#38% H5M ANE VN \ol.38  No.5
2016 %£ 5 H Infrared Technology May 2016
(eshp R

NREMTLIIM IR IR G PRI R RN A

Mk l, ETE%L2 F K2
(LARBINTE S BT 5EE TR, #iE 5 835000; 2.F9 i K% HTRIHE THE¥M, 17 B 210046)

FEEE: LI EIEE 650~1000 nm & A MR AR HT “OLFE B, T Ak ST LT S BOR 3 K AR B
HIERN. TFRAEHFEDA . RAMMF T EEFE A, B TRRE. PR T R NEE AR RR
R, FERKRE, BREAN T W@ BARETIAR T ARENEREGRAPHE T ENINE
EWMB, I THAENF AR E.

XBEIE: BhRR T AOIE, Kk ZREEHEN HEERN

FESES: TN219 XHEFRIZES: A X E%S: 1001-8891(2016)06-0433-07

Research and Application of Functional Near Infrared Spectroscopy
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Abstract: Near infrared spectrum of 650-1000 nm is the optical window of brain imaging. Functional near
infrared spectroscopy (fNIRS) for brain imaging has advantages of non-invasive, no injection of contrast
agent, low cost and convenience, so it has been applied to brain imaging. The paper overviews the principle,
method and development of near infrared spectral imaging in the brain, analyzes and summarizes the three
main stage methods of fNIRS. The three stages have improved the system resolution in the brain imaging.
The existing problems and development prospects are also presented.

Key words: functional near infrared spectroscopy, brain imaging, multi-channel detection, high density

detection
BN, SR T8 BN RN S A ) 2H 2 A I
0 35 DIREIT LT AN ERE R AR N R 32, AU AT LA

W4T AM 61 (near infrared spectroscopy, NIRS) /&
T o] WA LD AN 2 8] 1) H AR S, K
KMEAE 650~1000 nm. A= WIH ZUEIT 2141 i B S BRI
QN G OL o A NS IR | L3155 2 D ORA ST
WHEA—EWFIERE ], A LARIRH AR JUE K R
& AMALRTE SERWE MR ER, i
d )& AL 2R 1 Coxyhemoglobin, HbO,) Al i 42 I
4L (de-oxyhemoglobin, HDR) %5, iX 64 fi it
ZLANIE BB RSB 2 e ik, LA IS R AR R
e 1l I W e H bR AR AH 23 rb i) I AR A FE % S I 2
Wi HEA: 2015-11-18; f&iTHHA: 2016-01-20.

EEBT:
EEWME: EFXRARRFEESTH (61363066).

o IR EAT SR ), SR A 44 v [ A%, R M T8 D % i
1 TR AT 4 ol JEC At 1 1 90 7 ) (8200

1 IELISMEERAR

I B i 21 A Ot 3% ( functional near-infrared
spectroscopy, fNIRS) 7E KM g 44 1 7 20 24
(R J&, X R 32 B AT 2H 4l 48 45 & AL B 7 2
IR - 1992 41 X AS F Dh g1 2040 Y% K gk A7 i
7C, HPE 4 MHFFHLK, Chance Z:M M7 1993 &
T HIRIRIRT AR R . 1998 4, MEEKM & A & 7T

MRtk (1981-), 3, YHIM, EZHFATTNE T 5E S, E-mail: chenxs1981@126.com.

433



#38% F£5M
2016 %£ 5 H

a4 B R

Infrared Technology

Vol.38 No.5
May 2016

KT AE ) B IR S RS, X 3~14 JE I
LT 7 RO S 565

THREITLLAMGE R ARAT 3 Fh 3= B 008, %
# it 77 X, (CW, continuous wave). W48 i 7 =X
(TD, time domain) H#iiE L 77 (FD, frequency
domain).,

1.1 FEHRIEIIHMEIERAR (CW-NIRS)

R B R R TV, o B R R T
s TR RS S R E YR B E — AN I ) 40 R I
(L kHz) FORIEERMERG, JeiE N RIS, 2
Wr TR SORIESS s eoma i gs, RSB (S R
PIJEERAE S . X R & 7 L R B R S
W T7AE FREUT [a)4E . SRR A RE 5 Al & 2 4H 21
RIDEEESE (IR B 220, Kk ARe
= [1]75 2] HbO, A1 HOR HIME . (H KR T LA #r el
AR B o
1.2 BHURLIIMNEIER AR (TD-NIRS)

B 3 T B AR R SR — AN (R kb
2 WK GIR, BRI T NS Rk 2 R
) EA— MBS, XA 5 A2 OB &= 7
RIS B9 i, 38 R FH [ 0 8 v S5 AG LB ) AH
KT E (TCSPC) R Guid 5¢id i 6 Bl i (1]
A2, 5185 HR S WA ET R AT R AEDT
Boo XF&E 7 R SR ER . REUE S, &
PEREGF . INFIE] PR o SRR RGE R E R . B,
T 7 S S O K R ECRFP ) 1R [A]
Mo 2, -0 5 ZR Gk R AR = o
1.3 SR LI IMEiER AR (FD-NIRS)

BRI IEFE AR & 48 K I8 BE AR AL ) (IE5Z
W, BEENJLE MHzZ) JEIE, TRIE Kb IR R E A
IR AR, (HIRE A 285 SR
FET 2 38 I 0 A S O ARG AL S 5 AL 2 1]
PIFAGI R, 19 BDGT%5 BB AR RE T . IR &7
AR m e FE v A () 5, S5 A & 5 U
Yo BRARBHT RENARN A AR IEIRR N, FE
TR P TR A A SR A 7 A A4k, R RS
M et . T HL TG S SC I, A5 2 3
L= AU NEIE 5% NIl wb (i e R /1

2 INEEIEAIIMETE & R E

RO TRAN A\ o7 P PN ERE 7RIS N B
F 77 18076 T LAY 3 AN 32 ZER B, i S A B R
Ja SRR e I 2 S TE S0 UL K ILAE 38 L ) v 8 RE A
X 3 ANBB R R MR . B AR R
giika g, FRMEEED, HEZRE, 2R
434

B ZIMERN AR, — UKt n] A3k
BOR B, BT, PR R
LRI R G R A, — U IR SR e T B
B, T AT R AR A LS AR BRI, 2
KIS R

Single-channel system
Multi-trial stimulation

High-density system
Single-trial stimulation
(suitoble for mulnmodal imaging)

Multi-channel system
Single-trial stimulation

1992 Today
1 Theeim M GiEE RIES & o HE R I 3 N EE B

Fig.1 Three stages of fNIRS in resolution improvement
21 BOERNME

FLIH ) D e 3 21 A/ 5 AR R (R R0, 436 P
B RUR I EE A, B 0 R BRI R Rz J2 DX 3 ) — A~
A GRS A RS — AN S, BRI SR AR IR AU I
R mE R . ZHERBRNERERD, JFHH
BRI, de 2% I e R B AR A e i 2k

1) BN KRR

BN FURIE T AR KB 7T &, 7R 1991
R 1992 BT THEFT, IFAE 1993 FEH 4 NEA
Pl R R ARG R : OHAILHEE K%Y (Hokkaido
University ) : @ %R 5% [ 5K #f & Bl 2 B 76 ( Tokyo
National Institute of Neuroscience); @) [ %t J& B k=
( University of Munich); @ 3 4 7% 8 W K %%
(University of Pennsylvania) .

H AL K% Hoshi A1 Tamura™ s 57 35 Hx
T 14 SR BB A R JE I A A = AR A
o, (A IEE 2 NELLE RS OM-100A. Okada
SENAE 1993 SELRLEAN T 70T B A TSI HA R
(1) 72 A B JEE A AR Ol

58 oK Villringer Z50Mg ] NIRO-500
RGN 12 MR BEAT TR, KIA 10 4%
R AT H L T HbO, & &3S .

B2 4795 Je K24 1) Britton Chance*? %42 7F 1992
SRR T AR IhRRIE LA EIE R, UEB T IR
Jih I PR R A0 R 2 AR A SR R AR A ),
FH 7 87 B ) 0 P B PRI AR, W ) i S &
(P54 5 K 1975 31 9% - Britton Chance #1523 %



#38% F£5M
2016 5 H

WXk 5E : DhREIEZLAM ' VAR R A% T BRI 9T B8

Vol.38 No.5
May 2016

MR, TG R E) NIRS/HNIRS Hf 70 e 31 #
EHER .

Hoshi Il Tamura 7E 1993 4E48i F 5 /™ Bl E % 4%
XoF AN ) 1 K B B2 J2 DX 3 gt A7 7 400, [R] B R 2] 1
HbO, F 4= ML A (HbT) & &8, @i AT
SR, KN HbO, [ 8 B AN . 1995 4 Makilt1%
N A g i 77 X ok 7 AN [RETE 2 [ T4

2)%E)tkﬁﬂﬁﬁﬂ

NN N NS RAW ) b x5 Y N L r

m%&%%l%ﬂk??hM%wQWMﬁT%~é
N BE L W B A R G, AEH s
NIRO-500 & #& X iE NS ) LSk i i 2 1 HbO, i
A7 TR, 2001 4E Zaramella 2 N\ POYE 0752 17 230 4T
TR JE AR ) Rl B 2 X AR A 42T RV 2 1t
FU 5 F B 2 2% IOl 7 v B ) LG iz J2 3E A7 #R0

3) IR

B AN S LL AN I I R 74 1994
AERPY H R LIS K28 F NIRO-1000 4R 2455,
X 38 A7 KA M A il o3 SURE (1) BB AT T IR IR AR
H 7E T R BB 3 R i I 48 & P8l SR 25
FEHHIE T NI G 27 1 A5 A0 IE 1) 48 B =i
HbO, FI HbR AF4k,, 1 7E A 18 kS # 7r RORE 1) 35
Sk I 2 5 1 H AR e AR . B0IE T
DIREIT 2L AN 1 RS w9 va 7 BIAEF -

Hock 22225 95 1 o T A ) 4F 84 B BE P B /% 2%
Y BRI I ML 48 2 B I AR AL 1 0 . Fallgatter 2512
76 1997 SFAEH T 52 B /R 24 g BRORE 520 1) 52 0 1 1)
BE M ERASKT BRI D
22 ZBERMMER

FH T 5 S R DU AE 25 (8] 43 9% 22 A1 8] 23 9% 2 b #4S
BAK, B RZEH K T ZEEIRMNEA, HIR
HORHE AR o 3 B0 5 v 2 e 3G s YR BRI
A HRIRELZ AN 5 IR

Maki 25192175 1995 4 1 i fd 10 3@ IEHM,
VRET PAFRIN 10 A& 55, 6 s AR S S 4 4,
1 209 % . Watanabe Z52817F 1998 M T 24 i@
T8 FIIE 21 A6 15 AR SRS R AT R

Central sulcus

J

K12 Maki 5 A\ $e 6 10 38 R0 237045
Fig.2 10 Channels detecttion position proposed by Maki, et al

Miyai 527178 2001 £ 48 ] 9 AMEIEA 12 MR
2%, KF) 30 MEIEE, WK 3¥FIR. 2004 £
H & T 52 iIiEF 64 HIE RS, W NRIDEX K
AR, SPREESEMERE —EnE . )
PEFNERIN 5 I EEEHR N 3em.

K3 Miyai 55 \F2H 102 HIE R4t
Fig.3 Multiple channels system proposed by Miyai, et al
Homae 25252%I7E 2006 4F il 2007 4F43 HI7E /2 A i

AT 10 ANE SR 8 AR A (3£ 20 NMFE AR 16
AR 20D, PRIGEIE 73 518 24 A (St 48 ANIIEE 5D,
X B2 LRI R G B AT AR o 72 2010 4EBUE H WA 3
X 10 FEF] (15 AN SR 15 ANMRIFELF), BANES
A7 NERIEIE, 3L 94 AMEERT 15 ML (6 M
MOANFEZ), WA, 34MH. 6 N 3N S5
b1 e (1= == 0 1 P S 8 = el 1] 9 R
N 2cem, PRI S i/ NEE RS O LA em, G
4RFRTR

P4
E(\ %(
T5\ )O(‘)C S -*3"5C __

N r‘\ <9
N 1:..

wm'

K4 Homae 55 A\$& 1) 94 Sl IE AR 5553 A
Fig.4 94 channels detection position proposed by Homae,et al
Maria ZH7E 2000 4E 4 HY 7 75 2% Pk 5 g ki
BEIT7%, AEH 16 MR AR 2 SR A, 3L 32 MR
@i, e sPUFTR, SRA 8 7 RIS
U JRER T, SR RN E A& =R

ARG L o VR RIERN A5 1)) R S 510 3 em.
Schmidt %47E 2000 4R H T 32 AMJE SR 32 4
TR 7 FO6 A AR, BRRIREL 32 JEIE AR
MR IR — A M — A, 32 N AR EE AL R
435



#38% F£5M
2016 %£ 5 H

NP

Infrared Technology

Vol.38 No.5
May 2016

2o FIRADGIEIR R, 22 MR SRR CE ik
FIE IR AT, SR 5 N AR
HiE), LK% 32X22=704 ML, HEHRT K
i X455 FE W AL R ORI 2R 3045

Hectors =

o light sources (755 and 530 nm)
KI5 Maria 55 A\ $ H 1 32 3l FHRN w7 A
Fig.5 32 channels detection position proposed by Maria,et al

Quaresima 25 317E 2002 41 FIE SR 77 3, XU
1, 4 AN B AR A, 153 12 SR ERINIEIE
FEUE R RIERI S EE B 3.5em, 153 T M 4Lk

LRSS . FE7E 2005 EBYE HINHE T, 2
AR R 4 AR A, RN 8 JEIE R, Jaiik 1
35875 3T HEAT RO i AR 2 AE 1 U T AL
HEESERME 7M.

Maria il Boas 7£ 2003 fll 2004 4= ] 8 /i
SR 16 AR A, PSRRI S IR N 3 em, B
ANE S ZAEEEA 1.9 cm, A KMCEER 14 3R
MEsE, e 6N, FRECT KOS i 41
R 2R B

© detectors ® sources (690 & 830nm)

6 Maria 55 A& H 1) 28 #E R 2150 77
Fig.6 28 channels detection position proposed by Maria, et al

Ou %F7I7E 2009 4F X £ il (MEG) Ay 80t
HA& (DOD WHFE 1 oKt ee 5 A8 IR &, JediA
PRI 5 0 23 A7 A5 FH (1) 52 Maria 25 BRI ) CW4 4%

EEP, R R s AP R i
ZLAMGIE T TR A E S Rk, R T 4
ANPE AT 16 AR R, B 3] 22 ANRIGEIE . J5 R
FRI S 1B 9 3em, &l 7RO R

T B 2 M IE R R G LU, fE2EIER
I e 575 2 S S AN I ] P TR S R0 s 15 U5
B, BTG E—cb, IRIN B TR E A —
436

RIBEE, el — R By 2 Bl e, XHgn 7
R I IR) s 2P ), 4 Schmidt A A
T 32 AN, AR EER I 0 = 7 A A A 5 %
RSERGIE,  HINERI RA R G B AR
SCHR B 1R 2 5 2 SB AR B 1 S 45129,

¥ source
B detector
@ electrode

- E pi
', 1nnm|am|;ﬂ'6‘5'\
Mok ¥ ¥ Nlm

5@ 7. 4gp 10 @25y
Bl m mg

Bl 7 S%iE /N Y 22 388 RN oA
Fig.7 22 channels detection position separation proposed by
Luo QingMing team

23 SEEFRVME

TE 2l ER BT B, T U5 ORI s )
I, BTSN T IR MRS, R 2 A0S, B
T E AR S 5 B AT AR, 3l TR AR
MEEEARIE IS 2, s PR A sedem, W
HRESRIUM AT 8 2 & 1 ] AR Al e AR ], AN
BB B AR . BEREREGIPE, MFERSG R
% [F) I HEAT 22 R, 4R SR T DG TR

X2 E PRI, B R AT A KO R AR AR
FRY RO B B e R I R RSO O 8 0, 0 s
(R B — MR A T E YRR R I 2 1) s, Bl i
A A5 2 0

Boas S8 J) T L4 w4 AR K (4,
TE T M2 BB AR5 w2 3% B I 1 77 125 2004 4
Boas 25 NFIEEIE 4T At i SOt Kk st o, 42
7 E AN E T, A 1IN 2 i
PREPRAG R E SN E R ESE, A 16 NEEA 9 4
RIS, 237 84 AR S, WEAIERIN R 18]
(IR BBk 4.3 em flle /s 2.5 cm. FE7E 2006 1]
T CW5 R, I 2 5 S i 1 7 1A
ANGUETT LRI R, K6 i 3 kAT R, o)
ST AN [R] PRI ERI A5

Zeff ZEFT7E (¥ Culver W78 N 2007 £ 1 T
&% % DOT (High-density, HD-DOT) £ 4 J2 kHBi 1)
W7 N T R AR A, T 24 UK
R 28 BRI S S A AR
FHAS PR BRI, AR 2 PR B 43 ) 13 mm, 30 mm,
40 mm 1 48 mm. 24 M 28 AR E XAE
FEERE, WP 8MIPR, Mk R 1A% 13.2cm X 6.6
cmo FEKES G ERAE ] — S B RHE T, JF



#38% F£5M
2016 5 H

WXk 5E : DhREIEZLAM ' VAR R A% T BRI 9T B8

Vol.38 No.5
May 2016

BEEAE NN B R LB AT . AR LT, B
EIH 672 A mr gl . i T RBUZ AN ASTEH
T 4 Al s T LLRIINS SR, SEBRIE T A
[ R EL 348 /NI A

eialal el
g e e

K18 Zeff /INZHAR H 1) 2 B DR M4 1) R s - A
Fig.8 Mesh of high-density brain detection proposed by Zeff

2014 4 Eggebrecht ZPA7E Zeff % A [¥13ERE -4k
Zif i 1R I DOT 73 # ., [RIRE A FH XK (750
nm 1850 nm), Y s FIERI 173 79 38 i 21 96 #1192 4,
HeA A HFETERE A, 4 AN B AR I BE R 43 A 1.3 em,
3.0cm. 3.9 cm 4.7 cm. JEIE AL B AR 6 N
M IX I, & 16 AN (] [A]RE 6.25 ms HE7: PN
T AASE A i AN [ (R A6 o AR gl R AN PRI
FCAFIEAT T I TR] . ATUERT 25 (8] b 4mhs, 13T 1200
AR RERE

Koch 253175 2009 #1 2010 442 H T B a5 BEF;
SR ], R 30 ANWROLEE, W] AR
IR FRMSGEF, X FEkn] LASREL 900 /MR 254
i, IR RSER AR E TR, AR
] (¥ BE B A 0.75¢cm, & 9B

AN / J] ®©

r-0e e e e
| e e e e e
in eoeoeeoe
“lgi@ ® ®® @
‘e ® e @ e
-i~~~..o.9,.
[
3.00 [em]

19 Koch &5 AR H 85 55 FE FR UL £ 4 A1
Fig.9 Fiber distribution of high-density detection proposed
by Koch, et al
B B ZLAN R B TVE, e 2 W aE T
%, WORMUR S AR, RIS R RA RS,
73T REVTZL A6 T X K Th RE HO R B3l — 26

3 4HiE

HREIELLAN G T BOARXS RI R IZE P T 20 £
FMRRE, BT HRRK Ot 07 XA A
A EMEERE S, JFREN IS B Rt th H 2 A,
(EEESURAR ] PIRE5 % S OPNTNE L D R 2l AN =R
ot ST B A HEATAS I o A ik 3 By T

BEPEHOR L WHEBAE SRR SRR . FI
T BRELLPAE TR, I, BRI
Ja IR T B TR U BRI A A
s (8w AL AL, ARG I AR PRI
I 7 LR RO AL, I RS SRR A
R XM, SRS R Lh e (S 2. F A )2
B RN 30 — GRS, — MR R %
oA e, XA AR B, (BRI A ME SRR s 4%
HIRW T ZEIERN T H 2 AR AR
G PRANERIN S RS = A 10 21 20 24,
PR ANERI s A EE RS OBEAE. 3 om iy . BULAESR K
e A FEPRIN 7 i, I R AR s ARk R 1 in 213
100 4>, FEESHER/NE] Lom ZiAy, SR A8 =L 2
11000 24, BORAFE R 7RIS .

X T D BE I ZL A 6 1 5 A Kb 1A 4R 00 2
—RAEREDHR, EREEEDPEREFLT, R
LN R IR AR KNG RGN, i AR G [) 73 3 2R
AARL R EE g o 1 HIE G EF LB EAT IR, 22 18] 7
PRI CIE R R, TR EA LT NINE, W
WOCIE BRI, AL RS HEATERI, 18
CCD HANLER ISl , i B 7 R I S &=, B[R
R A BB AR s BAE R ER, K
T JE R B RO KR

S0 -

[1] Cheong W F, Prahl S A, Welch A J. A review of the optical properties of
biological tissues[J]. IEEE Journal of Quantum Electronics, 1990, 26(12):
2166-2185.

[21 B4, XORE, SBHE, 4. TR B A I T L0 AN R [I]. 4T
SNSRI IR, 1999, 18(2): 138-144.
LUO Qing-ming, DENG Hui, GONG Hui, et al. Near-infrared
spectroscopy for the measurement of cerebral blood flow[J]. J. Infrared
Millimeter Waves, 1999, 18(2): 138-144.

8] JAR, A IEAS LR RILEm ) G & T IR 0], ERRE
YEZF TEZE, 2000(4): 193-197.
ZHOU Jun, BAI Jing. NIRS and it's application in functional cerebral
image[J]. International Journal of Biomedical Engineering, 2000(4):
193-197.

[4] BRER, FHE. DRHLLIMDEEREAR (INIRS) IGKMNFAZER[]. £
A RIS, 2013, 11(3): 45-52.
QIAN Zhi-yu, LI Wei-tao. Functional near-infrared spectroscopy clinical
applications review[J]. Life Science Instruments, 2013, 11(3): 45-52.

[51 RN, Z/AME, XIBR. 18 5 M Dh e L0 M6 R T[] Kiks
531434, 2015, 35(2): 552-556.
XU Gang, LI Xiao-li, LIU Xiao-min. A simple design of functional

near-infrared spectroscopy system[J]. Spectroscopy and Spectral

437



#38% F£5M
2016 %£ 5 H

4 4 R

Infrared Technology

Vol.38 No.5
May 2016

(6]

[71

(8]

[°]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

438

Analysis, 2015, 35(2): 552-556.
ZdE, ER, 55T, ANRGRI AR
£T4MEAR, 2015, 37(3): 185-189.

U 5847 IR 3],

LI Hong-juan, WANG Le-peng, MO Fang-fang. The research review of
the application of infrared thermography in the field of traditional
Chinese medicine[J]. Infrared Technology, 2015, 37(3): 185-189.
EHR, KW, DFE, F LAMVEERIEM A B AR RES
DR RTFEL). £D5MRAR, 2018, 37(9): 783-787.

WANG Yan-wu, GUAN Tao, MA Shou-jun, et al. Study on the
application of infrared thermography to conditions monitor of marine
electric control cabinet[J]. Infrared Technology, 2015, 37(9): 783-787.
PERE, PhBRSE, MOVE, 5. ZLAMES/ HARRR I EORBT IR 5 R
). LIHMEAR, 2015, 37(1): 1-10.

HOU Wang, SUN Xiao-liang, SHANG Yang, et al. Present State and
Perspectives of Small Infrared Targets Detection Technology[J]. Infrared
Technology, 2015, 37(1): 1-10.

PRIGFS, BT, BIEME, . LA R AR TE Bl 1 S I v
WA R[], 4I9MEAR, 2015, 37(1): 793-798.

CHEN Ling-ling, XIA Fang-shan, MAO Pei-sheng, et al. Application of
near infrared spectroscopy (NIR) technique in hard seed testing
research[J]. Infrared Technology, 2015, 37(1): 1-10.

HOGE, BER, NG, & ETURIELIMGIERAR (FNIRs) HH
SRR AR AL SV PR TE 0], i S 54 4R, 2010, 30(9):
2360-2364.

HU Guang-xia, QIAN Zhi-yu , SUN Tao, et al. Study on brain tissue
characteristics of rat model of Parkinson's disease based on functionality
near-infrared spectroscopy (fNIRs) technology[J]. Spectroscopy and
Spectral Analysis, 2010, 30(9): 2360-2364.

Hoshi Y, Tamura M. Dynamic multichannel near-infrared optical
imaging of human brain activity[J]. Journal of Applied Physiology, 1993,
75(4): 1842-1846.

Chance B, Zhuang Z, UnAh C, et al. Cognition-activated low-frequency
modulation of light absorption in human brain[J]. Proceedings of the
National Academy of Sciences, 1993, 90(8): 3770-3774.

Kato T, Kamei A, Takashima S, et al. Human visual cortical function
during photic stimulation monitored by means of near infrared
spectroscopy[J]. Journal of Cerebral Blood Flow and Metabolism, 1993,
13(3): 516-520.

Villringer A, Planck J, Hock C, et al. Near infrared spectroscopy (NIRS):
a new tool to study hemodynamic changes during activation of brain
function in human adults[J]. Neuroscience Letters, 1993, 154(1):
101-104.

Meek J H, Firbank M, Elwell C E, et al. Regional hemodynamic
responses to visual stimulation in awake infants[J]. Pediatric Research,
1998, 43(6): 840-843.

Lloyd-Fox S, Blasi A, Elwell C E. llluminating the developing brain: the

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

past, present and future of functional near infrared spectroscopy[J].
Neuroscience & Biobehavioral Reviews, 2010, 34(3): 269-284.

Ferrari M, Quaresima V. A brief review on the history of human
functional near infrared spectroscopy (fNIRS) development and fields of
application[J]. Neuroimage, 2012, 63(2): 921-935.

Scholkmann F, Kleiser S, Metz A J, et al. A review on continuous wave
functional near infrared spectroscopy and imaging instrumentation and
methodology[J]. Neuroimage, 2014, 85(2): 6-27.

Maki A, Yamashita Y, Ito Y, et al. Spatial and temporal analysis of
human motor activity using noninvasive NIR topography[J]. Medical
Physics, 1995, 22(12): 1997-2005.

Zaramella P, Freato F, Amigoni A, et al. Brain auditory activation
measured by near-infrared spectroscopy (NIRS) in neonates[J]. Pediatr.
Res. 2001, 49(2): 213-219.

Okada F, Tokumitsu Y, Hoshi Y, et al. Impaired interhemispheric
integration in brain oxygenation and hemodynamics in schizophrenia[J].
European Archives of Psychiatry and Clinical Neuroscience, 1994,
244(1): 17-25.

Hock C, Miiller-Spahn F, Schuh-Hofer S, et al. Age dependency of
changes in cerebral hemoglobin oxygenation during brain activation: a
near-infrared spectroscopy study[J]. Journal of Cerebral Blood Flow
and Metabolism, 1995, 15(6): 1103-1108.

Hock C, Villringer K, Miiller S, et al. Near infrared spectroscopy in the
diagnosis of Alzheimer's disease[J]. Annals of the New York Academy of
Sciences, 1996, 777(1): 22-29.

Fallgatter A J, Roesler M, Sitzmann L, et al. Loss of functional
hemispheric asymmetry in Alzheimer's dementia assessed with near
infrared spectroscopy[J]. Cognitive Brain Research, 1997, 6(1): 67-72.
Watanabe E, Yamashita Y, Maki A, et al. Non-invasive functional
mapping with multi-channel near infrared spectroscopic topography in
humans[J]. Neuroscience Letters, 1996, 205(1): 41-44.

Watanabe E, Maki A, Kawaguchi F, et al. Non-invasive assessment of
language dominance with near-infrared spectroscopic mapping[J].
Neuroscience Letters, 1998, 256(1): 49-52.

Miyai |, Tanabe H C, Sase I, et al. Cortical mapping of gait in humans: a
near-infrared spectroscopic topography study[J]. Neuroimage, 2001,
14(5): 1186-1192.

Homae F, Watanabe H, Nakano T, et al. The right hemisphere of sleeping
infant perceives sentential prosody[J]. Neuroscience Research, 2006,
54(4): 276-280.

Homae F, Watanabe H, Nakano T, et al. Prosodic processing in the
developing brain[J]. Neuroscience Research, 2007, 59(1): 29-39.

Homae F, Watanabe H, Otobe T, et al. Development of global cortical
networks in early infancy[J]. The Journal of Neuroscience, 2010, 30(14):
4877-4882.

Franceschini M A, Toronov V, Filiaci M, et al. On-line optical imaging



#38% 5

2016 5 H

WXk 5E : DhREIEZLAM ' VAR R A% T BRI 9T B8

Vol.38 No.5
May 2016

[32]

[33]

[34]

[35]

[36]

[37]

(38]

[39]

[40]

[41]

[42]

[43]

of the human brain with 160-ms temporal resolution [J]. Optics Express,
2000, 6(3): 49-57.

Schmidt F E W, Fry M E, Hillman E M C, et al. A 32-channel
time-resolved instrument for medical optical tomography[J]. Review of
Scientific Instruments, 2000, 71(1): 256-265.

Quaresima V, Ferrari M, Marco C P, et al. Lateral frontal cortex
oxygenation changes during translation and language switching revealed
by non-invasive near infrared multi-point measurements[J]. Brain
Research Bulletin, 2002, 59(3): 235-243.

Quaresima V, Ferrari M, Torricelli A, et al. Bilateral prefrontal cortex
oxygenation responses to a verbal fluency task: a multichannel
time-resolved near-infrared topography study[J]. Journal of Biomedical
Optics, 2005, 10(1): 011012-01101212.

Franceschini M A, Fantini S, Thompson J H, et al. Hemodynamic
evoked response of the sensorimotor cortex measured noninvasively
with near infrared optical imaging[J]. Psychophysiology, 2003, 40(4):
548-560.

Franceschini M A, Boas D A. Non-invasive measurement of neuronal
activity with near infrared optical imaging[J]. Neuroimage, 2004, 21(1):
372-386.

Ou W, Nissild I, Radhakrishnan H, et al. Study of neurovascular
coupling in humans via simultaneous magnetoencephalography and
diffuse optical imaging acquisition[J]. Neuroimage, 2009, 46(3):
624-632.

Hui G, Zeng S, Cheng Y, et al. Continuously tracing brain wide long
distance axonal projections in mice at a one-micron voxel resolution[J].
Neuroimage, 2013, 74(7): 87-98.

Yanyan L, Xiaoquan Y, Dan Z, et al. Optical clearing agents improve
photoacoustic imaging in the optical diffusive regime[J]. Optics Letters,
2013, 38(20): 4236-4239.

Sun B, Lei Z, Hui G, et al. Detection of optical neuronal signals in the
visual cortex using continuous wave near infrared spectroscopy[J].
Neuroimage, 2014, 87(2): 190-198.

Yang X Q, Liu Y'Y, Zhu D, et al. Dynamic monitoring of optical clearing
of skin using photoacoustic microscopy and ultrasonography[J]. Optics
Express, 2014, 22(1): 1094-1104.

Gary S, Boas D A, Sutton J P. Non-invasive neuroimaging using near
infrared light[J]. Biological Psychiatry, 2002, 52(1): 679-693.

Hellmuth O, Arno V. Beyond the visible-imaging the human brain with
light[J]. Journal of Cerebral Blood Flow & Metabolism Official Journal

of the International Society of Cerebral Blood Flow & Metabolism, 2003,

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

23(1): 1-18.

Boas D A, Brooks D H, Miller E L, et al. Imaging the body with diffuse
optical tomography[J]. IEEE Signal Processing Magazine, 2001, 18(6):
57-75.

Boas D A, Gaudette T, Strangman G, et al. The accuracy of near infrared
spectroscopy and imaging during focal changes in cerebral
hemodynamics[J]. Neuroimage, 2001, 13(1): 76-90.

Boas D A, Anders M Dale, Franceschini M A. Diffuse optical imaging of
brain activation: approaches to optimizing image sensitivity, resolution,
and accuracy[J]. Neuroimage, 2004, 23(S1): S275-S288.

Boas D A, Chen K, Grebert D, et al. Improving the diffuse optical
imaging spatial resolution of the cerebral hemodynamic response to
brain activation in humans[J]. Optics Letters, 2004, 29(13): 1506-1508.
Joseph D K, Huppert T J, Maria Angela F, et al. Diffuse optical
tomography system to image brain activation with improved spatial
resolution and validation with functional magnetic resonance imaging [J].
Applied Optics, 2006, 45(31): 8142-8151.

Zeff B W, White B R, Hamid D, et al. Retinotopic mapping of adult
human visual cortex with high-density diffuse optical tomography[J].
Proceedings of the National Academy of Sciences of the United States of
America, 2007, 104(29): 12169-12174.

Hamid D, White B R, Zeff B W, et al. Depth sensitivity and image
reconstruction analysis of dense imaging arrays for mapping brain
function with diffuse optical tomography[J]. Applied Optics, 2009, 48(9):
D137-D143.

Eggebrecht A T, White B R, Ferradal S L, et al. A quantitative spatial
comparison of high-density diffuse optical tomography and fMRI
cortical mapping[J]. Neuroimage, 2012, 61(4): 1120-1128.

Eggebrecht AT, Ferradal S L, Viehoever AR, et al. Mapping distributed
brain function and networks with diffuse optical tomography[J]. Nature
Photonics, 2014, 8(6): 448-454.

Koch S P, Menert J, Schmitz C, et al. High-density optical mapping of
the human somatosensory cortex to vibrotactile stimulation[J].
Neuroimage, 2009, 47(SI1): S163.

Schmitz C H, Koch S P, Mehnert J, et al. High-density optical mapping
of the human somatosensory cortex[C]//Biomedical Optics, Optical
Society of America, 2010: S163.

Koch S P, Habermehl C, Mehnert J, et al. High-resolution optical
functional mapping of the human somatosensory cortex[J]. Frontiers in

Neuroenergetics, 2010, 2(SI1): 12-12.

439



	433-439_Ht# �ýÑ¢�I1('��Ï-—�vÊﬂ(	2016.3

