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Low-dimensional representation of brain states during meditation
based on the intensity and functional connectivity of spontaneous brain activities
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Meditation is one of the most effective approach to promote our mental well-being. Authors focus on the
characterization and quantification of brain states with the aim of feedbacking them to meditation practitioners.
Since neuroimaging data such as measured by fMRI is extremely high-dimensional, it should be dimensionally
reduced so as to be sufficient for representing practitioners’ brain states. In this paper, we propose a novel approach
for low-dimensional representation of the brain states based on the two-dimensional feature vectors of the intensity
and functional connectivity of regional spontaneous brain activity. For the whole-brain area, the regional values
of each feature element are selected and decomposed into a single axis of each feature element, and then the brain
states are mapped on the two-dimensional feature space. Effectiveness of our proposed method is verified on the
fMRI data measured during the resting and breath-counting meditation task.

1. OO0

O0000ooooooooonoDD well-being—0O0O0O0O0O
gooooooooooooo—oboocoooooooooo
O00dO0oooOoOo 20150 12000000000000O00OO
Jo0o0oo0d0ooooooooogoooooogoooooon
goooogoooopooooooooooooooooooo
gobooOoooOoobooOooobooooooooDo

00000000000 well-beingODOOOOOOODOO
Oo000ooooobooooooooooooboooooa
Jo0odo0o0o0o0oo0oO0oDOooooooooooooDgon
go0oooooOooooOoOoOoooooOoOOoocoooooo
goooo0ooUooobOobooOoboUooobUobobooooo
gooooooOooopOobOobooOooobobooooooD
gooooooooboooooboboooboooooooo
000000000000 OooooooooooooDgn
gooo0ooDoDodoo0oo0ooOoDodoboDOoboooooogon
goo0oo0ooU0oooOoboUoboOobDdbOobooobooogo
goooooooOoOooOoCOoObOOoUUoobooogoooo
gooooooboooobooooboboboooboooooD
00 John Kabat-Zinn 00000000000 O ”Mindfulness
means paying attention in a particular way; on purpose, in
the present moment, and nonjudgmentally.”’0 000000
goooopboooooooOoCcoOoOogoooobooooooD
00 [Kabat-Zinn 94]0

doddoooooooooooboboooooooooooa
J00o0oooooooooooooooooooooooon
[Lutz 07, Marchand 14, Brewer 11, Lazar 06) 00000 O
0000000000 0default mode network (DMN)O O O
gooooobooo0ooooooooooboobooogoooo
gooooooooooobooooobobooooooooo
0000000000 0000ooooooooooooon
Jo0ooooooooooooooOo0oOoooooooooo
000000000000oo0oouUO [Fujine 16]0

gooooooboo0ooooboOooocdboooooOoobo

000: 0000 shiwa@mail.doshisha.ac.jp

ooooOoooOooooOoO0oO0oooOoooOoOooooooog
ooo0O0o0oOoooooo0O0O00oooOo0O0ooo0oooo
ocooo0oO0ooooOO0o0oobooOoOO0O0oO0o0oooooO0ooo
coooooooOOo0o0oooOoOOo0oOobooooOOoobOOo0oo
ooooooooooooo
oooOoOoOooooooOoOoUOOoooooOoOoooooDOoo
cooOooooOo0OO0000ooOOo0oooooooooooog
ooooOooooooOooOOo0o0ooooDbOOooOO0O000B00O
ocoooooOO0O0O0b00oDO00oooO0O00O0oooObO0o0o
cooooooooobOOooooooooooOooooooo
oopooooooopoOoOooooooodooooooood
goooOoOooooooOoOoOoooooooooooooOoo
ooooOoo0oooobo0oooooooooooooooo
0000000 100000 functional magnetic resonance
imaging (IMRI) D00 000000000 OOOOOOOO
000000000000 00000 [Zou0glDDOOODOO
goooooooOooooooooooooogoooo 20
oooOo0oOooooo0o0o0oOooooooOoooooooooo
oooooooooOOo0oooooOo MRIOOODOOOOOO
O0o0oo0oooooooooooooooooOoOOO0bDD

2. 000D

2.1 0O0O

gobooooooobooboooobooooobooooDo
gbooooooooboobooooobobooooooooo
goboooooooooooboooboooobooboooooo
gooooooooobooooobooobooooboooboboooooo
goooooodboboooboooooooooooooo
gooooooooboboooobooboboooooooo
gbooooooooooooboooooooobooooo

O fractional amplitude of low-frequency fluctuation: fALFFO

[Zou 08,Yin 14| 00000000000 OO0OOOODOOO
ooooooooooooo 200000000000000
goooooooooboooobboooobooboobooooo
gooooooooooooooooooooooboooon
gooobooooooooooooooooobobooooooo



0000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
00000 [Rubinov 10]0

ODO0O0MRIOOOOOOODO0O00O0O0O0O00000
3000000000000000000001000000
0000 40000000000000000000000
0000000000000000000000000000
000000000000000000000000 400
0000000000000000000000000000
00000000000000D00000fMRIOOOOODN
0000000000000000000000000000
0000020000000000020000000000
0000000000000000000000000000
0000000000000000000000000000
0000D0000000000D00000002000000
0000000000000000000000000000
0ooooo

22 0000

Oo00oOoooooooooooo fMRIODOOOOOOO
DPARSF[Yan 10] 0 0 O O slice timing correctionO realign-
mentd MNI O OO0 normalization0 0000000000
0000000000 0smoothing (8-mm FWHM Gaussian
kernel)Olinear trend 00000 000BOLDOOOOOOO
O0ooO00oooo0ooooooooooo BOLDOOOOOO
oobo0o0obo0oooOoO0O0ooooOobOOoOoocO0oO000o00o0.008Hz—-
0.09HzOO OO O0O0O0O OO Dautomatic anatomical labeling
(AAL)D0D000D0 1160000000000000 BOLD
gooooooooobooooobbollex1le00onoon
gboboooocooobooooooooobooobooooon
goooboooooooooooobobooooooooon
gooobooooooooooooooooooooooon
goboboooooooooobooboooooooooogoon
gbooooooooobooobooooboooooboooon
goooooooobooboboooooooooooboooooon
goooooooocoooboooouobooooooooo
15%000000000000000000000D0O0O0OO
opoooooa

goooboooboobooboooooboboobooooooo
O00000oooO0 BOLDOOOOOO fALFFOOOOO
Oo00o00 fALFFOOO0OO0O0O0OO0OO0O0O0OOOoOOOOO 1
oooooooO0o0oOoOoO0oO0O fALFFOOBOLDOOOO
FFTOODODODODODODOODOODOODOODOODOOOODOO0D
g000o000O00DbOb0O00000.008Hz-0.09Hz0 OO OO
goooooooooooooooboooooooooooon
000000000 0o0000o0O0n [YuFeng 0700 10
goboooooboooboooooooon

23 200000000
fMRIODODDOOOOOOOOOOOODOOOOOOODOOO
o00oo0o0Oo0oUoOoooUoOooOoooOoooOooOoooo
oo0oo0oooOooooooooOooOoooooooOooo
oo0o00o0o0o0o0oo20000000000000000
oo0oo0ooooooOoOo0ooOooOooooooOoooo
pogbobooobobobooobobuobobobobbooo
Oo000o00oO0OoO0oOoU0oOoooOoooooooUOooo
0 0 O Oregion of interest: ROIDOOO0O0O0O
o0000000000000oooooooooooo

For each state: m

>
State A StateB

BOLD time course
(voxel-wise)

L

Parcellation
(AAL 116 regions)

Functional connectivity
(ROIl-wise, z-transformed)

BOLD time course
(ROl-wise)

Band pass filtered (.008-.09 Hz)

Degree centrality
(ROI-wise)

15% edge-density threshold

-~

ZfALFF
(ROI-wise)

Sum of the amplitudes
(square root of the power)
of freq .008-.09 Hz

— fALFF =

zfALFF
(voxel-wise)

O 1: Feature selection process of the proposed method
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solution#2[1[1]o[1]1]1]...[0]

X Xp X3 X4 X5 Xg ... X116
xE{0,1} defines whether each feature

value ofthe ROl is selected ornot for
classification.

fr(x): #ROls

fi(x): Classification Error

ROls are automatically selected by
multiobjective genetic algorithm.

Feature values of ROIs are decomposed into
the axis where two brain states are
discriminated.

O 2: ROI selection and mapping into 2-D space
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O 1: ROIs selected using the proposed method
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O 3: Comparison of functional connectome between resting and meditation states
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0 4: 2-D visualization of resting and meditation states

ooo0o0o0o0oooooOoOoOooRrOIODOOOOOOOOO
oboooooo200000000000000000000
oob0 1900000 200000000000000000n
goboooooooooooocooooooooooooon
goboooobooooooboooooooboboOooobooboooo

goon

[Brewer 11] Brewer, J. A., Worhunsky, P. D., Gray, J. R., Tang, Y.-
Y., Weber, J., and Kober, H.: Meditation experience is associated
with differences in default mode network activity and connectiv-
ity, Proceedings of the National Academy of Sciences, Vol. 108,
No. 50, pp. 20254-20259 (2011)

[Chihara 01] Chihara, T.: Respiration and Emotion, chapter
Breathing Regulation in Zen Buddhism, pp. 121-126, Springer
Japan, Tokyo (2001)

[Fujino 16] Fujino, M., Ueda, Y., Mizuhara, H., Saiki, J., and No-
mura, M.: The functional connectivity of the striatum during and
after open monitoring meditation, International Symposium for
Contemplative Studies 2016, San Diego, USA, pp. 24-29 (2016)

[Kabat-Zinn 94] Kabat-Zinn, J.: Wherever You Go, There You
Are: Mindfulness Meditation in Everyday Life, Hachette Books
(1994)

[Lazar 06] Lazar, S. W., Kerr, C. E., Wasserman, R. H., Gray, J. R.,
Douglas, N., Treadway, M. T., Mcgarvey, M., Quinn, B. T., and
Dusek, J. A.: Meditation experience is associated with increased
cortical thickness, Neuroreport, Vol. 16, No. 17, pp. 1893-1897
(2006)

[Lutz 07] Lutz, A., Dunne, J. D., and Davidson, R. J.: Meditation
and the Neuroscience of Consciousness: An Introduction, in Ze-
lazo, P. D., Moscovitch, M., and Thompson, E. eds., The Cam-
bridge Handbook of Consciousness, pp. 499-552, Cambridge Uni-
versity Press, Cambridge (2007)

[Marchand 14] Marchand, W. R.: Neural mechanisms of mindfulness
and meditation: Evidence from neuroimaging studies William,
World Journal of Radiology, Vol. 6, No. 7, pp. 471-480 (2014)

[Rubinov 10] Rubinov, M. and Sporns, O.: Complex network mea-
sures of brain connectivity: Uses and interpretations, NeurolIm-
age, Vol. 52, No. 3, pp. 1059-1069 (2010)

[Yan 10] Yan, C. and Zang, Y.: DPARSF: a MATLAB toolbox for
”pipeline” data analysis of resting-state fMRI, Frontiers in Sys-
tems Neuroscience, Vol. 4, No. 13 (2010)

[Yin 14] Yin, S., Zhu, X., Li, R., Niu, Y., Wang, B., Zheng, Z.,
Huang, X., Huo, L., and Li, J.: Intervention-induced enhance-
ment in intrinsic brain activity in healthy older adults, Scientific
Reports, Vol. 4, p. 7309 (2014)

[Yu-Feng 07] Yu-Feng, Z., Yong, H., Chao-Zhe, Z., Qing-Jiu, C.,
Man-Qiu, S., Meng, L., Li-Xia, T., Tian-Zi, J., and Yu-Feng, W.:
Altered baseline brain activity in children with ADHD revealed
by resting-state functional MRI, Brain and Development, Vol. 29,
No. 2, pp. 83-91 (2007)

[Zou 08] Zou, Q.-H., Zhu, C.-Z., Yang, Y., Zuo, X.-N., Long, X.-Y.,
Cao, Q.-J., Wang, Y.-F., and Zang, Y.-F.: An improved approach
to detection of amplitude of low-frequency fluctuation (ALFF) for
resting-state fMRI: Fractional ALFF, Journal of Neuroscience
Methods, Vol. 172, No. 1, pp. 137-141 (2008)



