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Identification of spatiotemporal brain activity patterns triggering global state
changes in functional brain networks
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In this study, we focused on the spatiotemporal dynamics of brain activity
used to derive functional brain networks, and clarified the nature of the brain activity dynamics
behind global state fluctuations in functional brain networks, characterized as switching between
segregated and integrated states, through simulation analysis based on structural brain networks. In

particular, we found that packet-based communication must be incorporated into the brain activity
dynamics to efficiently exchange information between regions at the global level.



¥ X C—19,. F—19—1. Z—19 ({58

1. WH7ERAR YD &

BEPIZEBWNTIE, EBFREOIFEIRERIFEREI O S 2= v VEA L T HMEER Y NT—27 2

KIBANREZIL L TWD Z &, KRRy N = N TENENOMEBFNE Y 2 — LT &I
(B LCWAIREE L 2MIC DT> T THiA] LTWDREBOM Tt x 7 < 810 B> T
B ENMBNTWSD (Betzel, Fukushima, ..., Sporns, Neurolmage 127, 287-297, 2016;
Fukushima et al., NeuroImage 180, 406-416, 2018; Shine et al., Neuron 92, 544-554,
2016). L LARS, ZOMERER v N U —27 OKRIBAPIREEZL N E U 2 HBD AR A I =X
LT E <o TV,

2. WMEDOBEM

Z ZTARBIETIE, MHERER v b U — 2 OB TH DMEB ORFZEM & A F X 7 RITHEH
L, 2 - EAIRREBR OB D D D ITRE SN D MEERE R » b U — 2 ORI IRIBE L D5 1%
W DMIEEI X A T I 7 AN OMWHE ARG T2 L2 BfR Lc. 2 2 TIEHRIS, s
Y NI DOMEBI S A T I 7 ANEL DR EET /MU LT ETY R a b—va VT
Eh L, fFoNTfRNOERO LWHEFRIEE O OITEEI 2 A 7 I 7 AR b HOEME
A ONTT D LRI

3. WHEDTTIE

FERFREIZINE T, MEERY N =212k o TRBENT-IFMIEX A T I 7 ZAET L
ZRAWTEERFIZE T DIIEEN 2 Rk L, IEERE LR » N U — 7 ORIRAPIRIEZL AT D A D
= ANERABMFE A 1T > C& 7= (Fukushima and Sporns, PLOS Computational Biology 14,
e1006497, 2018, Fukushima and Sporns, Communications Biology 3, 606, 2020, Pope,
Fukushima, ..., Sporns, Proceedings of the National Academy of Sciences of the United
States of America 18, €2109380118, 2021).

AAFFE (Fukushima & Leibnitz, Network Neuroscience, doi:10.1162/netn_a 00360, 2024)
TlE, 2RO THWTEZLD L IXELROT 7n—F4% &0, FifEiERry NU—27 ED
W{EET U 7 (Avena—Koenigsberger et al. Nature Reviews Neuroscience 19, 17-33, 2018)
CHERE R I 2 L— g UEF (Misié et al., PLOS Computational Biology 10, 1003982,
2014) ZHWT, itEiEx >y FU—2 (K 1A) LOMEEN Y A FI 7 2A%2ET ) 7 - Ial
— kL7 (K1B, C). A¥Ialb—va rERRITBWTIE, BISENIHSRRBERE 52 H
WTCETUEENS. ZORFEFOEFMEES AT I 7 A%, SEIEREFREZHNTCEEL,
FNENOBEANSELNIMESE Ry NU—7 LOBEKEOMHEE 2 &1, MEER >
MU —2 ECIRET D Z &Y @GR 28 H L7,

A Structural connectivity B

C B Message switching
(macaque) .

g 4
® o=

message

from

After the message (B) at node i [l Packet switching
completes service, FE

to

1 F 2 FI F
In-degree case case case 3

@O oSS w0

tpackel

B 1:tEERy NTU—2 FOXAF IV ADETFTV 7 ey Ialb— gy, (A K3 TH
Wi~ 7 WL OftEERy FU—27. B) a2l —ya B 5%y hU—7 EOEED
A, (C) I a2l — g VREDOEWOME. HHl : Fukushima and Leibnitz, 2024, Fig. 1.



VIal—yarIZBWTHWRBEANICE LT, E50EFMIKE LTL, 727 4 —
7 (RW), mERELV—T 47 (SP), £ 75 —L KT XL 4—27 (iRW), AT AR -
FE LT F—27 (bBRW) ZHW, BEOAL v F LI T7—F%7 7 F v —L LTIE, AvE—
AA v F 7 MS), Ny RAAL vF T (PS) #HWE., 2o DIEHEEIKE XA vTF 7
T—%TF I F ¥ —DOHLEDEDENEIICHONWT, WiEER Y U — 7 FoOGEE (S i
PEEL LT

4. HFFERH

EE R Y U — 7 ZERT D2 HEBFM T EEDOE SBEICET M EERILL, &
R 2 W2 L X OB A AL v F L T —%T 7 F ¥ —MS & PS O T Lz, T OREE,
WEHE LRIBICMLERERIA RN ELLENT U AIN TS iR OF A=V g oay
Fa—LRF A —& ¢ ZHEE L1- & XD bRV ZafEHE & L CTHWZEIZEBWT, MS XD
H PS DS IMEFRRBICET HZREENENL 2D 2 ENbhotz (K2 BELUK3). ARiERIT~
I FNLOREER Y N =7 T =2 EZHWTRI LD Th o722, FEEOMEMIZ~ 7 A

A Avoiding busy nodes (iRW,)

i+
Message
Packet

Completion time

Direct transmission to the
destination if it is a neighbor (iIRWy)

=

ol ol ' ; ;
RW iRW, iRWy iRW,.q SP

B2 : (A) iRW OB, (B) <7 POUPEEFR v b U —27 OFHEFH T EROFE SREICES
DI OLEE (RW, iRW, SP). Hi# : Fukushima and Leibnitz, 2024, Fig. 2.

A B x10° x 104
T + 2
. g g
N
1 [7;] [&]
] 9]
' 2 :Tt =R
. +
14 3 H I
Nk
0.8 g : ¥ H n -"r-
.0 £ 1 - 1
3 ] 2 27 i rr T ot
g 06 Vj 2 El . '
[ o £ 14 !
o 5] 1 Lo b
2 04 / ° ' BT
B U +
% ‘l“m,":—--.. 14
it @, LY
" o2 )|
2] CINIHIEN (IR AT WAl ATl
o.’ . %
s % = 0.01 0.1 1 10
., %
0 T T # 8 ® 0 T T 0 T T T
0.01 0.1 1 10 0.01 01 06 07 1 2 10

Control parameter ¢ in bRW (log scale) Control parameter ¢ in bRW

B3 : (A) bRW ZHWBEOEBMR. B) ~vh 7 YVEER Yy N U —7 OB T E&D
G aiEIZ B4 A FE ol (bRW) . HH#i : Fukushima and Leibnitz, 2024, Fig. 3.



A Structural connectivity B

(mouse) x106  x10° x10° x 104
+ ? g -:- +
T : g E 1 : T + . T
i e H REEEE
H N :F =0 T IB H ! vt
o ' '
5 et g P HEBAR
= 1 = * T F R
c LT - I S T
10 % + T ! T - 1oy 1 1
10 o 1 -5.89905
105 505 e Th 0.5
80 Lo . i
* o,
£ 6 8 ? 9
c [ ]
3] Qo
5 3 & # Sa
2 02— 01— . : , 0+— : 01— ‘ -
= RW a d atd SP 0.01 0.1 04 1 10
Regions —iRW— Control parameter ¢ in bRW

Bl4: () ~7 2AOM#EERy hU—2. (B) ~ 7 RAgkEER >y U — 7 OfEBFHT—ER&DE
FAREEICET A o k. L ; Fukushima and Leibnitz, 2024, Fig. 6 ZthZr.

DIEETR v b T =27 T =2 EZ MO ZHEICB N THH#ERTE 2 (K4).
WEHE LGB ERER T A FBART U R SNTRRERIEIL, 2R 7O
L72SP GEWARAR Y bU— 7 HEERIRDIEFROME SAERHEICHLE) RV (Ry MU — 7 EEICE
T HERITE S GIE LB R ODEWN) (T, AR SIS 2 &b, T LD
AGFEHIG T & 5 iRV, TRME D ¢ &2 V= bRW IS KT U TSI mV i E 2R 2 & o PS 13,
ETFNVNTRET D ENZURAL v F U I T —%T 7 F ¥ —L LTCHRTILENTES.
PS DI alb—va B0, BHERE0/ SR A Oy b)) ICKMEER Ty b
U—0 LT D2 ENHESNTW =2 b, 22 TELNERERIE, 20X >3y
FR=ZDEAF 27 ARPREE R Yy b T —27 FICBWTAERTHZ E0FEZR LTINS,
ABFFRIC LD, MEERER Y P U — 27 1I2BWTAE U D KIARIRREZ L D512 D IMiEEN & A T
R ACELT, RO L OVEEFBEREEO-DICHLOREF A F I 7 ZAOWEN I 2 b
— g UirEm L CH LM ST

235 3CHk

Avena—Koenigsberger, A., Misic, B., & Sporns, 0. (2018). Communication dynamics in
complex brain networks. Nature Reviews Neuroscience, 19, 17-33.

Betzel, R. F., Fukushima, M., He, Y., Zuo, X. N., & Sporns, 0. (2016). Dynamic
fluctuations coincide with periods of high and low modularity in resting-state
functional brain networks. Neurolmage, 127, 287-297.

Fukushima, M., Betzel, R. F., He, Y., de Reus, M. A., van den Heuvel, M. P., Zuo, X.
N., & Sporns, 0. (2018). Fluctuations between high—and low—modularity topology in time-
resolved functional connectivity. Neurolmage, 180, 406-416.

Fukushima, M. & Sporns, 0. (2018). Comparison of fluctuations in global network topology
of modeled and empirical brain functional connectivity. PLOS Computational Biology,
14, e1006497.

Fukushima, M. & Sporns, 0. (2020). Structural determinants of dynamic fluctuations
between segregation and integration on the human connectome. Communications Biology,

3, 606.

Fukushima, M. & Leibnitz, K. (2024). Effects of packetization on communication dynamics
in brain networks. Network Neuroscience, doi:10.1162/netn_a_00360.

Migi¢, B., Sporns, 0., & McIntosh, A. R. (2014). Communication efficiency and congestion



of signal traffic in large—scale brain networks. PLOS Computational Biology 10,
€1003427.

Pope, M., Fukushima, M., Betzel, R. F., Sporns, 0. (2021), Modular origins of high-
amplitude cofluctuations in fine—scale functional connectivity dynamics. Proceedings
of the National Academy of Sciences of the United States of America 18, ¢2109380118.



Makoto Fukushima, Kenji Leibnitz in press
Effects of packetization on communication dynamics in brain networks 2024
Network Neuroscience
DOl
10.1162/netn_a_00360
Maria Pope, Makoto Fukushima, Richard F. Betzel, Olaf Sporns 118
Modular origins of high-amplitude cofluctuations in fine-scale functional connectivity dynamics 2021
Proceedings of the National Academy of Sciences of the United States of America 2109380118
DOl
10.1073/pnas.2109380118
23 3 6
47 67 46 8
2024
Makoto Fukushima, Kenji Leibnitz
Comparison of message-switched and packet-switched communication simulated on the human connectome
46th Annual International Conference of the IEEE Engineering in Medicine and Biology Society (EMBC 2024)

2024




Ryo Nishimura, Makoto Fukushima

Comparing connectivity-to-reservoir conversion methods for connectome-based reservoir computing

International Joint Conference on Neural Networks (1JCNN 2024)

2024

Makoto Fukushima, Ryusuke Nakamura, Kazushi lkeda

Evaluating the repeatability and validity of community detection in functional brain networks

30th Annual Meeting of the Organization for Human Brain Mapping (OHBM 2024)

2024

38

2024

2024




2024

2024

26

2024

cQ

CBE

2024




Makoto Fukushima, Kenji Leibnitz

Effects of signal packetization on whole-brain communication dynamics simulated in the connectome

52nd Annual Meeting of the Society for Neuroscience (Neuroscience 2023)

2023

Effects of packetization on cortical communication dynamics simulated in the connectome

2023

Relating switching architectures to propagation strategies in network communication models for the connectome

33

2023

Evaluating the stability and validity of communities detected in human functional brain networks

2022




2022

2022

45 65

32

2022

24

2022

33

2021




31

2021

44

2021

Maria Pope, Makoto Fukushima, Richard F. Betzel, Olaf Sporns

Modular origins of high-amplitude co-fluctuations in fine-scale functional connectivity dynamics

Networks 2021 Satellite Conference: Network Neuroscience

2021

Makoto Fukushima, Kenji Leibnitz

Routing strategies for packet-based communication in brain networks

Networks 2021 Satellite Conference: Network Neuroscience

2021




Kirsten Hilger, Maren Wehrheim, Makoto Fukushima, Josh Faszkowitz, Olaf Sporns

Intrinsic brain network dynamics and general intelligence

46. Jahrestagung Psychologie und Gehirn

2021
0
web
https://sites.google.com/site/mfukushimawebjp
web

https://sites.google.com/view/netneurojp




