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Analyzing Frequency-Dependent Human Brain
Information Flow in Resting-State fMRI Using Multiple

Effective Connectivity Methods
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Medical University, Beijing 100070, China
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[Abstract] Objective To investigate the information flow patterns in the human brain across different frequency
bands of resting-state functional magnetic resonance imaging (rs-fMRI) using 7 analysis methods to assess effective brain
network connectivity. Methods The high spatio-temporal rs-fMRI data of 60 healthy volunteers (30 males and 30
females) aged between 22 and 35 years were downloaded from the Human Connectome Project (HCP) database. The
information flow patterns of different frequency bands, including conventional low-frequency band (0.01-0.08 Hz), high-
frequency band (0.08-0.69 Hz), and whole-frequency band (0.01-0.69 Hz), were analyzed by Granger causality analysis
(including linear Granger causality model, kernel-based Granger causality model, and non-parametric multiplicative
regression Granger causality model), transfer entropy (based on binning, k-nearest neighbors, and permutation), and
convergent cross mapping. Results Within the low frequency band, the preferred information flow showed similar
topologies across all the analysis methods, with the information flow going predominantly from sub-cortical nucleus,
limbic lobe, and a few regions of frontal and temporal lobes into occipital and parietal lobes and other regions of frontal
and temporal lobes. In contrast, within the high and whole frequency bands, the information flow was in the opposite
direction. Additionally, significant negative correlations were found between the preferred information flow direction and
the relative power of low- and high-frequency bands, respectively. Conclusion The multimodal effective connectivity
analysis conducted in the study reveals rs-fMRI frequency-dependent information flow patterns in the human brain,
validates the consistency of different methods in assessing the directional information transfer in the brain network, and

offers new insights for understanding the regulatory mechanisms of resting-state brain functions.
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HCP rs-fMRI images processed by MPP
and ICA-FIX (30 males and 30 females)

Bandpass filtering processing based on
SPM software

Low frequency band
(>0.01 Hz, <0.08 Hz)

High frequency band
(>0.08 Hz, <0.69 Hz)

Full frequency band
(>0.01 Hz, <0.69 Hz)

Computation of effective connectivity (AAL template) by CCM, GCA
(linear/kernel/ NPMR), and TE (binning/KNN/permutation) via Matlab scripts

Defining preferred information flow
direction via Matlab scripts

Information flow index (between brain reglons)
calculated via Matlab scripts

Power/Relative power distribution of BOLD signals
computed via Matlab scripts

Spatial correlations between information flow direction and
BOLD signal power were computed using Pearson’s correlation
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Fig 1 Data processing flowchart

MPP: minimal preprocessing pipeline; ICA-FIX: FMRIB's ICA-based Xnoiseifier; SPM: statistical parametric mapping.


https://www.humanconnectome.org/

772 PR (BE2E R

% 5645

Anatomical Labeling(AAL) #1901 isi 7 X 1 F B fige &l
2 TR B BB i DX B ) 5 3155, T Ie2etl
£ St a =N

12 EBERREX

FI 3 F 2% . Kernel FINPMR GCAFIFEF
binning . KNNAIHES I TE L K& CCM A BAT 8504 35 .
R B R TS B B R VR TE 25 7%, A SEXTGCA
(Linear. Kernel FINPMR) ¥ f5 i 508t —i% & N34~ TR
(time of repetition, 842 it [A]), XF T Kernel GCARY#Z% pR%L
e W% . TE binning 5348505 B 45 VN (N R[]
JFHITRAEL) , k-1 4B Ak E M6, permutationtKEL K BN
5000, CCMMR AZERE I 8 3, BT Bk ki deit
A RGERE, IR G H T A BT L 3AE BT 1) o
ARCEHEH H FH A B Matlab A FIAH & Y Matlab T H
FHEAT

BORAE: 74 ol v, AR 0 9 30 R FH TR i ARFME B
Ty, BRI TERY A X HE A & L, I g U3
{7 B 1 A] LAy D W A SR i w22 o 77 ] PETE (directed
TE, dTE) # H T 387 i X 38k 19 15 2. 5 A 8 o
PG (X, Y ) RIS 3E B 7 1] 8 SCAnR

TE(X,Y)
TEX,Y)+TE(Y,X)

AKX (D) H, MR ATEyy, >0.5, Fmk AX WG
B AY;dTEyy, <0.5, RR K HY ME B AX;
dTE x,=0.5, WZ/R X F1Y Z A1 A 7 B IR AFE 85 B
LiEE

RIETER LT B i, A 1E LT HT
GCAFICCMI MR B ATk, BAF:

GCA(X,Y)
GCA(X,Y)+GCA(Y,X)

dTE(X_y) =

(1

dGCAxy, = 2)

CCM((X,Y)

CCM(X,Y)+CCM(Y,X)

FEAF(2)FN(3) 1, AR dGCA vy, BldCCM x ,>0.5,
FRK A X B B AY 5 dGCA y,BldCCM v, <0.5,
K H Y HYE BIRAX; dGCA .y BldCCM xy, =0.5, W 5%
ARX Y Z AN {5 B AR BUE B A SS

HRAE L 38 A8 RG% B B SR L 3 Bl
Fb A il DX ] (8 AR R A 328 RE T, SRAEREAS R ik -
R i DX A AR S BB T o
1.3 REEERER

T Fi L R A 10 1) DX Sl R TR A 5 o, R
g% 43 M AT X (anterior, A) . .0 [X (central, C) )5 X
(posterior, P) . {H 1 FHABRMEI, K T ATz A A1 py ]

dCCM(X'y) = (3)

DI EAT BTN o (8 FH T RERE 4R 15 mT AR B 4
155, R, FATT#E— 252 LT WX (Tateral, L) Fi1
Jii T X (sub-cortical, S), TEIE WL R 1, XI5 BT 4L
B LRI DT LA BIPIX ). 1 Je AKX N T
I ENP X I F X S 345 B0l FE 4L, 4R )5 XA
Pl B TE ST, IS BIARIPRY 3R . AP

§H>0, W R1E B NATL I P, #5745 %<0, MR
PURIAIA . JITAT R L I 4 0 DR
14 HEMEEEST

FEXHREANIGIX., THE TR RSB (0.01 ~ 0.08 Hz., 0.08 ~

0.69 Hz. 150.01 ~ 0.69 Hz) N B S50 i, IR BL AN
PR BE 5 A ARUBEN B 5 5 B =2 B SRR R i3 A3 B
BIARXHE S0, DR 4 BOLDE 54 3 FIAH X5 43
ML ISR T e SN E BRI SR

2 #R

2.1 AEAFFETENRSEBREEM

FETR]— B B oA (AR, o AR 4450 , filf FH L e
Kernel fINPMR¥ GCAF1% Fbinning . KNNFIHES ()
TELL K CCMIT A RGE HE AL, U3 B iy 1 —
. K2R TR (0.01 ~ 0.08 Hz) FA[FIHE 745
B ARG A B 5 1]
22 AESABRRBERRSHER

MNEBFTR, AR (0.01 ~ 0.08 Hz), A [FA 7 3
AN AE B AL 5 B R R
TG RV . B A0 B DX AL L TR X, B
R GV B S 0 i X B R 1
5 B Re T, midkid | TR R i (5 B Ik Re T

TE R (0.08 ~ 0.69 Hz) N, AN [ ()5 14445 2]
oA B IR AR AL, (B4 T 1] S AR B AR R . 15 &
TR I T X3 1) B 2R A AT S gk AL,
DX sk, o, B2 A G R . B A X
PR i (0 5 B B2 ISCRE Ty, TR P R T ) SR A
SR )17 K 1 R

TEAHRBEN (0.01 ~ 0.69 Hz), KK A5 B ik 5
PR AT BEAR BN o A B TR ML I R TP DX I o B )2 R A
ZiNB7aEZ UNSIE TN T
2.3 XiERRER

FEMRAT B (0.01 ~ 0.08 Hz), AIX MBRPIX LAAI ) HoAth
IS 215 8. PIX S AR A9 BRI 77,
C. LASIX {5 B i 7 HT

FERHE (0.08 ~ 0.69), AIX ABRSIX LA g HAlh [X 5]
PR E 258 . PIXRICIX 5 B8 (1975 B AE 7,



F3M HZBEE: 2 BB s B S T BERELIR SR MO A {5 B R 773
CCM GCA(Linear) GCA(Kernel) GCA(NPMR) TE(Binning) TE(KNN) TE(Permutation)
1 ' 1 I 1
0 . IO E |()
il _- r 0.6 io.s :
(A ) N I0.4 0.4 10

Preferred information flow direction

Effective connectivity matrix

0.01-0.08 Hz 0.08-0.69 Hz 0.01-0.69 Hz

TE(Permutation) 107k (permutation) 10 35 35 35
TE(KNN) TE(KNN)
TE(Binning) TE(Binning) |
GCA(NPMR) 5 GCA(NPMR) 05 L 0 o 2.0
GCA(Kernel) GCA(Kernel)
GCA(Linear) GCA(Linear) 05
ceu 0.5 0.5
DD D@D D DD D@D D
q?‘%‘& SV & & @e SN &
SIS S OIS
& TS &S@‘ TS

2 EFrs-MRIEST (0.01~0.08 Hz ) 5 SHEBRMNARERERNRABERRAE
Fig 2 The effective connectivity and preferred information flow direction derived with different methods within low-frequency band (0.01-0.08 Hz)

CCM: convergent cross mapping; GCA: Granger causality analysis; TE: transfer entropy; NPMR: non-parametric multiplicative regression; KNN: k-nearest

neighbors. A, Though the value range in the effective connectivity matrix (first row) and preferred information flow direction (second row) differs, the pattens are similar

to each other. B, Pearson correlation mapping showing effective connection matrices and preferred information flow directions between different methods (based on low

frequency band). C, TE (permutation)-derived effective connectivity matrices across frequency bands, with unified rescaled axes for comparative analysis.
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Fig 3 The distribution of information flow directions by using different

methods and within different frequency bands
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Fig 4 Distribution of information flow index within different frequency bands, calculated by different methods

A: anterior area; C: central area; P: posterior area; L: lateral area; S: sub-cortical area; CCM: Convergent Cross Mapping; GCA: Granger causality analysis; TE: transfer

entropy; NPMR: non-parametric multiplicative regression; KNN: k-nearest neighbors. AC indicates information flow index from A to C, distributions per frequency band,

derived from effective connectivity by different methods.
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Fig5 The information flow patterns within different frequency bands (based on the averaged regional information direction indexes for different

methods)

The arrow indicated the information flow direction.
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Fig 6 The power and relative power distribution of the BOLD signals
within different frequency bands
First row, the power distribution of the BOLD signals within different
frequency bands. Second row, the relative power (divided by the power of the
signals within whole frequency band) distribution of the signals within low and

high frequency bands. The power was normalized for a better visualization.
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Table 1 Pearson’s correlation between information flow patterns with power and relative power of different frequency bands (r)
Index Relative strength Relative strength Absolute strength Absolute strength Absolute strength
(0.01-0.08 Hz) (0.08-0.69 Hz) (0.01-0.08 Hz) (0.08-0.69 Hz) (0.01-0.69 Hz)

dcem —054" —0381° 0.01 —037" —035
dGCA (Linear) —047 —0.86" —0.16 —0.39° —031
dGCA (Kernel) 0.05 —0.66" 0.62" —0.05 0.09
dGCA (NPMR) —0.46 —0.30 —0.46 —0.05 —0.10

dTE (Binning) —0.60" —0.37" 0.005 —0.14 —0.16

dTE (KNN) —0.58" —0.64" —0.18 —0.20 —0.23

dTE (Permutation) —0.50" —0.60" —0.10 —0.26 —0.11

GCA: Granger causality analysis; KNN: k-nearest neighbors; NPMR: non-parametric multiplicative regression. ” P < 0.05.
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