Dynamic functional connectivity and gene expression correlates in temporal lobe epilepsy: insights from hidden markov models  
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MRI data acquisition 

Magnetic resonance imaging (MRI) data were collected using a 3.0-Tesla scanner (Philips, Netherlands). Participants underwent a 450-second rs-fMRI session, resulting in the capture of 225 cerebral volumes. During the scan, participants were instructed to close their eyes, stay alert, and avoid engaging in any mental activities. Headphones and cushions were utilized to reduce acoustic noise and minimize head motion. Additionally, high-resolution sagittal T1-weighted images were obtained, followed by the acquisition of axial T2 fluid-attenuated inversion recovery (FLAIR) sequences to identify and remove any subtle brain lesions that were not clinically apparent. The rs-fMRI data were collected with the following parameters: repetition time/echo time (TR/TE) = 2,000/30 ms; voxel size = 3.44 mm × 3.44 mm × 4 mm; field of view = 220 mm × 220 mm; matrix size = 64 × 64; flip angle = 90°; number of slices = 41; slice thickness = 3.5 mm; slice gap = 0.5 mm. The T1-weighted structural images were acquired with the following specifications: TR/TE = 7.8/3.4 ms; flip angle = 9°; field of view = 256 mm × 256 mm; image matrix = 256 × 256; number of slices = 176; slice thickness = 1 mm; voxel size = 1.0 mm × 1.0 mm × 1.0 mm.Image preprocessing

   The DPABI software, operating in the MATLAB R2018b environment, was utilized for the extraction and preprocessing of rs-fMRI data. The process commenced with the conversion of DICOM imaging files to NIfTI format. Preprocessing included the following steps: (1) discarding the initial 10 volumes for signal equilibration; (2) correcting timing differences between slices; (3) examining and correcting head motion, excluding any data from subjects with movements exceeding 3.0 mm or rotations exceeding 3 degrees; (4) segmenting white matter, gray matter, and cerebrospinal fluid from each T1 image using advanced segmentation and DARTEL techniques, followed by normalization to the Montreal Neurological Institute (MNI) space at a resampled resolution of 3 x 3 x 3 mm; (5) applying spatial smoothing with a Gaussian kernel at a 4 mm full-width at half maximum (FWHM); (6) removing linear and quadratic trends from the data; (7) regressing out confounding factors such as head motion, white matter, and cerebrospinal fluid signals using linear regression to mitigate their effects; (8) subjecting the data to a bandpass temporal filter with frequencies ranging from 0.01-0.10 Hz to retain relevant low-frequency fluctuations.

Hidden Markov model

The HMM posits that fluctuations in brain region time series can be condensed into a finite set of latent states, each representing a transient state that may persist or transition to another. The model computes the probability of being in a given state and the transition likelihood between states. Central to the HMM analysis was the segmentation of each participant’s brain into 116 regions of interest (ROIs) using the Automated Anatomical Labeling (AAL) atlas, the averaging of time series data within ROIs to generate a composite time series, the standardization of these series, and their amalgamation into a unified dataset. From this dataset, the HMM discerned distinct, recurrent states, each exhibiting unique statistical characteristics.

Within this framework, each hidden state’s time series is characterized by a multivariate normal distribution with a defined mean vector and covariance matrix, which delineate the state’s average functional activity and connectivity. These spatial states, reflected by functional connectivity matrices, have the potential to arise at any moment concomitant with averaged Blood Oxygen Level Dependent (BOLD) signals.

We utilized the HMM-MAR toolbox (https://github.com/OHBA-analysis/HMM-MAR) in MATLAB, employing variational Bayes over 100 iterations to specify states through a multivariate Gaussian distribution. Aligning with prior research, we conducted HMM analyses ranging from 2 to 20 states and iterated a minimum of five times for each state count. To determine the optimal number of states, we evaluated the duration spent in each state and implemented diverse initializations to circumvent local optima. We derived measures from the HMM states—including FO, LT, MDT, SR, and TP—to capture the temporal dynamics within subjects.

The optimal number of HMM states

   The number of states K is an important parameter of the HMM. We examined K from 2-20 to pick the optimal number of states by selecting the model with least similarity among different mean activation. We utilized the minimum free energy and intermediate fraction occupancy to determine the number of HMM states. It was observed that HMM state 5 exhibited the minimum free energy and intermediate fraction occupancy in Figure S1. Consequently, based on these findings, this study ultimately estimated 5 HMM states.
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Figure S1. The choice of the number of HMM states.

Gene expression data preprocessing

   Expression profiles for TLE-specific genes were obtained using data from the Allen Human Brain Atlas (AHBA)

[1] ADDIN EN.CITE . The AHBA dataset includes six adult brains, and the details of participants’ demographics were shown in Table s1. The rigorous method of preprocessing suggested by Arnatkeviciute et al. 

[2] ADDIN EN.CITE was used to extract gene expression data from AHBA, using the abagen toolbox (v0.1.3, https://abagen.readthedocs.io/en/stable/). MRI data from the left hemisphere (from six donors) and the right hemisphere (from two donors) of the AHBA were aggregated across homologous cortical regions to ensure sufficient coverage. The distance between samples was measured using a 2 mm cortical surface distance threshold, and probes were updated to gene annotations using Re-Notator

[3] ADDIN EN.CITE . Only probes with signals significantly greater than the background noise threshold in >50% of samples were retained. Representative probes for genes were selected based on maximum intensity. Gene expression data was normalized using a scaling, outlier-robust sigmoidal normalization method. Finally, after these preprocessing and quality assurance steps, 15633 genes survived.
Table s1. Demographics of six donors in AHBA open-source dataset

	Donor ID
	Number of samples
	Age(years)
	Sex
	Ethnicity/race

	H0351.2001
	946
	24
	Male
	African American

	H0351.2002
	893
	39
	Male
	African American

	H0351.1009
	363
	57
	Male
	Caucasian

	H0351.1012
	529
	31
	Male
	Caucasian

	H0351.1015
	470
	49
	Female
	Hispanic

	H0351.1016
	501
	55
	Male
	Caucasian


Gene Ontology enrichment analysis  

The Gene Ontology (GO) enrichment analysis contains biological process, molecular functions, and cellular components. DAVID database (https://david.ncifcrf.gov/) was used to perform GO enrichment analysis for abnormal states related-genes with a threshold of p<0.05 (corrected by the false discover rate) . The results obtained from GO enrichment analysis were summarized in Table s2.

Table s2. GO enrichment analysis from TLE abnormal states-related genes
	Category
	Term
	Count
	Fold Enrichment
	FDR P value

	GO:BP
	chemical synaptic transmission
	44
	2.675356498
	2.28E-05

	GO:BP
	synaptic membrane adhesion
	13
	6.931605472
	1.61E-04

	GO:BP
	nervous system development
	61
	2.003923857
	4.93E-04

	GO:BP
	multicellular organism development
	20
	3.509673656
	0.002197771

	GO:BP
	modulation of synaptic transmission
	20
	3.509673656
	0.002197771

	GO:BP
	regulation of presynaptic membrane potential
	12
	5.545284377
	0.003041135

	GO:BP
	axon guidance
	33
	2.370393581
	0.004567591

	GO:BP
	cell-cell adhesion
	33
	2.370393581
	0.004567591

	GO:BP
	cell adhesion
	69
	1.736046379
	0.00473572

	GO:BP
	signal transduction
	131
	1.451703144
	0.005391724

	GO:BP
	positive regulation of synapse assembly
	16
	3.759514832
	0.005521377

	GO:BP
	intracellular signal transduction
	56
	1.830990125
	0.006115348

	GO:BP
	ion transmembrane transport
	27
	2.478852288
	0.009888272

	GO:BP
	protein localization to plasma membrane
	28
	2.396110533
	0.011802368

	GO:BP
	cell migration
	36
	2.079481641
	0.015925597

	GO:BP
	glutamate receptor signaling pathway
	9
	5.941376118
	0.01778578

	GO:BP
	potassium ion transmembrane transport
	24
	2.464570834
	0.023055278

	GO:BP
	regulation of postsynaptic membrane potential
	11
	4.485156482
	0.023055278

	GO:BP
	regulation of membrane potential
	17
	3.06070891
	0.023055278

	GO:BP
	neuron projection extension
	10
	4.951146765
	0.023055278

	GO:CC
	glutamatergic synapse
	84
	2.848867073
	2.13E-15

	GO:CC
	postsynaptic density membrane
	30
	4.398362483
	3.53E-09

	GO:CC
	plasma membrane
	495
	1.291382052
	3.53E-09

	GO:CC
	neuron projection
	57
	2.604744535
	1.16E-08

	GO:CC
	postsynaptic membrane
	43
	3.011018297
	2.81E-08

	GO:CC
	membrane
	496
	1.247735645
	3.77E-07

	GO:CC
	dendrite
	66
	2.106426658
	1.54E-06

	GO:CC
	presynaptic membrane
	31
	3.231981913
	1.54E-06

	GO:CC
	cytoplasm
	484
	1.208691237
	3.45E-05

	GO:CC
	cytosol
	476
	1.209966721
	3.57E-05

	GO:CC
	dendritic spine
	31
	2.744135587
	5.06E-05

	GO:CC
	adherens junction
	33
	2.510632855
	1.27E-04

	GO:CC
	synapse
	66
	1.835838254
	1.27E-04

	GO:CC
	GABA-ergic synapse
	20
	3.518689986
	1.27E-04

	GO:CC
	parallel fiber to Purkinje cell synapse
	10
	6.702266641
	3.02E-04

	GO:CC
	synaptic vesicle membrane
	24
	2.746294623
	7.70E-04

	GO:CC
	perikaryon
	28
	2.494261256
	7.79E-04

	GO:CC
	postsynapse
	25
	2.549775352
	0.001574697

	GO:CC
	neuronal cell body
	47
	1.817345378
	0.003977338

	GO:CC
	Schaffer collateral - CA1 synapse
	19
	2.728779989
	0.006281798

	GO:CC
	axon
	44
	1.754361013
	0.012578429

	GO:CC
	voltage-gated potassium channel complex
	17
	2.750240449
	0.012578429

	GO:CC
	cell surface
	70
	1.529865211
	0.012578429

	GO:CC
	postsynaptic density
	32
	1.884486687
	0.026263404

	GO:CC
	presynaptic active zone membrane
	9
	4.086220629
	0.034462687

	GO:CC
	sarcolemma
	18
	2.367716626
	0.03993047

	GO:CC
	catenin complex
	9
	3.958526235
	0.03993047

	GO:CC
	microtubule
	39
	1.6837903
	0.047570595

	GO:CC
	focal adhesion
	48
	1.578477751
	0.049867132

	GO:MF
	calcium ion binding
	99
	1.743855888
	8.18E-05

	GO:MF
	calmodulin binding
	36
	2.285316632
	0.004313511

	GO:MF
	protein binding
	1038
	1.073417197
	0.007337378

	GO:MF
	ionotropic glutamate receptor activity
	9
	6.224480826
	0.013201685

	GO:MF
	ligand-gated ion channel activity involved in regulation of presynaptic membrane potential
	8
	6.570285317
	0.024490785

	GO:MF
	transmitter-gated ion channel activity involved in regulation of postsynaptic membrane potential
	12
	3.846020673
	0.040297559

	KEGG_PATHWAY
	Calcium signaling pathway
	42
	2.188676521
	6.53E-04

	KEGG_PATHWAY
	Nicotine addiction
	14
	4.614459665
	6.53E-04

	KEGG_PATHWAY
	Glutamatergic synapse
	24
	2.751479055
	0.001364377

	KEGG_PATHWAY
	Neuroactive ligand-receptor interaction
	51
	1.832132681
	0.002250879

	KEGG_PATHWAY
	cAMP signaling pathway
	34
	1.992274649
	0.01033998

	KEGG_PATHWAY
	Axon guidance
	29
	2.100774416
	0.01033998

	KEGG_PATHWAY
	Rap1 signaling pathway
	32
	2.009016453
	0.01033998

	KEGG_PATHWAY
	Proteoglycans in cancer
	31
	1.993703827
	0.013228369

	KEGG_PATHWAY
	Morphine addiction
	18
	2.607857896
	0.0140671

	KEGG_PATHWAY
	Circadian entrainment
	18
	2.446547098
	0.027164718

	KEGG_PATHWAY
	Inflammatory mediator regulation of TRP channels
	18
	2.421582332
	0.027828254

	KEGG_PATHWAY
	Focal adhesion
	29
	1.883452925
	0.035186067

	KEGG_PATHWAY
	Dilated cardiomyopathy
	18
	2.304029791
	0.041502122


MF, molecular function; BP, biological process; CC, cell component; KEGG, Kyoto Encyclopedia of Genes and Genomes; FDR, false discovery rate.
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