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Recent advances in terahertz imaging of skin burn assessment
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Chongqing 400044, China)

Abstract: Along with the development of terahertz(0.1-10 THz) spectroscopy, terahertz imaging has
been applied in biomedical area, especially in skin burn detection. But how to transfer this technology
from laboratory research to clinic application is still a great challenge. Terahertz technology has been
studied in the area of skin burn severity assessment, including imaging system, ex—vivo experiments and
in vivo experiments, and clear terahertz images can be obtained. In this paper, skin burn severity
classification and diagnosis methods are reviewed, then focusing on the imaging system, detection results
and burn severity assessment methods, the progress of terahertz detection of skin burn are introduced, and
further explanation of its evaluation principle and shortages are analyzed. The status and problems of
terahertz imaging, clinic application challenges are discussed in detail. Finally, the development tendency
and problems to be solved of terahertz imaging on skin burn towards clinical application are proposed.
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Fig.1 Schematic diagram of three different burned skin tissues
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Fig.2 Burned zone structure of skin tissues ")
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Tablel Comparison among different imaging modalities for burn assessment!'”)

methods invasion  critical post-burn assessment time accuracy limitations
. . . . diagnosis subjected to observer; can’t monitor burn depth change over time;
biopsy and histology yes immediate 100% 12gnoss subJ Tver, . Htor bu P ge over >
pathologist needed.

non-tolerant to patient movement, strong ambient light, body curvature or

LDI no ~48h 100% existence of tissue abnormalities and topical substance
thermography o within 3 days 90% non-tolerant to ambient hesl(t3 gdrlszulrlb:ggelﬁ1lrjrlllerjsen31tlve, can’t differentiate
vital dyes yes a few hours 100% side effects of the vital dyes; non-tolerant to topical substance
OCT no — — limited penetration depth; small observation area
MRI no within 1-3 hours — lack of standardization in quantifying burn depth; huge device
ultrasound yes instant >90% lack of standardization in quantifying burn depth
photoacoustic imaging no instant - small observation area; lack of standardization in quantifying burn depth
MSI no instant 79%—-86% difficult to interpret results; lack of standardization in quantifying burn depth
RCM no instant — long sampling time; small observation area
SFDI no 10 min—72 hours — lack of standardization in quantifying burn depth
THz imaging 10 instant _ lack of standardization in quantifying burn depth; small window; patient

keeping still
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Fig.3 Terahertz imaging system set up by California University, Los Angeles. (a) system diagram; (b) light path; (c) photo of the system
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Fig.4 Visible pictures (left), H&E stained section (middle) and THz image (right) of pork skin
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Fig.6 Image superposition: registered visible image (a); registered,
calibrated THz image (b); superimposed figure (c)

Fig.5 Visible pictures and THz images after full thickness burn at different time g 6 ERSI. ke BT WL o S Wb 2%
RS =Rt b WIS R R AL H 2 e ey (@ RIS

TE I 25 B Tk BV A5 T IO R A B vfiE 5 T, Bajwa 28 U73E T RGBT KM% AT URR R 40, BExt 11
JERN TIL BERe i i AT IE S AR o RTANER R E (& I8 J)dmic, 5 T WO IR 5 Rk 22 Bt A dnic. KRR
W58 R 2% R85 B2 KB40 mT WO PR 22 TB) %k FESG 28, 421 1 8 U 2 Tk 1) DR 2% P A G o A S A 7 ik, TS
AR LI 6. 3207 vk AT LA 3 OB 2% IRLR 3l 23 B s bt J 5 00 (B0 MR e AT 20 1, ARl 1R R AL
o HE AT T M A 5 T o R AL TR AR I TS E T Y PR B A O3 W R RO 7% R TR 3R T B R G /N A A R
0.13%/min . Sy — 25 50 UE A 2% 0I5 OKG I 408 403 0 o i L 20 9 AT B M5t o U IR 9 17 A 2 ARG 0 % 135 1 ik
A URIAZ B SE IR SR I B 1 SR MRS B 5, O B S AR BRU) Ao A 45 R AT T X ke, R BPI R AR — B

HERET K £ 1 Arbab 451021 %t b £ 14 /1N

BRUIE ¥4 e BR HEAT TG AR R, #E 0.5~0.7 THz 4ii i:ﬁﬁfmmw [T .

Bt % BB 4 40 L O 440X K 2% £ B A 5 4l 100 bum S0l e
TSR A G, AN 7 Fras o ke TR 6 R E N IR et

BRALSUE 03 DB AR AL SU TR G R £ T B

Ky, AETK M IR B 2 1R O 22 Y B g ﬁm

5 o 2% P BA B BT A7 IX i 0 R A T 2 2

B, ORIEA R L Gt i 5T

i L 9002 A O b 0 N

AL AT L BT KSR SN, Bk T R s

R A/ 205 4 2 A 1 1 TS B 2 SR B 22 A Fig.7 Terahertz time domain reflection signals of normal skin and burned
1B R ST R WAL . T I HE TR T NP R AR skin (Inset shows the FFT spectral amplitudes) **!

T 5 K5 Ak B Jiz e B8 5 TR B TS G L 285 4R K7 siiﬁfﬂ%ﬁj&ﬂiﬁ%kM%H‘fﬁ T (A R U

LA K, Arbab S5 K BUBE A X 48k Bz fik A 78
A ROBK A Rz A R A I S s, IR PR TR T B IR R Y P AR AR BT i, sl AN [ R 4 R R R K
JE A0 5 R 2% B rh S b R BCE AL B R, S5 TR OCHE, JFIEWI R LA 2> I1 BEAD I EEREAL o (HOR X R
DPIEANIE S TGN, S JE AT B AR N

it B ARG R K B 2% AR SE 96 R W1, DL 0.4~0.7 THz 5 BE A K 85 2% I 38 1A% T LAAG 36 W Il iz ik be 47 )i
KIS ARG R BORBEI IR, T K, KO X R 2 e W S i, B XSRS S R I R LR B
AKIPAGTHIR  BCSER TR R, AR R 2% FG nT DL e O XA A8 o [ I AR IR 58 3 2H ZRURK) B S R T DAAE
PRAL RO JE AR AR o SR ER T A SO T B R AR N, R A B BT T M L R HRCT S R A AR B S
PR e D K N R F8 A o AELJR: a0 G YT A 2% A5 2 AR A B2 R b A7 20 SPUbe 47 At 132 12 W A0 M 0 68 47 B2 K 7K 2 A2 4
J7 T BA WKW

3 KR ZE AR AR T B K I6% 1% B ML EE 4R

LT A 2% A6 I Bz UK B 47 F) BIL B DA A 000 g K 4 K 5 i % DR T 4 A ) A T RS R b 2% P S IR A 1 LA
Lot S04 B i 525 R A L RO AL



206 KMZMESEFEEFR 519 %

3.1 RiESH

YRR I, AL e BRI, e i X R A K o S BN, R 2% 1 B B AR LB B i, X 2 XA R R
B RANGE A B2 R OCHEMLER o P 7 R 1E W B2 IR AGE 45 B R 0 45 2 ) e Sk 58 MBS IE | T DU BB 475 B2k
PO E i B JER AT S R 1 s Jl 0 005 0 1

32 ERERASY

HT T K or FIAL ZUR WU PR T, R 2208 A BRI TR 2 0 33~3 000 pum, PRI AN BE JH T 2H 21 P4 30 T i
B o AHRIK I T R A B R BOM O R B & T A ML . 3 BT AE HAZE J,  BBR A BUR IR oK 23 728 A RIDRT 258 R
2% AR P BRI, 0.1 THz 19K 24 155 7T LU 0.06% 1 7K 43 BUs , BRI R 2% i % /K i 22
i 38 R RO 2% S A% T 58 0 B Dk L 0K 73 M 0 f) T BRI o 55— T T, A T 2H U R 8 B 1) 4 HL S R 22
St RO 2 A I A W A AR LB — o R O PR MR AR R A R A 2K S AR W S A TR R B . AR
0.1~3 THz K22 A5 BL 1 W i X 50, 08 4 20 A0 PER A R it 4k iy T DB W A 8. X Bz JiR b8 40 48 il $ 3t 1
FON—FIRAR, H R B AT R A SE 5 SR

e
4 REHHARBEE
R 25 LB AE B2 Tk 58 4512 W 458 1) 2 A AF 58 DA BLR
o 28 00 A W L AN W BB, R A B ARG I AL o) A I R
"

IOEFH B A o AR CE FHRT, KRR 2% BUIR AR G AR
JE RSB LA RO R B O ik = R p B IE i R A X A
e M DX I AR BT SE o A S 36 2 AF 5 0 i PR L 9 e A i
T 1 5 Bk A

4.1 Z— B KL T AR
Fig.8 Contact between window and skin in THz imaging

AR AR, T R 2% AR A I 7 1 0 = 5t —

OO, LR MR b O REAL P . 4 F b 2% St coupld e Rercoupld detcin
1620 B K B R 5 2 25— 000 B R 45 ) SFL lenses

T TR D e O A T 4 K //Enmu\‘b\\
B, AT RAE ST B0 4 A A TE R T T . PR A0 RY VARV W
R AR YD R . BAE A L MR L kg ;

b
Mo ST, R R IS B IOk 44 B A LA A :me?\
r- -
A 5

LR MBTIT, Kb 2% B AR 45 2 (9 2= (8] RS () L )
AR A 2 B s I 4 2R 22 [ A C 9 1] R 7 0 — AP i
T o PIEHRE 48— 1 92 B0 AR M 2 QA 2% 55 9 B A i PR AL
LEMILES )=

42 SENREARIF M

N

R 2230 1 A 56 90 e YR D T 44950 19 2% A I B 4 oRotating e sample Connai Rl
WB% ., A8 PR, % v R R, K21 5 . —
EAPBAGEN, RIFBEAR K KALT . BE AT Fig Schemaic diagam (uppen)and piure () of
U/ B bk 2 THT G 3 8 ) A - TR 2 R S B X6 2 I I i Y . %ﬁ%?ﬂ?ﬁﬁiy%éﬁ(E)&gfﬁégji?%;ﬂm

D5 AHJE 225 67 23 1 A IR 1 34 2 P40 R T g
W e i Tt S R R 2% B S0 S 1 R (R R O, ™ R A T 35 2 O ) e X e 40 1 R Bk 3
WL, A T A B PR T ik o DR I T 5 5 4 Al 4 ik RO 2% B R ISR B2 AR T BR 275 ) i 7 1 G

0 B30 i A1 152 A SR LA S A5 5 0000 PR S A P B B 51 5 1 2 031 S B i R PR SR I BEOR o A s o
SCR 2 I R A A A S T — oA 2 A TR O 0 155 14 g R 2 T B B, LSS A AN 9 TR o A 2% A TR Al
PR R X P AR S B AR R BHE T B9 22 R B S DB S R, AT EBSNNS B E, AAE



%2 F BR%E: KHFZAGRKRARRT R BKSRGENE R R 207

o A RN RBRRE IS P T B DR 0 TR R A I A AR A
4.3 BURIE E RS E

LR JH T B Jik 8 13 14 b 2% B 15 28 G 140 D0 S M1 1 BB, ko o s DX SRR AT 8 A A, AR £ MR L A R 1R
KRR, AR — BN LT RS 8L 8 A% o ZESEAT IS AR RS, B 5 ZR I R Rk, IR TR
BR2Z AR R ST . X, FATAT 2 BRI s — Bl O SR 2 A S e H i B ) SO 28 A R W o e
B R RERAE B g%, AR B S, HMELLIRAE I BEG  E TR O RBR 2% R R NR A A A R
S AR R B BRI SRR K, AT AT R AR, I T DA S AR Y (R
X Ff AR A T B RIS A IR L RIORS B R AR BRI, R LA R TS AR A A BURR I B S . B
THRIBEROCE . AR TG 5 OB %% R G0 2% RO 28 PR B9 8, M2 R i G Al 2 KB 22 1R 3R 4
JRAB AL AT B IR 58 A A 0 5 358 A 4 A ) 7 9

4.4 EMEZHIS BT HLIE 0] 7

LI EE XA R 4, i e L A RO 25 0 P sl A 5 i P S e KA L d/INMEL . WO RS IR (EL . AT R i
FH, (B YAHLUN 2 S BN IR, DL ETJ7 S 2R TR R AR SR . R I R B B A A B
A A TR 2 BOMVRR AR 32 OS 0k  3dE Sr JUh DR 2% D6 1 B 5 2 A3 I [8] B0 00 10 56 A%, 1 BB 47 B Tl R 43 17 B A
Lo S5 KA B R R AR BE i B Ik 1) DN REARZS , ARAT b 1y T 2 o 0 A TR LA R a2 b Y ) o 3, S5 B ] AL D' Pl BT K
25 B e E T o e 2 2 DR B A R 0 e JEE 0 S IR, R s b 0 TR M4 2 ) A1 AN, I B Bl e SR AIL )
S ARG

5 i

R 25 A D — 22 4 | e RS Il JEE R e 0 AR A I TR R T B JBR e O S I AT A O o I A R 2%
JRAR B AR B 22 T LS BX I A B2 URoBe 0 2 SR 05 11 K o AR A AT S SR S A 0L, AT LS B O A AR = A
) DX, ER X T I B, 38 10 AN LI LR A0 SR Mk AT 52 X 43, B8 405 TR 2 AL VAl 1) IR o i 22 B 22 M e Oy
Fo KRR EAEG — M B RRBET KR 22 2 Wi | PRI . R0 . RS KR 2Z R R e . Bk B KO % B
RGEDT 2 W LB | e A AW 5 ik Rl PR R D7 58 25 D7 Tl b AT IR S, 4 3 R 2% AR A B IR 58 13 Uk 52 AL

S & Uk

[1] MITTLEMAN D M,JACOBSEN R H,NUSS M C. T-ray imaging[J]. IEEE Journal of Selected Topics in Quantum
Electronics, 1996,2(3):679-692.

[2] TONOUCHI M. Cutting-edge terahertz technology[J]. Nature Photonics, 2007,1(2):97-105.

[3] SIEGEL P H. Terahertz technology in biology and medicine[J]. IEEE Transactions on Microwave Theory Technology, 2004,
52(10):2438-2447.

[4] PICKWELL E,WALLACE V P. Biomedical applications of terahertz technology[J]. Journal of Physics D:Applied Physics,
2006,39(17):R301-R310.

[5] YANG X,ZHAO X,YANG K,et al. Biomedical applications of terahertz spectroscopy and imaging[J]. Trends in Biotechnology,
2016,34(10):810-824.

[6] SUN Q,HE Y,LIU K,et al. Recent advances in terahertz technology for biomedical applications[J]. Quantitative Imaging in
Medicine and Surgery, 2017,7(3):345-355.

[7] DHILLON S S,VITIELLO M S,LINFIELD E H,et al. The 2017 terahertz science and technology roadmapl[J]. Journal of
Physics D:Applied Physics, 2017,50(4):1-49.

[8] TAYLOR Z D.,SINGH R S,CULJAT M O.et al. Reflective terahertz imaging of porcine skin burns[J]. Optics Letters,
2008,33(11):1258-1260.

[9] ZE5Z. T THz 9 AR B @ 42U £ AR W55 (D). U -3 71 K 2%, 2016. (LI Xian. Study on the key technologies of
human gastric cancerous tissue detection based on terahertz spectroscopy[D]. Hangzhou,China:Zhejiang University, 2016.)

[10] LB AR, AR IR 45 . B A U1 88 21 40 Kk 2 A0 B I SR B R AE[J]. i 2 4. 2015,31(S2):36-39. (KONG
Weidong, CHANG Meng, WANG Mengxi,et al. Time-domain modeling of skin basal carcinoma tissue in terahertz band[]].
Journal of Microwaves, 2015,31(52):36-39.)



208 KMZMESEFEEFR 519 %

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

R, B BE R YR HE,SE . A5G A BUE T BOR B AE A IR R 42U ORI )] OBk 5O Hr, 2019,
39(2):397-405. (ZHANG Yi,HUANG Pingjie,GE Weiting,et al. Human gastric tubular adenocarcinoma tissue detection
based on terahertz time domain spectroscopy and tissue microarray technology[J]. Spectroscopy and Spectral Analysis,
2019,39(2):397-405.)

TRUONG B C Q,TUAN H D,FITZGERALD A J.et al. A dielectric model of human breast tissue in terahertz regime[]].
IEEE Transactions on Biomedical Engineering, 2014,62(2):699-707.

WRIEU RS 2500, T S 0 5 T OROBR 2% I3 22 S 9 M B JB0R8 A vh JRUAE OB R WEFE (D). 50 = 45 BE R4 27 i, 2018,
40(16):1444-1449. (CHEN Tunan,LI Jiang, WANG Yuye,et al. Intraoperative in situ recognition of brain glioma in mice
based on terahertz spectroscopy[J]. Journal of Third Military Medical University, 2018,40(16):1444-1449.)

L Ol T A 5 e R 9 A 2% P ST B 41 W BE[D]. KA S AR, 2018, (GENG Guoshuai. Terahertz
time domain near-filed scanning microscope for glioma detectmn[ ]. Changchun,China:Jilin University, 2018.)
HERNANDEZ-CARDOSO G G,ROJAS-LANDEROS S C,ALFARO-GOMEZ M,et al. Terahertz imaging for early screening
of diabetic foot syndrome:a proof of concept[J]. Scientific Reports, 2017(7):42124.

TAYLOR Z D,GARRITANO J,SUNG S,et al. THz and mm-wave sensing of corneal tissue water content:in vivo sensing
and imaging results[J]. IEEE Transactions on Terahertz Science and Technology, 2015,5(2):184-196.

TEWARI P,GARRITANO J,BAJWA N,et al. Methods for registering and calibrating in vivo terahertz images of cutaneous
burn wounds[J]. Biomedical Optics Express, 2019,10(1):322-337.

YE H,DE S. Thermal injury of skin and subcutaneous tissues: a review of experimental approaches and numerical
models[J]. Burns, 2017,43(5):909-932.

GOANS R E,CANTRELL J] HLMEYERS F. Ultrasonic pulse-echo determination of thermal injury in deep dermal burns[]J].
Medical Physics, 1977,4(3):259-263.

WATSON A C,VASILESCU C. Thermography in plastic surgery[J]. Journal of Royal College Surgeons Edinburg, 1972,
(17):247-252.

BRINK J A,SHEETS P W.,DINES K A.et al. Quantitative assessment of burn injury in porcine skin with high-frequency
ultrasonic imaging[J]. Investigative Radiology, 1986,21(8):645-651.

PAPE S A,SKOURAS C A,BYRNE P O. An audit of the use of Laser Doppler Imaging(LDI) in the assessment of burns of
intermediate depth[J]. Burns, 2001,27(3):233-239.

ELAMIN S E,DICKSON J K,MACKIE I P. Is Laser Doppler Imaging(LDI) a measure of burn depth?[J]. Burns, 2015,
41(2):413-418.

DROOG E J,STEENBERGEN W. Measurement of depth of burns by laser Doppler perfusion imaging[J]. Burns, 2001,
27(6):561-568.

LAWSON R N,WLODEK G,WEBSTER D R. Thermographic assessment of burns and frostbite[J]. Canadian Medical
Association Journal, 1961,84(20):1129-1131.

DINGWALL J A. A clinical test for differentiating second from third degree burns[J]. Annals of Surgery, 1943,118(3):
427-429.

ANSELMO V J,ZAWACKI B E. Multi spectral photographic analysis a new quantitative tool to assist in the early
diagnosis of thermal burn injury[J]. Annals of Biomedical Engineering, 1977,5(2):179-193.

B AR AT OB AR B IR e U TR R A TN A B A I R T2 R G R R L)), B D EOR AR, 2019,34(3):
449-458. (HE Zhonghua,HE Wei,HE Yucheng,et al. Unilateral nuclear magnetic resonance superficial imaging magnet
system for skin burn depth assessment[J]. Transactions of China Electrotechnical Society, 2019,34(3):449-458.)
PICKWELL E,COLE B E,FITZGERALD A J,et al. In vivo study of human skin using pulsed terahertz radiation[]]. Physics
in Medicine & Biology, 2004,49(9):1595-1607.

BAJWA N,NOWROOZI B,SUNG S,et al. Reflective THz and MR imaging of burn wounds:a potential clinical validation of
THz contrast mechanisms[C]// Terahertz Emitters, Receivers, and Applications III. San Diego,CA,USA:International
Society for Optics and Photonics, 2012(8496):1-7.

SUNG S,BENNETT D,TAYLOR Z.,et al. Reflective measurement of water concentration using millimeter wave
illumination[C]// Health Monitoring of Structural and Biological Systems 2011. San Diego,USA:International Society for
Optics and Photonics, 2011(7984):798434-1-6.



E

2 4] F BR%E: KHFZAGRKRARRT R BKSRGENE R R 209

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]
[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

FITZGERALD A J,PICKWELL-MACPHERSON E,WALLACE V P. Use of finite difference time domain simulations and
Debye theory for modelling the terahertz reflection response of normal and tumor breast tissue[J]. PLoS One, 2014,9(7):
€99291-1-9.

TRUONG B C Q,TUAN H D,KHA H H,et al. Debye parameter extraction for characterizing interaction of terahertz
radiation with human skin tissue[J]. IEEE Transactions on Biomedical Engineering, 2013,60(6):1528-1537.

TAYLOR Z D,SINGH R S,BENNETT D B,et al. THz medical imaging: in vivo hydration sensing[J]. IEEE Transactions on
Terahertz Science and Technology, 2011,1(1):201-219.

SUNG S,SELVIN S,BAJWA N.,et al. THz imaging system for in vivo human cornealJ]. IEEE Transactions on Terahertz
Science and Technology, 2018,8(1):27-37.

SUNG S,DABIRONEZARE S,LLOMBART N,et al. Optical system design for noncontact, normal incidence, THz imaging
of in vivo human cornea[J]. IEEE Transactions on Terahertz Science and Technology, 2018,8(1):1-12.

WILMINK G J,IBEY B L,RIVEST B D,et al. Development of a compact terahertz time-domain spectrometer for the
measurement of the optical properties of biological tissues[J]. Journal of Biomedical Optics, 2011,16(4):047006.
ZIMDARS D. High speed terahertz reflection imaging[C]// Advanced Biomedical and Clinical Diagnostic Systems III. San
Jose,CA,USA:SPIE, 2005:255-259.

MITTLEMAN D M,GUPTA M,NEELAMANI R,et al. Recent advances in terahertz imaging[J]. Applied Physics B, 1999,
68(6):1085-1094.

LINDEN K J,SADWICK L P. Terahertz and gigahertz electronics and photonics VI[J]. Proceedings of SPIE, 2007(6472):B4720.
TEWARI P,TAYLOR Z D,BENNETT D,et al. Terahertz imaging of biological tissues[J]. Studies in Health Technology and
Informatics, 2011(163):653-657.

TAYLOR Z D,SINGH R S,CULJAT M O,et al. Reflective terahertz imaging of porcine skin burns[J]. Optics Letters, 2008,
33(11):1258-1260.

TAYLOR Z D.SINGH R S,CULJAT M O,et al. THz imaging based on water-concentration contrast—art. no. 69490D[J].
Proceedings of SPIE, 2008(6949):69490D-1-7.

TEWARI Priyamvada. Reflective terahertz imaging for early diagnosis of skin burn severity[D]. Los Angeles,California,
USA:University of California, 2013.

WRAE R . 6112 B be 05 B T8 BE F1E 5 B K oK B i 2E 6 A B9 WF ST (D). IR AR AR R, 2016.
(CHEN Zhiqgiang. Study of the use of spectrum for accurate diagnosis of burn wound depth and content of wound exudates
and the nano fiber membrane for promoting wound healing[D]. Chongqing,China:Third Military Medical University, 2016.)
TEWARI P,KEALEY C P,BENNETT D B,et al. In vivo terahertz imaging of rat skin burns[J]. Journal of Biomedical
Optics, 2012,17(4):040503-1-8.

TEWARI P,KEALEY C,SUNG J,et al. Advances in biomedical imaging using THz technology with applications to burn-
wound assessment[]J]. Proceedings of SPIE, 2012(8261):82610T-1-8.

BAJWA N,SUNG S,ENNIS D B,et al. Terahertz imaging of cutaneous edema: correlation with magnetic resonance imaging
in burn wounds[J]. IEEE Transactions on Biomedical Engineering, 2017,64(11):2682-2694.

ARBAB M H,DICKEY T C,WINEBRENNER D P,et al. Terahertz reflectometry of burn wounds in a rat model[]].
Biomedical Optics Express, 2011,2(8):2339-2347.

ARBAB M H,DICKEY T C,WINEBRENNER D P,et al. Characterization of burn injuries using terahertz time-domain
spectroscopy[J]. Proceedings of SPIE, 2011,7890(1):391-392.

ARBAB M H,WINEBRENNER D,DICKEY T C,et al. A noninvasive terahertz assessment of 2nd and 3rd degree burn
wounds[C]// Conference on Lasers and Electro—Optics 2012. San Jose,USA:Optical Society of America, 2012:1-2.

ARBAB M H,WINEBRENNER D P.DICKEY T C,et al. Terahertz spectroscopy for the assessment of burn injuries in
vivo[J]. Journal of Biomedical Optics, 2013,18(7):077004-1-8.

ARBAB M H,DICKEY T C,WINEBRENNER D P.et al. Terahertz reflectometry of burn wounds in a rat model[]].
Biomedical Optics Express, 2011,2(8):2339-2347.

SUN Q,STANTCHEV R I,WANG J.et al. In vivo estimation of water diffusivity in occluded human skin using terahertz
reflection spectroscopy[J]. Journal of Biophotonics, 2019,12(2):e201800145-1-9.

SUN Q,PARROTT E P J,HE Y,et al. In vivo THz imaging of human skin: accounting for occlusion effects[J]. Journal of
Biophotonics, 2018,11(2):e201700111.

(TR 223 1)



