belong to the dorsomedial subsystem and are implicated in social cognition. The thalamus

is a subcortical hub that plays a critical role in attentional selection[®®. Their strengthened

coordination facilitates an endogenous attentional focus toward behavioral goals!®®l, We

hypothesize that these DMN-DAN dynamics enhances the selective prioritization of

internal/external cognition, thereby improving execution efficiency, accuracy, and behavioral

patience. This may explain why tNIRS-treated participants exhibited increased task compliance

during day-15 assessments and superior NPI score improvements compared with sham controls.

This study suggests that tNIRS targeting of the AG may improve cognitive function in AD by

modulating DMN-DAN connectivity-reducing attention-related SPL-PCC antagonism while

enhancing pulvinar-temporal coordination-thereby improving executive efficiency and behavioral

persistence.

The FPN acts as the brain’s central control switch, dynamically coordinating two key

networks-the DMN, which handles internal thought, and the DAN, which manages external

attention.[7%-731, Our results demonstrated post-tNIRS enhancement of FPN-DMN and FPN-DAN

connectivity, alongside optimized DMN-DAN functional coupling. These results suggest that
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tNIRS strengthens the regulatory role of the FPN, thereby facilitating cognitive control-related

dynamic network interactions!t74-761,

Complex cognition typically requires long-range integration across distributed brain

networksl’778]. TMS-EEG analyses revealed significantly enhanced global information flow after

stimulation compared with baseline, with increased nodal activity predominantly observed in the

left prefrontal cortex, right occipital lobe, and both temporal regions during the middle-to-late

phases, while central and parietal nodal engagement markedly decreased. The observed changes in

the TMS-EEG network indicated enhanced processing efficiency for the same type of information

within the same brain regions after tNIRS therapy. Post-intervention t-statistic maps demonstrated

robust enhancement of long-range information flow between the hemispheres and anteroposterior

brain regions. These findings suggest that an augmented cross-network integration capacity

improves cognitive function in patients with AD, underscoring the pivotal role of long-range

connections in cognitive processing.

The fMRI and TMS-EEG findings in our study are best interpreted as complementary evidence

for network-level reconfiguration. fMRI provides high spatial-resolution information about

connectivity changes across large-scale networks, while TMS-EEG provides high temporal-

resolution information about directional information flow along the same fronto-parieto-occipital

axis. Although formal cross-modal correlation analysis was not performed, the convergence of

evidence from both modalities-despite capturing different aspects of neural activity-supports the

interpretation that tNIRS reshapes large-scale brain network dynamics.

Furthermore, the integration of local interregional connectivity may play a critical role in the

facilitation of information processing!’®80. FC analysis identified strengthened connectivity
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between the right orbitofrontal cortex and both cunei/the right superior occipital gyrus. This pattern

engages the anterior, central, and posterior regions and involves both the anterior/posterior DMN

subsystems and visual networks. Therefore, we aimed to analyze the specific mechanism of tNIRS-

enhanced brain information processing by quantifying the directional interactions among these three

brain regions. Directional statistics applied to TMS-EEG pattern maps demonstrated significant

early-phase information flow from the parietal to the prefrontal regions and from the prefrontal to

the occipital regions, but no significant directional coupling between the parietal and occipital

regions. This indicates that tNIRS altered directional network dynamics, strengthening the parietal-

prefrontal-occipital neural circuitry in patients with AD. Such directional enhancement reflects (1)

strengthened feedback from the posterior DMN hub (parietal cortex) to the anterior DMN

(prefrontal cortex) and (2) improved top-down modulation from higher-order prefrontal regions to

the lower-order visual cortex, thereby optimizing information integration, attentional control, and

cognitive improvement!®l. Similarly, analysis of the key nodes (top 10%) in information flow

strength revealed that after intervention, the pivotal hubs for information outflow and inflow were

more concentrated in the prefrontal and temporal regions. This indicates that tNIRS treatment

enhanced the effective participation of local nodes within the prefrontal and temporal networks

during cognitive processing. These findings confirm that 810 nm tNIRS that targets the AG

increases the number of functional network hubs and enhances internodal integration efficiency,

ultimately improving information processing capacity.

This study breaks away from the traditional multi-target intervention paradigm of tNIRS for

the treatment of AD. By using a randomized, controlled, blinded design, we confirmed that the AG

serve as pivotal targets for 810 nm tNIRS. This single-target stimulation elicits coordinated
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responses across multiple brain regions. Combined analyses of resting-state FC and dynamic TMS-

EEG demonstrated that this paradigm optimized intra-DMN and internetwork connectivity among

higher-order cognitive networks. It significantly enhances dynamic information transmission across

large-scale networks, thereby improving the operational efficiency of the brain for information

reception, processing, and feedback. These findings suggest that the mechanisms effectively

ameliorate multi-domain cognitive dysfunction in patients with AD.

This study also had certain limitations. First, the relatively small sample size limits the

generalizability of our findings and precludes detailed subgroup or mediation analyses. Future large-

scale, multi-center studies are warranted to confirm these preliminary observations. Second, no

hierarchical analysis was conducted, no task state was assessed, and this study was focused only on

the brain network mechanism. Third, the angular gyri were localized using the EEG 10-20 system

(P3/P4) rather than neuronavigation, which may introduce targeting variability. Future studies

should adopt MRI-guided neuronavigation to improve precision. Fourth, fMRI and TMS-EEG data

were collected only from the active group, precluding exclusion of time, practice, or placebo effects

on network changes. Thus, our mechanistic interpretations remain preliminary and hypothesis-

generating, not causal. Future sham-controlled studies should include longitudinal neuroimaging in

both groups to enable robust causal inferences.Fifth, Due to the limited fMRI subsample size, we

did not perform a formal mediation analysis to establish a causal link between network changes and

cognitive improvements-such analyses typically require much larger samples for reliable parameter

estimation. Future studies with larger samples should perform formal mediation analyses to directly

test whether specific network changes mediate the cognitive benefits of tNIRS.
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Materials and Methods
Participants recruitment

The research protocol was approved by the Research Ethics Committee of the First Hospital
of Hebei Medical University [(2024) Research Review No. (110)] and is in line with the Declaration
of Helsinki. All patients or family members agree to participate in this study and sign informed
consent. This prospective, randomized, sham-controlled study included 36 right-handed patients (12
males and 24 females) with clinically diagnosed AD were selected from the First Hospital of Hebei
Medical University as the experimental group, and 16 healthy older adults were selected in the
community as normal control groups.

Based on previous findings, sample size estimation was performed using G*Power 3.1
software. Assuming a medium effect size (Cohen’s f = 0.25), a statistical power of 80%, and a
significance level of 5%, a minimum of 14 participants per group was required. Accounting for a
potential dropout rate of 20%, we planned to recruit at least 34 participants in total. Ultimately, 36
patients were enrolled, with 18 in each group.

Patients who met the following requirements were included in the experimental group: (1)
provided informed consent; (2) literate Han Chinese, 50 to 80 years old, right-handed; (3) have at
least 6 years of education; (4) diagnosis of mild AD according to the core diagnostic criteria of the
National Institute on Aging and the Alzheimer's Association (NIA-AA) guidelines cognitive
impairment or mild AD dementia 3%]; (5) cerebrospinal fluid p amyloid levels decreased and total
tau or P-tau levels increased or amyloid positron emission tomography showed increased tracer
retention!®3]; (6) The overall score of the CDR was 0.5 or 1 point [, the MMSE = 18 points(®?],

and the MoCA < 26 points®; (7) Those who had not taken drugs for the treatment of AD (donepezil,
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memantine hydrochloride, rivastigmine tartrate or others) and did not take other drugs that affect

cognitive function during and within 8 days after giving near-infrared light stimulation, or had been

taking drugs regularly for more than 1 year and did not need to adjust the type and dosage of drugs

during the light stimulation.

Exclusion criteria for all participants included: (1) patients with other neurological and

psychiatric diseases and other serious diseases such as heart, liver, lung and kidney diseases. (2)

Those who are equipped with metal inserts such as pacemakers, coronary stents, and aneurysm clips.

(3) Those who take benzodiazepines or have a history of drug abuse.

Patients who meet the following requirements were included in the healthy control group: (1)

right-handed seniors between the ages of 55 and 80 who can speak Mandarin; (2) No mild cognitive

impairment, dementia or other major psychiatric or neurological diseases; and (3) the absence of

other disorders that may cause cognitive decline.

Baseline demographic and clinical characteristics were collected for all participants before the

start of the experiment. To ensure that subjects were unaware of each other’s group assignment and

to prevent communication between them, the relevant parties including subjects, evaluators, and

statisticians, were blinded to group allocation until the statistical analysis report was generated. The

near-infrared light stimulation was administered by independent personnel.

MCVM

The Monte Carlo model for photon migration in voxelized media (MCVM) is an advanced

optical algorithmic tool that simulates the propagation behavior of photons within complex

biological tissues using a probabilistic approach. Unlike traditional Monte Carlo models that are
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largely restricted to multi-layered tissue structures, MCVM is highly adaptable to arbitrary 3D
voxelized media, making it particularly suitable for complex, high-resolution human anatomical
models. During the simulation, a massive number of photons are injected into the target tissue model.
The model tracks the stochastic transport of each individual photon as it undergoes random
scattering or absorption events by particles in the medium, continuing until the photons are either
completely absorbed by the tissue or transmitted out of the tissue surface. Crucially, MCVM
processes these interactions strictly at the voxel level; each computational substep is tied to a single
voxel and its specific optical properties, namely the absorption coefficient and scattering coefficient.

This precise localization ensures accurate quantification of photon energy attenuation.

Neuropsychological assessment

Cognitive function is assessed using the ADAS-cog 7], MMSE [#3], and MoCA [86], Memory
is evaluated with the AVLT 381, Attention is assessed via the DST 391, Language ability is measured
using the BNT %], Visuospatial and executive functions are evaluated with the TMT [°!l. Behavioral
and psychological changes are assessed with the NPI [21. Safety is monitored by tracking the
incidence and severity of adverse events, which are immediately reported to and managed by
experienced physicians.

All assessments are conducted by trained research assistants. The primary outcomes are MMSE,
MoCA, and ADAS-cog scores. Secondary outcomes include results from the NPI, AVLT, DST,
TMT, and other tests, along with adverse events. Assessments are performed at baseline, 15 days

post-stimulation (D15), and 60 days post-intervention (follow-up, D75).
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Resting-state functional-MRI data acquisition and preprocessing
Participants with no contraindications to MRI underwent scans in the First Hospital of Hebei
Medical University. Structural MRI and resting-state functional MRI were obtained on a 3T
MAGNETOM Trio scanner (Siemens, Erlangen, Germany). T1 structural images were acquired
using a 3D magnetized preparation fast gradient echo (3DMPRAGE) sequence with the following
parameters: repetition time (TR) = 1,690 ms, echo time (TE) = 2.56 ms, flip angle (FA) =12° ,
field of view (FOV) = 256 mmx256 mm?, matrix (MATRIX) = 256x256, voxel size = 1 mm
isotropic, 176 gapless staggered sagittal slices. For resting-state functional magnetic resonance
imaging with a duration of 6 minutes, multi-band echo plane imaging (EPI) with the following
parameters was used: TR = 2,000 msec, TE = 30 msec, FA =83° , FOV =224x224mm? MATRIX
= 64x64, number of scanned layers = 36 pieces; Slice thickness = 3 mm: scan spacing = 1 mm.
The preprocessing of the data was carried out in MATLAB using SPM, DPABI, and
RESTPLUS software. First, the dcm2niigui functional tool was used in MRIcron to convert the data
acquired from clinical MRI in DICOM format into a NIFTI format, which can describe the pixel
values and spatial coordinates of the pixels in detail and more accurately reflect the original
metadata. The specific process of pretreatment is as follows: (1) The first 10 time points were
removed to reduce environmental interference, participant-related factors, and the effects of initial

magnetic field instability on imaging. (2) Origin correction was performed and image orientation

was adjusted to ensure that all images are compared and analyzed in the same anatomical orientation.

(3) A spatial normalization process is performed to align the images with the criteria of the Montreal

Neurological Institute, in which an image of the individual T1 structure is used as a reference. The

T1 structure image is registered as its corresponding average functional image, which facilitates
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subsequent comparison of brain image data between different individuals. (4) Image smoothing with
Gaussian*kernel at half of the maximum width (FWHM) = 6 mm to improve noise characteristics
and improve signal accuracy. (5) Linear trend removal steps have been implemented to eliminate
confounders. (6) Interference was mitigated, including removal of head motion effects, and signal
regression. (7) Apply bandpass filter (0.01-0.08Hz) to eliminate high-frequency noise and low-

frequency signal drift.

TMS-EEG data acquisition

The patient was equipped with an electrode cap with 32 TMS electrodes (Greentech Medical,
Wuhan, China) and the data was digitized with a magnetic field-enabled EEG amplifier at a
sampling rate of 1024 Hz (Yunshen Technology Co., Ltd., Beijing, China). TMS-EEG data were
collected from 18 patients under active stimulation before and after tNIRS intervention. All AD
patients underwent resting motor threshold (RMT) assessment, which was defined as the minimum
stimulation intensity required to elicit motor evoked potentials with a peak-to-peak amplitude of at
least 50 1V in the resting abductor pollicis brevis muscle in 10 consecutive trials > of the abductor
pollicis brevis at rest!®3]. The right P4 was stimulated with 140 single-pulse TMS (sTMS) (MagPro
R30, Tonica Elektronik A/S, Farum, Denmark) and 90% RMT (P3/P4 on the participant's scalp,

based on the international 10-20 system), with each stimulus delivered at 4-second intervals.

Statistical analysis of population characteristics

Statistical analysis was performed using SPSS 22.0 (SPSS Inc., IL., USA) and GraphPad Prism

10. The continuous variables between the two groups were analyzed by independent samples t-test,
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the continuous variables between multiple groups were analyzed by Welch's ANOVA, and the chi-
square test was performed for categorical variables. The Shapiro-Wilk test was used to evaluate the
normality of the main and secondary indicators in the neuropsychological assessment. The Friedman
test and Wilcoxon were used to evaluate the differences within the group, and after Bonferroni
correction (0=0.05/3~0.0167), p<0.0167 was considered statistically significant. The generalized
estimation equation was used to assess the differences between groups, and the timexgroup
interaction p<0.05 was considered statistically significant. Effect sizes were reported as Kendall’s
W (Friedman tests), r = Z/ v n (within-group Wilcoxon tests), and r=Z/ v N (between-group Mann-
Whitney U tests), with detailed results provided in Supplementary Tables S1-S5.

fMRI analysis

Due to head movement during fMRI data acquisition in 2 subjects, data from only 16 AD
patients were available for subsequent analysis.

The ALFF were extracted by restplus software in MATLAB 2019a from the pretreated normal
control group and the tNIRS group before treatment, and the time series of each voxel was converted
into the frequency domain to obtain the power spectrum by using the fast Fourier transform, and the
square root of the power spectrum was calculated and averaged in the range of 0.01-0.08 Hz.

ReHo reflects the synchronization of BOLD signal time series between adjacent voxels,
representing the capability of local functional integration. RESTplus calculates the temporal
consistency of each voxel with its 26 neighboring voxels using Kendall's coefficient of concordance
to generate the raw ReHo map. Subsequently, the ReHo map undergoes Fisher-Z transformation to
improve the normality of the data distribution. Finally, spatial smoothing is applied with a Gaussian

kernel of 6 mm full width at half maximum, resulting in a smoothed and standardized ReHo map
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(referred to as the SzKccReHo metric) for subsequent statistical analysis. This process effectively

reduces partial volume effects and enhances the signal-to-noise ratio and normality of the data.

Subsequently, the Statistical function in DPABI software was used to perform two-sample t-

tests on the ALFF and ReHo results of the two groups, respectively, generating .nil files. Gaussian

Random Field correction was then applied in the Viewer function of the software. Brain regions

meeting the criteria of voxel-level threshold p < 0.001 and cluster-level threshold p < 0.05 for ALFF,

as well as voxel-level threshold p < 0.005 and cluster-level threshold p < 0.05 for ReHo, were

selected.

Based on the ALFF and ReHo findings of healthy individuals and pre-stimulated patients with

AD, we identified seed points for FC. These seed points were combined with brain regions

associated with cognitive function. Consequently, we established the presence of the prefrontal

region, cingulate gyrus, cuneiform lobe, hippocampus, parahippocampal region, thalamus, and

striatal region. For functional ligation analysis of resting-state functional NMR, we used two

different methods: (1) map-based ROI-to-ROI functional ligation analysis, and (2) seed-to-voxel

analysis using a priori selections derived from ROI-to-ROI results. For a map-based ROI-to-ROI

approach, we integrated the data with 246 ROIs on the Brainnetome toolbox to generate a

connectivity matrix for each subject, averaging the time series of BOLD (blood oxygen level

dependent) signals for all voxels in each ROI of the Brainnetome Atlas, and calculating and z-

transforming the ROI between these average signals Pearson relevance 4. Similarly, in seed-to-

voxel analysis, a correlation map on the whole brain is generated by extracting the BOLD signal

from the seed ROI, calculating the correlation coefficient between that signal and the signal from

all other brain voxels, and z-transforming it. After ROI-to-ROI and voxel-based analyses at the
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subject level, the general linear model was fitted using all corresponding intra-subject pairwise z-
conversion correlation coefficient measurements. Then, ROI-to-ROI analysis was performed with

a voxel threshold p < 0.001 and a cluster-level threshold p < 0.05 (GRF corrected).

TMS-EEG analysis

MATLAB (R2019b, MathWorks, USA) was selected for EEG signal analysis (3-30 Hz
bandpass filter) and EEG data segmentation. First, each TMS event is labeled, and the time point
corresponding to the label peak is set to time "0". The corresponding data for each magnetic stimulus
500ms before and after 2000ms were extracted. Then, a time-varying multivariate adaptive
autoregressive (tv-MVAAR) model was developed and the adapted directed transfer function matrix
was calculated. The rows and columns in these matrices represent the nodes, while the matrix
elements at the intersection of rows i and column j represent information about the connections
between the nodes. When plotting the brain network, a t-test was performed on all connections at
each time point before and after stimulation to investigate changes in global information transfer
efficiency induced by the intervention. Meanwhile, the top 10% of enhanced connections in strength
at each time point were selected to examine the reorganization patterns of local nodes before and

after the intervention. #5981,
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