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Abstract Traumatic brain injury ( TBI) caused by shock waves is one of the most common fatal and disabling
diseases, and thus the early detection and classification of blast-induced TBI (bTBI) have important clinical
significance. In this paper, based on the continuous terahertz wave imaging system, the brain tissues of rats with
different degrees of bTBI are detected by the continuous-wave terahertz attenuated total reflection (CW THz-ATR)
imaging system, and the THz images of these brain tissues of different levels of trauma are classified and identified
by the support vector machine (SVM). The imaging results show that the detection of brain tissues with mild and
moderate bTBI can be realized by the THz-ATR imaging technology. Moreover, the identification and classification
of THz images of different levels of trauma by SVM can achieve the accuracy of 86.36% . This suggests that THz
imaging technology has great potential for the early and precise detection and diagnosis of different degrees of bTBI.
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Fig. 1 Schematic diagram of continuous terahertz attenuated total reflection imaging system

10} .vw\ = x-axis
: —e— Yy-axis
_,El L3 P
2081 400um % &
0 L BN |
q:) \iod
< 06 LI
z s
£ o4} R
= "_ ¢ 460 ym
—_— ® —
£ 02 L Y
z N :
0 L

(I) lb 2‘0 3IO 4I0 5IO 60
Pixel number for interval of 40 um
VI 2 3 5 o 2 5 A IS IR R S0 0 4
Fig. 2 Resolution of continuous terahertz attenuated total
reflection imaging system
2.2 Hmbl&E
S YR S 58 v BT A ) Bl ) S 6 R A 2 B e Y
(Ehfa ML HLE 2EAT . IF AR B T Rl 22 % R R~
S EWE I VR AT, SR S e T Al
250 g ZE AT B BAE (9 JA#) HEME Sprague-Dawley
PN RPN N S SN i B 7 Bl SRTY AR GRS
5 SR JH i 45 25 12 R = R B 2 g i AT it 149 A4 40 i b
B (BST-1 B A2 vhol D LD B, 7 o ol
PR 17 3 W RS LR R BRI 19 R B 22 L T )
PR 7 5 P A A R A b el A P
AN AR 3 o 80 8 ol A K 3l i 14 T g DR AL

LA [ Rt ) oo Jpd %o S 560 K R e g %) AN [) 2 B 1
AR . ARSI I XF 21 i A Bk AT ks Ik
SCEy, Hodh, 2 3] 4 MPa SR 3hE vh il 9 KB 14
5], %5k B 4% BE AN (mild) , 52 %] 5 MPa 3% ) JE
dr B KR EA 7 6, %R E A4 (moderate)™,
3 A BEALAE IR —HE R i 7 HOEE KR R I
BN ARG B v B XS R4 (sham)

3 st 5vhe

IG5 3 h e, R R BEALE R 4 HKEL, R
FH B 1) K BRU R 2 ) B B 181 TE A 5 5 (mINSS) , il
U/ WO T R S 3 R S e G 17 N LY A 15
ISP XF R BRI A 28 Ty R dol 43 B B HEAT DT f L L2
R 3 s, KB 3 Hhal LUE Y, # 2 ) fg B 1
fhy 7 o R LA 32 380 o D S % i 40 40 R R
EASC, ZH KRGS 2Z5F R, Hhx A& T
AT HEIIE W ; 4 MPa 3K 3 JE vh if 4 76 81 45 )5
3 h AT LUIE A7 28 0 76 32 2 5 56 7 i A 52 55 v
Y RIS H R0 S S AR R Gt 2k . mNSS (17
YRI5 3.5 43 AER BRI 1R 43 JE I N 55 MPa
UK B ARG 3 h ANRE BLZR AT 8 L B R I 4
FM R e 2% I HLAE T AR S50 v i R BT 22,
SN R 6.5 43 AT EAMG S TE RN .

1017001-3



FE 4235 F10H/2022 £ 5 B/RFER

8

7t 6.5+0.1
] 6 I
o
o At 3.5+0.1
2.
g

2 L

I 0101

0 1

sham mild moderate

3 NS B 5 () AR e A B A O BB ol 22 T i
BB AN 15 43
Fig. 3 mNSS scores of sham and different degrees
of bTBI tissues

sham

I L A s 1R AR G ) o o B A L B B ) 4 4
A B 405 20 1 R BRI A 2E AT I A . TR 4 4 )
Skt B 0] 4 A b 0 40 L ) R R S A%
WG AR AR 25 5L L 0T LA Hh o AS TR) v o D 5 B 3 R
R 8 483 5 J o 0 A% o LA v i A 2 4% IX 3
SEAE L TG W0 (0 R B AR Ak i 45 SR 2 W A g L R i 1%
F AR e o e ) £ G 0 1% 2 SR A 2, TG vk S B R
B2 v R o MR B 43 2

FE LR SR FE L B X BE AL RN b B R A
R R4 M 0 2L 20 4 4 v I B e A 51 i 4 4
HEAT — S AL =R DU A M (TTCO) Yoo, ik — 2 WK

moderate

B4 R BRI R B AR R . (X AL (DR EI04; (o F EaIGA
Fig. 4 MRI images of rat brain. (a) Control group; (b) mild bTBI group; (c¢) moderate bTBI group

R 20 2R 0 ) 40 6 R A2 403 TR L A i 4 2R
0 AE R PG TR AR AE LA B Ik AL ZUK A B K
TTC A G0 V5 —Fh A AR R R 7, 5 15 6
2 AU i s L RN OE 5 i 2H 20 HR i B S I R A B
21 (0, FL 5 ol A S A 2 i ] 45 5 0 4 4
IR Ut O R B L TR S R AR RO B AN 2
A BHEAG, B 58 TTC Qg L, )\
EI Al DL I H A R BRI 4Ly TTC 4Lt d)
Fr R T ZH ZUAS B Y T XA T X
R PEAIMGAN TTC e o sh R 5 %A LA
AR AT D fy 22 5310 o R O, G 92 A R 32 1 6P A B L
o B A R AT R

i — 2 b, X6 195 G 20 2R AT R 2% U R U 4
B BRI . R T AR IE K BN 2H 2145 5 4 I 5
e B8 A M A, 70 K BRI 20 2R 14T A% A T 22 i
S 0 2 2 DT TR v B L 2 o 2 T B R T TR 8
[#] 5 75 VK ZR B0 B HL(CM1950, Leica Ltd. ,fEED I,
A R 00 T V) S A H 2 1w o L W 6 (a) ~ (o)
N BRI R R TR BT E kR, IR
— B YR T B AR R A T X 38 U 4 S I TR
B 0 fih A A0 R TR R D B R T 1 R AR AT

sham mild moderate
5 X IRZH 5 AN TR el 1 i 610 405 O B i 5 TTC
Yt 25 5

Fig. 5 TTC staining results of brain TTC of sham and
different degrees of bTBI tissues

B 2l o 30 2 S AT 0y 2R A5 O B 41 21 Kk 2%
WuR B E B XA B 4L 2L HE AT 3 R A
Bl 6 (d)~ () S IE B 4 20 5 52 5 b B A 45 B
I 28 201 Rk 2% T AR 25 R L 45 SR SR - 1E KRR
A A S R AR5, g 43, 0% £0.2% . R
TR b RO K U 4 40, 4H SURR A B S 1 4

1017001-4



R X ’ & 42 % & 10H1/2022 £ 5 B/ g

SR R 41, 2% +£0. 65% Fl 40. 3% 0. 8% , 4 U 20 23 1% X 38 b 4 I S 53R R AR DX sk T o 9
VO IE I 22U — o B B DRI X U I ORRR 2% 3 4 S Sk 700 A 13 Do, 3R WD i 2H 2 b 1 0 5 1 R
A G5 RS0 L AN [ 60 475 e B i 2 2 A K i A /N AR TS R 3T R R fR I 2 2 oK B i R O AE 4 iR
fb. FEBIE, B E O 0 R EE 38 m, R BE h BRI e AR DR R R R

sham

mild moderate

) Signal intensity

@ 5 ©

K2 Rl

% &

S 80 S 80

St —

£ 2

: -

£ 40 Z 40

o) o

= 0 y y = 0 y y 0
0 40 80 120 0 40 80 120 0 40 80 120
Pixel number of axis x Pixel number of axis x Pixel number of axis x

&l 6 BN 2 28 52 0 B ARRE IO 0 SR 2% B RIR S5 R . () IEH (DR AN L (o T BRI 1Y R4 RS IR
()~ (DA 6 Ca) ~ (o)X 137 ) A 2% 10 I 1 225 4
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(a) Diagram of intensity distribution feature

extraction in spatial domain; (b) diagram of

statistical distribution feature extraction based on

normalized gray histogram

5 FIHAZ A5 % i 38 3% (ReliefF) £ AR X}
NI % PG T B BRG] S8l 5 B2 43 A AR AR A S 11
SO AT RRAE R AT 43 A, 0 I R B MR R BN Y
M5 R HEFE » 22 )5 43 S PR B 1~ 499 ANRAE 2 57 4R AF 1
LT LR AL (SYVMO Il 522,
Wi & PR RAIE RO B N 1 2 499, SVM 43K &%

KB — 22 LIRAEEE (LOOCV) 43 51l %t /i fii €1 457 7
JEHEAT A 2R 40 2 BOMERR A 9 B, R
FHES 55~202 MRRAE LA K3 241~262 MRRAERT 7

80 %, fw i M 86. 36 %0,

S U A A

" 86203

85 i
8| i ey B
75 '
70
65 |
60 |
55 |
50 fe
45 .+

—————

Accuracy /%

Tea

100 200 300 400 500
Eigenvalue

P9 0] 495 T3 o A 2% T AR A (i T 17 22 £
Fig. 9 Accuracy of brain trauma recognition varying

with eigenvalue
44 ik

BE T A 2% U o U 4 RS A AR R G 43 i)
X TE 8 K BRI 4 20 B AN [) ok g 380493 14 R R A
PR LUHEAT T ol 4 S 5 AR . R A SR R W) AR
O R S AN N N R E A RN (R R VTS SO N
5 2% I LA TR A S S e FLRA 2 B 45 A B 1 3
TR 2 e PRV 1 40 v ARG K. 3 o S R e i ALY
F AR T LSS ) B 405 i A 2% FELAZ 1 43 2SR
S U AER SRR F] T 86. 36 %, FH ML AT E LR
X2 U W 4 S5 UG B AR S HLAR 2% ) 43 s dn Al
g4 L n LS o P A B 40 A e AR T 5 R %
05 A5 R R R TS ) A R e e 0 8] 47 A K o 4G T
P mizyrh .

[1] Ning Y L, Zhou Y G. Shock tubes and blast injury
modeling [J].
2015, 18(4): 187-193.

[2] DePalma R G, Burris D G, Champion H R, et al.
Blast injuries[J]. New England Journal of Medicine,
2005, 352(13): 1335-1342.

[3] Rutter B, Song H L, DePalma R G, et al. Shock

wave physics as related to primary non-impact blast-

Chinese Journal of Traumatology,

induced traumatic brain injury[J]. Military Medicine,
2021, 186(Supplementl): 601-609. .

[4] YusS, Kaneko Y, Bae E, et al. Severity of controlled
cortical impact traumatic brain injury in rats and mice
dictates degree of behavioral deficits [J]. Brain
Research, 2009, 1287: 157-163.

[5] Weiss N, Galanaud D, Carpentier A, et al. Clinical

prognostic value of magnetic resonance

review :

imaging in acute brain injury and comal[]]. Critical

1017001-6



(6]

7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

HRILX

Care, 2007, 11(5): 230.
Mac Donald C 1., Johnson A M, Cooper D, et al.
Detection of blast-related traumatic brain injury in US
military personnel[J]. The New England Journal of
Medicine, 2011, 364(22): 2091-2100.

Jorge R E, Acion L, White T, et al. White matter
abnormalities in veterans with mild traumatic brain
injury[[J]. American Journal of Psychiatry, 2012,
169(12): 1284-1291.

Badea A, Kamnaksh A, Anderson R ],

Repeated mild blast exposure in young adult rats

et al.

results in dynamic and persistent microstructural
changes in the brain [J]. Clinical,
2018, 18: 60-73.

Wang K K, Yang Z H, Zhu T, et al. An update on

diagnostic and prognostic biomarkers for traumatic

Neurolmage:

injury [ J]. Expert Review of Molecular
Diagnostics, 2018, 18(2): 165-180.
Mondello S, Muller U, Jeromin A, Blood-

based diagnostics of traumatic brain injuries [J].

brain

et al.

Expert Review of Molecular Diagnostics, 2011, 11
(1): 65-78.

Gyorgy A, Ling G, Wingo D, et al. Time-dependent
changes in serum biomarker levels after blast
traumatic brain injury[J]. Journal of Neurotrauma,
2011, 28(6): 1121-1126.

frokde, AR, L, & BT R % T TR
WOt 19 A= W B& 2 iU B 5 3k R [T b B O,
2020, 47(2): 0207014.

FuZ L, Li R Z, Li HY,

biomedical imaging based on

et al. Progress in

terahertz quantum
cascade lasers[]J]. Chinese Journal of Lasers, 2020,
47(2): 0207014.

FESHE, HE, REN, SF . AT R T RS ) 3%
SERM 2L A W AR AR B ARBE S [J]. %R,
2021, 41(7): 0711001.

Wang Y Y, Jiang B Z, Xu D G, et al. Continuous
terahertz wave biological tissue imaging technology
based on focal plane array[J]. Acta Optica Sinica,
2021, 41(7): 0711001.

Peng Y, Shi C J, Wu X, et al. Terahertz imaging
and spectroscopy in cancer diagnostics: a technical
review[]]. BME Frontiers, 2020, 2020: 1-11.
Joseph C S, Patel R, Neel V A, et al. Imaging of ex
vivo nonmelanoma skin cancers in the optical and
terahertz spectral regions optical and terahertz skin
cancers imaging[J]. Journal of Biophotonics, 2014, 7
(5): 295-303.

IEE, B, IRTERD, S /NERTE R R T R R Y
R 2% AR K BE 5T [T]. 2050 5 22 K I R,
2020, 39(5): 553-560.

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

1017001-7

E 423 F10H/2022 £ 5 B/ RFFEH
Wu L M, Liao B, Xu D G, et al. Study of in-vivo
breast cancer in a subcutaneous xenograft mouse
model using terahertz imaging[J]. Journal of Infrared
and Millimeter Waves, 2020, 39(5): 553-560.
Sim Y C, Park J Y, Ahn K M, et al. Terahertz
imaging of excised oral cancer at frozen temperature
[J]. Biomedical Optics Express, 2013, 4(8): 1413-
1421.
AR, ESHE, B, A 6% Kbk 2% R AT IR
LA i A A I rh g 5 H (0. R RO, 2021, 48
(19): 1914002.
XuD G, Wang Y Y, Hu C H,

terahertz radiation sources and terahertz application in

et al. Optical
traumatic brain injury[]]. Chinese Journal of Lasers,
2021, 48(19): 1914002.

Darmo J, Tamosiunas V, Fasching G, et al. Imaging
with a terahertz quantum cascade laser [J]. Optics
Express, 2004, 12(9): 1879-1884.

WulL M, XuD G, Wang Y Y, et al. Study of in

vivo brain glioma in a mouse model using continuous-

wave terahertz reflection imaging [J]. Biomedical
Optics Express, 2019, 10(8): 3953-3962.

Wang Y Y, Wang G Q, Xu D G, et al. Terahertz
spectroscopic  diagnosis of early blast-induced
traumatic brain injury in rats[J]. Biomedical Optics
Express, 2020, 11(8): 4085-4098.

FESHE, INVER, BN, S5 TR 2% N EUOG i
RGN N B A 0[], St A=, 2020, 40 (4):
0430001.

Wang Y Y, Sun Z C, Xu D G, et al. Detection of
cerebral ischemia based on terahertz time-domain
spectroscopy[J]. Acta Optica Sinica, 2020, 40(4):
0430001.

Zhao H L, Wang Y Y, Chen L Y, et al. High-
sensitivity terahertz imaging of traumatic brain injury
in a rat model [J]. Journal of Biomedical Optics,
2018, 23: 036015.

EHME, BRI, AN, S TR 2% I R
FUN B = e T4 [J]. Jo %, 2019, 39(3):
0317002.

Wang Y Y, Chen L Y, Xu D G,

dimensional reconstruction of rat brain trauma based

et al. Three-
on terahertz imaging[J]. Acta Optica Sinica, 2019,
39(3): 0317002.

Shi J, Wang Y Y, Chen T N,

evaluation of traumatic brain injury based on terahertz

et al. Automatic
imaging with machine learning[J]. Optics Express,
2018, 26(5): 6371-6381.

Wang Y F, Wang Y Y, Xu D G, et al. Interference
elimination based on the inversion method for

continuous-wave terahertz reflection imaging [J].



[27]

[28]

HRILX
Optics Express, 2020, 28(15): 21926-21939.
Liu H X, Wang Y Y, Xu D G, et al.
total

High-

sensitivity  attenuated internal  reflection
continuous-wave terahertz imaging [J]. Journal of
Physics D: Applied Physics, 2017, 50(37): 375103.
RO, RAEN, S, S O 2 MK R
SRV A S AR L] B BT, 2021, 70(11):
118701.

WulL M, XuD DG, Wang Y Y, et al. Common path

continuous terahertz reflection and attenuated total

[29]

1017001-8

FE 4235 F10H/2022 £ 5 B/RFER
reflection imaging[J]. Acta Physica Sinica, 2021, 70
(11): 118701.
AR, B, R, S bl R B 5 4l AR R R
IR RO R J]. P EE2 YIS,
2021, 38(6): 780-784.
Yuan D F, Yang A, Ma C,

relationship between shock wave intensity and blast

et al. Dose-effect

lung injury in juvenile rats [J]. Chinese Journal of

Medical Physics, 2021, 38(6): 780-784.



