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Fig. 1 Filtering algorithm using two-layer long-short-term-memory (LSTM)
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Fig. 2 Input information of LSTM for classification
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Fig. 3 Measurement paradigm in the simulative experiment
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Fig. 4 Three-layer brain-emulating model
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Table 1  Optical coefficients of brain-emulating model

1

") /mm

Layer Thickness /mm
785 nm 830 nm
Scalp 5 (0.0164, 0.71) (0.0191, 0.66)
Skull 7 (0.0115, 0.91) (0.0136, 0.86)
Cerebral cortex 38 (0.0170, 1.16) (0.0186, 1.11)
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Fig. 6 Simulation results. (a) A comparison of absorption perturbation images in CC-layer at the selected time points

(colorbar: 0.0001 mm ');

(b) quantitative comparison of reconstruction at the selected time points; (c¢) time-

courses of average absorption perturbation in the activated region and the corresponding HbO and HbR concentration
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(1 fe 485 i D) E ALAR R 48 R T 10 IR 4 R L &
RCAR AT IBC T 8 0 B R0 3 S 56 AR AT 2 T 2 8 0 P
PRNLSTM J5 35 9 08 B 45 R . s A2 L 32
REFALT WREAT 1.5 m, ARG R 2K E/
DR,

&l 8 JroR 1 AE A 52 56 R T B 55 56 i =X, B A4 3
POt PR EE 36 (LG HRE AR 9 s AR5 A 18 s FlF
BE9 ) M BELE 6 ), Bt s
276 s, UGG 30 s FIGS AT 30 s ME A FELA, RHE
BN 3.3 Hz,

i Z Wi B 7 %R :
baseline ) § g g § ¢ baseline
P , P i t/s
{ EE : R i >
0 30 39 57 66 210 219 237 246 276

8 7 AR S 5 ) ek i X

Fig. 8 Measurement paradigm in the in-vivo experiment

[ A Hb, Sk T AR UL, AR SC R T 785 nm R
4 Bof ) A P AR S S . B 9 Ca) T P R T T
4 2% B0 B U 38 T | A A A 2 S v [
AT  LSTM-2 KA TR NE P, 5,
A Wi A5 Ak e K0 28 ) s AE R IBG, BL 7.5 mm Ry
A FRAE R A X T B X T 3 kA
Ak FINIL 2T 85 e B AR Ak L RS SR i 9 (b) TR
AR 2 W R LSTM-1 J7 15 4k 458 19 %
R | R R 7 e A A = e S R D
B R LSTM-2 J7 16 15 21 (1) i [a] il 26 47 76 1R
JEER.

LSTM-1 25 53¢ i — 2 0 i ik 2y X 38 A B[] 42
PR R 7 A I Bl 7 2 Wi oL R L g 2 e
P 5 o0 X3, G kX3 A R i O B
AT T30 A3 1 85 A 405 56, 7 AR S0 58 b AR
55 P A Y B S 2% Ay X8 43 A TG T AR A TAR

LAY X A3 AT 2 X LSTM-2 77 ¥k 345 1) X 48 4 °F
W SR Ak DA B DA e T B30 i £ 2 1k R A Ak
AFE . H AT, BT R TR R 2 RS AR X 2%
DI AT 28 SO E Y B 5T, TG 1k R i AR R A
1% 24 Ay DXt £ Ak s B, ] i — 25 I 2k A
AU, DLBE f ik — [n) B, R ROk TAEM — A~ EHE )y
Il
4 3
SEBR b, Az BRI RE A B A AR T Sk 2 R
R Bz )2, FLAF A B[] 48 SR 5 Bt , SR 22 8 38 7
Bt 250 AR 22, J0 ¥k o K A 2%
FET . N T IFEAG X — 1 B0 T BT 4 B0k A K
PE L FE b SCEUE AL S 56 (14 FE Al L 7E K ik 2 )2 1

A T 1 0 L FL 5 R A BT AR AR 5 s
B 42 B 0072 )

i

1918007-6



£ 48 %5 F 19 H1/2021 F£ 10 A/ E

t=6s t=12 s t=18s t=24s t=30s 18

E
E
E ]
LSTM-1 & ,E
g o
g =
=
. 2
LSTM-2 ) =
0
(@)
0.002
1.0
TE 0.001 05
3 )
w
0 . 0 i
rest E task i rest
-0.001 : + . -0.5 .
0 18 36 18 36
Time /s ) Time /s
B9 FEMRSCIREE R . () F5 5 B[] 5 5 HE MOBCE £h 43 A 5 (b) 247 B Py SF- 34 W g isf 1] 2% b Hly £ R0 AH 0 0 2T 85 1 vk 32
54k ih 2k

Fig. 9 In-vivo experiment results. (a) A comparison of absorption perturbation images in CC-layer at the selected time

points; (b) time-courses of average absorption perturbation in the activated region and the corresponding HbO and

HbR concentration perturbation
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LSTM-Based Recurrent Neural Network for Noise Suppression in fNIRS
Neuroimaging: Network Design and Pilot Validation

Liu Dongyuan', Zhang Yao', Liu Yang', Bai Lu', Zhang Pengrui', Gao Feng"”
" College of Precision Instruments and Optoelectronics Engineering, Tianjin University, Tianjin 300072, China ;

* Tiangjin Key Laboratory of Biomedical Detecting Techniques and Instruments, Tianjin 300072, China

Abstract

Objective Functional near-infrared spectroscopy (fNIRS) has several advantages, such as noninvasiveness, free
radiation, and reasonable temporal/spatial resolution. This enables fNIRS-based technologies to be used as an
alternative to conventional technologies, such as functional magnetic response imaging ( fMRI ) and
electroencephalogram ( EEG), and the technologies are increasingly used in clinical practice to complete
neuroimaging. However, because of the reflection geometry used in fNIRS, light travels from a source, through the
scalp-skull layer, into the brain, and back out through the scalp-skull layer to be measured by a detector, which
decays significantly as depth increases. Therefore, the reconstructed activation using fNIRS is usually contaminated
by superficial physiological signals (cardiac pulsation, respiration, and low-frequency oscillations, etc.). Besides,
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the random interferences induced by the photon-shot and instrumental noises, etc., also have blurring effects on the
activation reconstruction because of faint activated hemodynamics in the brain. Thus, suppressing the irritating
physiological interferences and random noises has been a critical task in fNIRS-based neuroimaging. In this work, we
propose a long-short-term-memory (LSTM) based recurrent neural network (RNN), including a prediction and a
classification layer, to suppress physiological interferences and random noises, respectively, to improve
reconstruction performance with less repetitive or even individual stimulation. This has some advantages, including
shorter measurement time, more subjects, and the ability to examine responses to single stimulation.

Methods The proposed LSTM-based RNN, which is purely data-driven without an auxiliary measurement process,
comprises two layers: First, the prediction layer is used to estimate the absorption perturbation induced by the
physiological interferences during task stimulation. Then, the estimated time series is used as the reference to
adaptively filter the reconstructed absorption perturbation for the removal of the interferences from the physiological
signals. Second, the classification layer is applied to reduce the remaining artifacts induced by the random noises in
measurements for acquiring a better space-localized solution, converting the filtering procedure to a binary
classification problem. Notably, the combination of the space-time filtered results from the predication layer is used
as the input to the classification layer, ensuring the robustness and efficiency of the proposed method.

Results and Discussions The numerical simulations and in-vivo experiments are implemented based on fNIRS-
DOT (diffuse optical tomography) to describe the network design, training, and filtering process in detail , and the
effectiveness of the proposed method is compared with the reference filtering and cycle averaging method (RFCA).
The results show that the proposed LSTM-based model improves reconstruction performance for the numerical
simulations (Fig. 6) by effectively suppressing the physiological interferences and random noises rather than using
more measurement cycles. Furthermore, we examine the effectiveness of the proposed method to deal with the
potential time lags of superficial interferences compared with those in the cerebral cortex layers, and the results
show that the proposed method performs better under the mentioned condition (Fig. 10). As for the in-vivo
experiments, the results from the predication layer show comparable performance as the RFCA, whereas the results
from the classification layer show a more concentrated activated region (Fig. 9). Because other modality imaging
techniques have not been used to cross verify the activated region, determining whether the proposed model is over-
optimized for the activated region is difficult. Thus, training the filtering model to avoid this problem will be an
important direction for future work.

Conclusions In this paper, we propose a two-layer LSTM-based RNN that utilizes the prediction and classification
of the RNN model to reduce the image artifacts induced by the physiological interferences and random noises in
fNIRS-based neuroimaging. The proposed method has a clear physical explanation and needs no additional hardware
cost. To evaluate the proposed method, a series of preliminary numerical simulations and in-vivo experiments were
implemented, and the results show that it has a promising future for achieving reasonable enhancements, providing a
practical approach for the fNIRS-based brain-computer interface application.

Key words medical optics; functional near-infrared spectroscopy; long-short-term-memory; recurrent neural
network; brain-computer interface
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