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1. Raman spectra preprocessing
1.1 Anomaly filters
Abnormal Raman Spectra were excluded from further studies, such as fluorescence, burning/carbonization, sample impurities, technician errors, instrumental errors, environmental interferences, or any other unforeseen issues impacting the Raman spectra.

1.2 Spike removal
Cosmic spikes were characterized by being very narrow but intense. They were produced by high-energy cosmic particles, and appeared randomly in the Raman spectrum. Cosmic spikes were removed to reduce their interference in Raman spectra analysis with filter size = 4 and dynamic factor = 8.

1.3 Baseline correction
Baseline correction is a necessary preprocessing step in Raman spectra analysis. Baseline correction was performed using the Asymmetric Least Squares (AsLS) algorithm to remove both substrate contributions and fluorescence background from Raman spectra. The pybaselines library was employed with optimized parameters (λ = 1×10⁷ for smoothness control, p = 0.02 for asymmetry weighting). Importantly, the CH stretching region was masked during fitting to prevent signal distortion, thereby ensuring accurate extraction of Raman spectral features.

1.4 Signal-to-noise ratio (SNR) calculation and filters
A sufficient SNR in Raman data contributes to successful analysis and classification tasks. SNR calculation was conducted according to the methods proposed in the reference[1]. The SNR filters removed the lowest 10% SNR of the dataset.

1.5 Smoothing 
The objective of smoothing is to reduce noise with a low-pass filter. The smoothing was conducted according to the procedure published in the reference[2].

1.6 Spectral normalization
To eliminate the effects of excitation intensity fluctuations, the Raman spectra were performed min-max normalization. The highest intensity of single Raman spectral peak before normalization was 4800.

2. Graph theory analysis for Raman spectra
The graph theory analysis for Raman spectra was performed by NetworkX (Python 3.9). Nodal metrics included clustering coefficient, degree centrality, closeness centrality, and betweenness centrality. Degree centrality quantifies the number of direct connections a node possesses within a network, serving as a fundamental measure of local connectivity and immediate influence. Betweenness centrality measures the frequency at which a node appears on the shortest paths between all other node pairs in the network. This metric identifies critical bridge nodes that control information flow and mediate connections between different network regions. The clustering coefficient assesses the extent to which a node's neighbors are interconnected with each other, reflecting local connection density, such as synchronized changes among chemical components within a specific region. Closeness centrality characterizes the efficiency of information propagation from a node to all other reachable nodes in the network, which serves as a critical metric in network analysis for evaluating nodal efficiency in information dissemination and independence.

3. Detailed information of Raman intensities at 1002 cm-1, 1602 cm-1, 1666 cm-1 among low, middle and high clusters was shown in Table S1..
Table S1. Difference of Raman intensities at 1002 cm-1, 1602 cm-1, 1666 cm-1 among low, middle and high clusters
	Raman shift
	Low cluster
	Middle cluster
	High cluster
	Statistics
	P-value

	1002 cm-1
	349.438 (135.414)
	514.757 (125.878)
	641.470 (139.426)
	6066.999
	<0.001

	1602 cm-1
	125.778 (45.622)
	176.983 (43.037)
	211.264 (49.480)
	5076.080
	<0.001

	1666 cm-1
	331.413 (100.023)
	468.390 (86.932)
	583.483 (107.356)
	6975.491
	<0.001


Notes: Non-normal distribution data were analyzed by Kruskal Wallis H test and described as median (interquartile range).

4. Detailed efficiency of the ensemble learning model was shown in Table S2.
Table S2. Efficiency of the ensemble learning model
	Label
	Testing Set
	Validation Set

	
	Sensitivity
	Specificity
	Sensitivity
	Specificity

	NC
	0.86
	0.90
	0.71
	0.88

	MCI
	0.91
	0.91
	0.88
	0.88

	Dementia
	0.78
	0.96
	0.80
	0.93


Abbreviations: NC, normal cognition; MCI, mild cognitive impairment.

5. Group differences in effective connectivity of large-scale brain network between subjects with normal cognition and cognitive impairment in Gulou cohort was shown in Table S3..
Table S3. Summary of group differences in effective connectivity of large-scale brain network between subjects with NC and CI in Gulou cohort
	Connection
	Excitatory or inhibitory in subjects with CI
	Increased (+) or decreased (-) in subjects with CI
	Mean effect size in all subjects (Hz)
	Mean effect size in subjects with NC (Hz)
	Mean effect size in subjects  with CI (Hz)

	DAN→DAN
	Inhibitory
	
	-0.301
	-0.206
	-0.214

	PVN→PVN
	Inhibitory
	
	-0.155
	-0.067
	-0.130

	SMN→SMN
	Inhibitory
	
	-0.269
	-0.287
	-0.247

	LECN→LECN
	Inhibitory
	
	-0.177
	-0.169
	-0.162

	pDMN→pDMN
	Inhibitory
	
	-0.356
	-0.201
	-0.273

	PVN→DAN
	
	
	
	
	

	SMN→DAN
	
	
	
	
	

	LECN→DAN
	Inhibitory
	
	-0.258
	-0.228
	-0.142

	pDMN→DAN
	Excitatory
	
	0.124
	0.060
	0.131

	DAN→PVN
	Excitatory
	
	0.086
	0.066
	0.086

	SMN→PVN
	
	
	
	
	

	LECN→PVN
	Inhibitory
	
	-0.153
	-0.098
	-0.084

	pDMN→PVN
	Excitatory
	
	0.073
	0.100
	0.075

	DAN→SMN
	Excitatory
	(-)
	0.196
	0.223
	0.110

	PVN→SMN
	Inhibitory
	
	-0.244
	-0.091
	-0.108

	LECN→SMN
	Inhibitory
	
	-0.291
	-0.170
	-0.155

	pDMN→SMN
	Excitatory
	
	0.176
	0.120
	0.181

	DAN→LECN
	
	(-)
	
	
	

	PVN→LECN
	Inhibitory
	
	-0.158
	-0.095
	-0.095

	SMN→LECN
	Excitatory
	
	0.070
	0.058
	0.074

	pDMN→LECN
	Excitatory
	
	0.104
	0.082
	0.082

	DAN→pDMN
	Excitatory
	(-)
	0.129
	0.189
	0.027

	PVN→pDMN
	Inhibitory
	
	-0.091
	-0.020
	-0.024

	SMN→pDMN
	
	
	
	
	

	LECN→pDMN
	Inhibitory
	(+)
	-0.201
	-0.189
	-0.088


Notes: Age was added in parametric empirical bayes as covariates.
Abbreviations: NC, normal cognition; CI, cognitive impairment; DAN, dorsal attention network; SMN, sensorimotor network; pDMN, posterior default mode network; PVN: primary visual network; LECN: left executive control network.

6. Large-scale brain network analysis between subjects with NC and dementia
Compared to subjects with NC, subjects with dementia showed increased self-inhibition of sensorimotor network (SMN), increased excitatory influence of posterior default mode network (pDMN) on SMN, and increased inhibitory influence of left executive control network (LECN) on posterior default mode network (pDMN). Moreover, we also observed decreased excitatory influence of dorsal attention network (DAN) on sensorimotor network (SMN), as well as DAN on pDMN, and decreased inhibitory influence of LECN on pDMN in subjects with dementia than NC. (Figure S1., Table S4.)
[image: NC-Dementia spDCM]
Figure S1. Differences in inter-network connectivity between the NC and CI groups in Gulou cohort
Legends: Color indicates the size of the effect, while positive/negative corresponds to excitatory/inhibitory or increased/decreased. Additionally, the specific values of the effect sizes were also directly annotated.
Abbreviations: NC, normal cognition; CI, cognitive impairment; DAN, dorsal attention network; PVN, primary visual network; SMN, sensorimotor network; LECN, left executive control network; pDMN, posterior default mode network.

Table S4. Summary of group differences in effective connectivity of large-scale brain network between subjects with NC and dementia in Gulou cohort
	Connection
	Excitatory or inhibitory in subjects  with dementia
	Increased (+) or decreased (-) in subjects  with dementia
	Mean effect size in all subjects (Hz)
	Mean effect size in subjects with NC (Hz)
	Mean effect size in subjects  with dementia (Hz)

	DAN→DAN
	Inhibitory
	
	-0.363
	-0.206
	-0.298

	PVN→PVN
	
	
	
	
	

	SMN→SMN
	Inhibitory
	+
	-0.209
	-0.287
	-0.189

	LECN→LECN
	Inhibitory
	
	-0.170
	-0.169
	-0.145

	pDMN→pDMN
	Inhibitory
	
	-0.358
	-0.201
	-0.304

	PVN→DAN
	
	
	
	
	

	SMN→DAN
	
	-
	
	
	

	LECN→DAN
	Inhibitory
	
	-0.289
	-0.228
	-0.171

	pDMN→DAN
	Excitatory
	
	0.087
	0.060
	0.099

	DAN→PVN
	Excitatory
	
	0.077
	0.066
	0.066

	SMN→PVN
	
	
	
	
	

	LECN→PVN
	Inhibitory
	
	-0.186
	-0.098
	-0.106

	pDMN→PVN
	Excitatory
	
	0.090
	0.100
	0.097

	DAN→SMN
	Excitatory
	-
	0.200
	0.223
	0.036

	PVN→SMN
	Inhibitory
	
	-0.242
	-0.091
	-0.130

	LECN→SMN
	Inhibitory
	
	-0.277
	-0.170
	-0.120

	pDMN→SMN
	Excitatory
	+
	0.211
	0.120
	0.290

	DAN→LECN
	
	-
	
	
	

	PVN→LECN
	Inhibitory
	
	-0.134
	-0.050
	-0.095

	SMN→LECN
	
	
	
	
	

	pDMN→LECN
	Excitatory
	
	0.085
	0.082
	0.080

	DAN→pDMN
	Excitatory
	-
	0.160
	0.189
	0.011

	PVN→pDMN
	
	
	
	
	

	SMN→pDMN
	Inhibitory
	-
	-0.069
	0.016
	-0.119

	LECN→pDMN
	Inhibitory
	+
	-0.212
	[bookmark: _GoBack]-0.189
	-0.061


Notes: Age was added in parametric empirical bayes as covariates. 
Abbreviations: NC, normal cognition; DAN, dorsal attention network; SMN, sensorimotor network; pDMN, posterior default mode network; PVN, primarry visual network; LECN, left executive control network.

7. Correlation analysis in subjects with dementia in Gulou cohort
In the graph theory analysis for Raman spectra, the significance only shown between subjects with NC and dementia in the betweenness centrality at 1002 cm⁻¹ and clustering coefficient at 1666 cm⁻¹. Thus, we explored the relationship between nodal parameters and connectivity inter brain networks in Gulou cohort based on parametric empirical bayes: 1) the betweenness centrality at 1002 cm⁻¹ was positively related to effective connectivity of dorsal attention network (DAN) on posterior default mode network (pDMN) (effect size = 1.77), as well as DAN on sensorimotor network (SMN) (effect size = 2.99); 2) the betweenness centrality at 1002 cm⁻¹ was negatively related to effective connectivity of left executive control network (LECN) on pDMN (effect size = -2.79), as well as pDMN on SMN (effect size = -3.19); 3) the clustering coefficient at 1666 cm⁻¹ was positively related to effective connectivity of pDMN on SMN (effect size = 0.70), as well as increased self-inhibition of SMN (effect size = 0.67); 4) the clustering coefficient at 1666 cm⁻¹ was negatively related to effective connectivity of DAN on SMN (effect size = -0.62).
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