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Batch normalization

RelLU

Number
Filter size  Stride  of filters

3D Convolution layer [/--7--» 1x3x5 |[ 1,1,1 | 16
BR module / Pool size Stride
3D Maxpooling layer |====--- » 1x2x2 || 11,2
Number
v Filter size _Stride _ of filters
3D Convolution layer [=====-- » 1x3x5 ] 1,11 16
il Pool size _ Stride
3D Maxpooling layer |«--=-- W I1x2x2 (| 142
J Filter size  Stride  of filters
3D Convolution layer f=====+- » 1x1x1 (| 1,4,1 8
e madu Pool size  _ Stride Feature -
3D Maxpooling layer |====-* » 1x2x4 || 1,2,2 | extractor
,..-.-.-.-.-.-.-.-.-.-.-.-.-.-.1;.'.-.-.'.-.-.-.'.-.'.'.-.-.-.'.-.-.-.-.-.'.'.-.-.-.;l'.'.-.-.l;.-.-.-.-.-.-.-.-.-.-.-.-.'.-.-.-.'.'.-.-.-.'.'.-.-.-.-.-.-.-!
umber
Flatten layer ol finciciii
Fully connected layer f==-=--- » 128
Qutput
Dropout layer (0.2) Sliasas
Fully connected layer [===--- * 2oré4 Classifier
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3. A3

3.1. ezl 7 A3
3.1.1. 7iE SHAAE 7Rk &7 A%

ozl Ael AEeA s ICAE FHst A7, &X9 ¥ A 249 FE
11.71 £ 6.29 o|th. ME 74 245 AHES 275 oY HRSPE A&t
AET ojg] HRSPE H#slets Zlo] dwbdow o & 27 AL E
GAHE RoFgth 979 Ade Hskstel dEsEils W, &Y AE
el Alel iz oduk giods ek diogds AFEES w, 7247 98.08 +

=] A 3}

% 1. E AE T e=gd

0.81%, 98.05 + 1.11%°] +

ol 7 AbE dlelEl® A A, 8.08 £ 4129 ¥ TA 249 #%
cehiglh ol e ¥ doles BAd dAz AR o, Aek 2
oot e Aol 5719 AWe Bwae F, 9 Ak 91.01 £ 5.01%9
BR AFES dehiglth A YRS AW eXeel BF gt Agw
A% dole et 247 1, E2¢] vheh e,

7 A= 2% (o] FA A¥ wolE, N=17)

Theta Alpha Theta+Alpha Low beta 5-20Hz
Single 97.84 + 1.03 9745+ 1.60 97.70 + 1.31 96.35 + 2.52 96.63 + 2.08
Average 3 97.41 + 0.87 96.61 + 1.55 9754 + 1.05 94.28 + 3.31 96.28 + 1.53
Average 5 97.52 £ 1.11 96.57 + 1.63 9749+ 1.10 94.81 + 3.53 96.18 £ 1.82
Average 7 9764 £ 0.86 9697 £ 1.42 97.82+ 0.71 94.04 £ 4.37 96.80 £ 1.26
Average 9 98.08 + 0.81 97.47 + 142 98.05+ 1.11 9398+ 4.13 9758 £ 0.96

oZed BF AFE 2% (4 /X #A 4G wolH, N = 12)

Theta Alpha Theta+Alpha Low beta 5-20Hz
Single 89.46 £ 5.26 89.37 £ 585 90.28 + 544 87.70 £ 6.64 88.34 + 5.69
Average 3 88.90 £+ 4.81 88.33+ 540 87.89 + 5.86 84.75+ 7.09 86.14 + 5.72
Average 5 90.03 £ 5.45 89.11 + 6.38 91.01 + 5.01 87.53 £ 7.72 86.87 + 7.48
Average 7 87.46 £ 3.22 87.21 £ 3.65 86.30 = 3.27 8290+ 5.38 8332+ 4.94
Average 9 89.36 £ 3.64 86.86 £ 5.58 88.02 £ 3.87 83.11+ 7.07 8390+ 5.30
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® 3 AG AL T ozl EF A

o=, 97.45 + 1.53%=

S.:
m

2 A An, AL gels
]’]'E]'}A-——II] H we o¥yaE  Hslet

Soitson, 53 elgel B olgat

rLM

= E3 AAE U

S Ay 11709 ¥% ¥ 7
S AHES B AgEE

w3t =M M =S R

7 2ol g A g Fa
AellA M e ERF JFE=T
% HRSPY +7F AFg=7}
e a7k A Atk o]

yl 7HA Al AddelA, Group ICAE F3d A3 9719 ¥ 4 247}

A E AT o] A dlolEl o] dItel ¥ A, leave—one—

out 7 Hdge

A= g Ao o8 HRSPE Hd3ststs Aol ©d HRSPE AREshi=
L}EMO*E}. AEF didy 73] 9]

=2 85.67

+ 4.77% IS

= 2% (o] A 4 dolE, N = 17)

Theta Alpha Theta+Alpha Low beta 5-20Hz
Single 96.94 £ 1.24 9142 £ 591 95.80 £ 2.00 75.00 &£ 10.43 88.86 & 4.62
Average 3 97.23 £ 1.34 9031 & 9.27 9534+ 2.79 7257 &£ 12.86 88.77 = 4.40
Average 5 97.04 £ 1.80 91.58 & 9.96 95.27 £ 3.08 72.64 £ 13.87 89.84 &+ 3.06
Average 7 97.44 + 1.50 90.81 &+ 12.12 95.88 &+ 2.74 73.05 + 13.75 86.91 + 5.16
Average 9 97.45 £ 1.53 89.71 4 14.20 96.24 £ 2.87 72.04 £+ 12.59 89.45 + 5.96

E 4 D AE A 2=l EF g

23 (d 7HA] A 49 dHolE, N = 12)

Theta Alpha Theta+Alpha Low beta 5-20Hz
Single 82.91 + 4.07 70.66 + 4.73 76.63 £ 4.48 58.19 + 4.89 70.51 £ 5.24
Average 3 84.31 £ 397 7023+ 7.67 79.69+ 555 61.88+ 632 73.02+ 5.64
Average 5 84.00 £ 4.45 70314+ 7.98 7899+ 6.19 61.08+ 3.67 7294+ 4.86
Average 7 85.67 + 4.77 74.08 + 6.20 80.81 £ 5.33 61.06 =+ 528 7395+ 4.76
Average 9 85.04 £ 4.45 7220+ 8.19 80.75 + 6.19 61.95+ 4.53 7523 + 5.48
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3.1.3. HRSP¢] 5ol H7} 43
3.1.3.1. Sham R ¥ = 7|4} vl A Az}
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A Grad-CAM of actual R peaks
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Result of online classification : binary-state
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ABSTRACT

Real-time monitoring and classification model construction of heartbeat evoked
potentials and heartbeat-related spectral perturbations using real-time

independent component analysis

Attending to heartbeats for interoceptive awareness initiates specific electrophysiological responses, including
the heartbeat-evoked potential (HEP), synchronized with the R-peaks of an electrocardiogram (ECG). Extending
beyond HEP, this study explores heartbeat-related spectral perturbation (HRSP), which represents the time-
frequency characteristics of EEG signals aligned with each R-peak. Employing an online classification approach,
we investigated HRSP's properties and its capacity to indicate interoceptive attention states. A convolutional
neural network (CNN) specifically designed for analyzing HRSPs from brain components identified via EEG's
independent component analysis (ICA) was applied in binary and four-class classification experiments. These
experiments involved tasks focused on attending to self-heartbeats and white noise. We evaluated the primary
frequency bands of HRSP and the minimal number of averaging epochs required to detect frequent changes in
interoceptive attention states without compromising accuracy.

Further, the study assessed the utility of group ICA and CNN models alongside individual ICA and CNN models
for classifying HRSP in new participants. The HRSP CNN demonstrated significantly higher classification
accuracy compared to the sham R-peak-based HRSP CNN. Grad-CAM analysis highlighted the prominent role
of theta and alpha bands within the sensorimotor area, salience network areas, and precuneus between 200-600
ms post-R-peak—features absent in classifications using sham HRSPs. Online classification benefits from
employing a group CNN model with group ICA, ensuring reliable accuracy without additional individual EEG
data collection. These findings suggest HRSP's potential to reflect interoceptive attention states, proposing

transformative implications for therapeutic applications.

Keywords : interoception, heartbeat related spectral perturbation, interoceptive attention
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