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NIRSDEES

1977

Jobsis demonstrates the possibility to detect changes of adult cortical
oxygenation during hyperventilation by near-infrared spectroscopy.

1991/1992 REFER
First fNIRS studies carried out independently by Chance, Kato, Hoshi, and
Villringer by using single-channel instruments U ILF Rl
1993 E R RE BT 3R

Publication of the first 6 fNIRS studies
Simultaneous monitoring of different cortical areas by 5 single-channel
instruments (Hoshi)

1994 TILFFeRIL, bRT 504
Hitachi company (Japan) introduces a 10-channel CW system (Maki)

2001

First three-dimensional CW tomographic imaging of the brain (DYNOT,
NIRx Medical Technologies, US) (Bluestone) .
MEVST4

M. Ferrari, V. Quaresima / Neurolmage 63 (2012) 921-935%& Y



NIRSDFEE : SfaEAL B

=R LEERe

Single-channel system Multi-channel system .I-Iigh-defnsity system
Multi-trial stimulation Single-trial stimulation Single-trial stimulation

(suitable for multimodal imaging)
Complex data analysis
Data Analysis systems for generating
cortical activation maps

A Concentration | pM)
A e <« w_w

1992 Today

NeU#t : hot-2000
M. Ferrari, V. Quaresima / Neurolmage 63 (2012)



NIRSETAIRIE: iR THEN DAL (T4 D BPI I

MEG

Electromagnetism

stimulus

—»{xw()%—n___o

Neural
activities

neuro-vascular
coupling

EEG

BOLD

Hemodynamics
||

Light migration

modified from Owen J. Arthurs et al. 2002)



NIRSETAIRIE : "MEaRI eI EFDER"

10 =
= - < NIR window —»
£ B
T 13
2 =
= -
= —
m _—
a
c 0.1 =
= -
=
h p—
Q
2 0.01 -
< —]
J | I U ' |
400 500 600 700 800 900 1000

Wavelength (nm)

Weissleder 2001, nature biotechnology



NIRSEHRIERIE : EDIRIR(ICKDANTELIOE > Z{bdDsTA

Detector Source Detector
(Modified) Lambert-Beer§|

—
1y

= __-.-!
7 R EE
AOD =log— = ¢cl
I, Oxy/Deoxy NES OEUZE1E
f Beer-Lambert Law
AL

1
BARELL




NIRSETRIRIE : BEURKR(ICK DDA

1 NETAEY ORIRARI ML
1':' T T T T | T
' | it
| | ]
— | JIR regi n | | —Hb
] | |
- | |
@ | |
I |
T | |
5 'L | -
£ | N ; Modified Beer-Lambert Law
= I | | N
E | | BAHRE-ERSF
=
' |
| |
GO0 B0 700 7A0 | 80| A0 900 90 1000
Wavelength inm) -
: A(1)780 o (goxy,780Acoxy + gdeoxy,780Acdeoxy )L
ADys = (goxy,805Acoxy + gdeoxy,SOSACdeoxy )L
A(1)830 — (goxy,SSOAcoxy + gdeoxy,SSOAcdeoxy )L
_ BN LN\ S
N2 L (X nBJJ JIL'.FI:%E
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« Source-detectorE@ = 30mm
« SEDEBBHFEET=20~30mm

30 mm

20~
30 mm

BRI

——

S Im

RE

7

$|W>|

7

10~15 mm
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FAENRETA ¢ YILFF )L NIRSETHA

cNRT 5742y T BEER ED2RITIVT
FEENEHA] : SEDAGZAZITEHT 5T

/\

f: T ;:4;; [: @

'O

O Y
30 mm I

MRIST47vT (1HREIRR)

o ———
&= - -

g:f';i';;@

) e —
- - -
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SILFF 7 H)UNIRSIC K BDHEERTE EHEERY DO —2
H#RERTE (go-nogo task) BEER YT —2 (Resting)

(a) Left Right

Hb, uM*cm

R.Mesquita et al. 2010, BOE

A.Medvedev et al. 2011, JBO



NIRSDEFh - }aFh

O wIikisE - #Emit

O EULEHAIaXE

O fMRITEHAIH RKGEWRERB B DEHE (b0, R—AA=hZANT=A FFT
EHETDA)

A Oxy-hemoglobin& deoxy-hemoglobinZ [&] BRI Z 518

X JEDREMEVEUVDINERAL D &8I S E 2
X {ELNZEfE 73 R BE (cm)

X BEZIMRRIE

X {ELVS/NLEE (3R IC 22D HERE)
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1. EFRSHEE (NIRS)

2. WhEENEST S04 (DOT)

3. ATRIZEBITADOTHHZE

4. FED
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NILFF v H)UNIRSIHAFR D RER

2. BARIMFDEA

Scalp
Skull

CSF

Cortex

figure from Torrichelli et al. 2014

EHANED 40~60%D 57381
(Sagger and Berger 2005, 2007,

Kohno et al. 2007, Takahashi et al. 2011,
my unpublished data, .....)



NILFF v R)UNIRSHHZFR DfE R R

3. BE%
activated region:
10 mm approx.
(=width of gyrus )
Oxy-Hb
4. EEMH 51 AR B E D RS AR A

EHTO0—7 ZHTO—T

AOD = (goxyACoxy *+ € teory Neeoxy )L



LB N EZD = J 3%  (Diffuse Optical Tomography, DOT)

NIRSEE TatBILI= R EELED L
IR 2 L3R T E B %5 F L THER

NIRS DOT
cRT574 NET 574

/ \

« ZERISAEEED R L
- EEEOMEL
« RSHMEDIFHR



DOTZ 1SS CO3EA+

B

=

- EZEENIRSEHEI
« JO—J4IEEHA
o MRIETH

RIGEETIL f‘>

t=0.2 ns

BEEREO A T— 3y
Jo—JHRESHE
SIS S 2L — 3y

- EfREEK
FILTYX L



\

=2 EETRIICLDZERIFHDEBEX

DOTFﬁ

I_J |.|.| xn-l_ EI]

cMRT SRR

IKEA R RSAMEIS

REEDEIZY DL REBEDELYHY




AR

G salL—ay

Scalp
Skull
CSF
| White
Gray

t=0.2 ns

ETHILA
vialb—i3Yy
(using “MCX")
ZERIMFRE 1mm

—\®

7 )L

20

RETYIOHE

L L L L .
40 80 80 100 120 140 160

ZERARERE 2~4mm

(D(I'S, I')CD(I', rd)

YT = g )
Rytovia {2l

(BB DL D)



BB R

y _ S - < 100 channels
R 175 AEEIER0)

y =1 Yen)

RN o et
EFL -
)/

Absarber /
(Oxy{Depxy Hb)

BAREZL (2) z=S"1ly

Z=(21,...,2
(Z1) -+ Zpox) #unknowns >> #fmeasurements

> 500 voxels AR ERIE




[EREEAERY :

9

x = EOHEE

v

RS RO RERFIENTERERICRDT B,

Relative sensitivity
at various depth

20
X (mm)

omm,
10mm,
20mm,
30mm,
40mm,

40 60

1.00
0.42
0.025
4.0E-4
3.8E-6

"DFEL S

22



Sensitivity contribution ratio

DEY[E - WBEDREDEIANZE

GIED;
GEES
CSF
RE
RERE 1 RERE 12
IS et N e
09 B skl 09 B skl
CSF CSF
0.8+ ey 0.8 B eMm
v I
0.7 0.7
0.6 0.6
05 0.5
0.4 0.4
0.3 0.3
0.2 0.2
0.1 0.1
0 0
10 20 30 40 50 60 10 20 30 40 50 60
l " Ch No. ' Ch No.

13mm 29mm



DOTZFRULZ E MMtEEERATT

DOTREERE FD1

BEELVYEREEZAVTREFOLF/INE—EER
RERF  EEED

mEECYEE
(REEF)

B.R. White & J.P. Culver, Nuerolmage (2010)

Wedge Stimulus Ring Stimulus

%

@ Subject 1 (3 Sessions)

(h) Subject 2 (3 Sessions)

BR White and JP Culver (2010)

DOTREHEMZE FND2
BHEDIEAD TR CRES BRGEE D5 B IR

I

EEREtUYEE
(EERTE)

C. Habermehl et al, Neurolmage (2011)

BEHmEE (Fo—JRFR7.5mm)

C. Habermehl et.al (2011)



ARAEDOTZ AT IS K DRtkaes A

1000{8 11 L 0
Y—R-BHBDORT

o 1000FvRILLLEDEHEIS RT L KixEERED \
o JA—N\)LEIRIZLDERMGRE 3N D2FEEZH/\—

« EHAMEZFZH/NEGZRBEATILOVXL

Eggbrecht et al. Nature Photonics, 2014



ARAEDOTZ AT IS K DRtkaes A

ok e B i S5 B TR HEES
Vis
a Hearing words [-19.5, -102, —3]

HD-DOT

fMRI

Eggbrecht et al. Nature Photonics, 2014
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1. EFRSHEE (NIRS)

2. YiE A ESY S5 T4 (DOT)

3.ATRICHITAHDOTHZE

4. FED

27



ATRAM |G REFAMTEAZTIFTODOTHAZ

DOTEHRDIFEZR LB HT=HI,
MBEOEGRBERT LIV ALZRE,

1. AN—ABBRA XEBRBEK

T. Shimokawa et al., Opt. Express 20, 20427-20446 (2012)

2, BER-REETIVEAVBEAA XEGBER
T. Shimokawa et al., Biomed. Opt. Express 4, 2411-2432 (2013)
O.Yamashita et al., JACIII, Vol.18, No.6 pp. 1026-1033 (2014)
O.Yamashita et al., Neurolmage , 135, 287-299, (2016)

+ ZAM NIRST/N\M AR EERILEICNEST 574 T.Shimokawa et al. 2016



BB 7))L T U X LADFTITIHF

¢ I_AIJ'”:/f
— /M=% /)L L (Tikhonov and Arsenin 1977)
— BSHEMER/IN=5F/ILL (Culver et al. 2003)
— FEET LD (Li et al. 2004)
— L1/ L LTIMER/IN—RXHETE, EM (Cao et al. 2007)
— FEIMHIET /LT X L (Niu et al. 2010)

+ RAXETIL
— BEBETIL, f2LI1ER, EM-like algorithm (Guven et al. 2005)
— H£4HEETIL, ReML (Abdelnour et al. 2010)
— RAIN—ARALXET)L (Shimokawa et al. 2012)
— BER+EEETIL (Shimokawa et al. 2013)

29



7L X L1
EfRBEAA—UTD=6HD
AN—ABEBARA XEZRBEERT7ILI) X L

T. Shimokawa et al., Opt. Express 20, 20427-20446 (2012)



y _ S - < 100 channels
R 175 AEEIER0)

y =1 Yen)

RN o et
EFL -
)/

Absarber /
(Oxy{Depxy Hb)

BAREZL (2) z=S"1ly

Z=(21,...,2
(Z1) -+ Zpox) #unknowns >> #fmeasurements

> 500 voxels AR ERIE




AR ERE(LE

AL SaAL—aYy
EDREER/IME

SRR EET D

min||y—Sz||2
Z

100~4OO v 1000~

Non-uniqueness indicates that data is not sufficient.
Additional a-priori information is required.

32



XIZRICEET D

dlnl

SRR (C KD BBAREIROIE

True image

(Regularized) cost minimization

’g10

E(z) = |ly — SzllI* + Af (2)

O source

| s BRA~DI vk BRIER

Minimum norm

Depth-compensation
(Tikhonov and Arsenin 1977)

Sparse Bayes
minimum norm (Culver et al. 2003)

(Shimokawa et al. 2012)

3ua (Mm™) Bpa (M) Bpa (M)
B >0.0025 W >005 W >005
B >0.001875 W >0.0375 B >0.0375
[] >0.00125 . [[] >0.025 y [] >0.025
.| [ >0.000625 ") []>00125 ~| []>00125
-20 0
x (mm)

= ||Wz]|?
@) = 2l fl2) = lwel faa) =Y o +g@
W = /(diag(S'S + BI))




=1 1 A= RFEBARA X EEREIEN

Data fit P(ylz) = N(Sz,0°])

| D
pror] (‘paa) = ﬂp(zvmv) - ﬂN(o @)

P(a) = HP(av) = 1_[ Gamma(a()v,yj

Automatic Relevance Determination, ARD (Mackay 1994, Neal 1994)

- FERDRIVERIN—ARYRLIZT HEHI77 1 (Faul etal. 2002, Wipf et.al 2008)
- A EIZEITAILH (Tipping 2001, Sato et al. 2004, Yamashita et al. 2008, Wipf et al. 2010)
- T—RBEGHIZARIEILSEIZIERINSA—RERTE

E(z,a) = lly - Szll> + ) a,2} + g(a)



REFE R\ —XFEEXRA XEGBENR 7L T Y X LADRERE

EARAXFZEZRANAZEIZKY . ROTILT) X LB FELGNDS,
#FEAE(X. Culvero MR ERELEEATER/IN_E/ILLEDEZTRAS,

Initial image from depth-MN

P a
: T >0.05
8. . 4 >0.0375
-20 = >0.025
( 0 >0.0125
y (mm
20 20 0 20 *
X (mm)

Estimate absorption changes (z)

v

Estimate relevance parameters (a)

v

Convergence ?




EEE 1 1 KA

absorber
(5mm in
diameter)

optical parameter
Absorption: pu,=0.019mm-",
Scattering: p'=1.1mm"
(similar to cerebral cortex)

JU\JSAREE

One activity case

T

=
=

= o
L=~ =]
L= — T — ]
e Lo i aln

depth accuracy
probe intervals

Two activities case

o :
T ssssz |
\\\‘\‘“H_h___—-_——ﬂ_ﬁ‘ff"/// y

best achievable
spatial resolution

o=

0000

Sources &
detectors
at the bottom



$TER - R Z20mmiEEZ

L CHETER]HE

probe interval: | = 26mm

z=7.5mm z=10mm z=12.5mm z=15mm z=17.5mm z=20mm z=22.5mm
0 0 0 0 0 0 0
£ 10 g 10 9 10 @ 10 10 10 10
E O O
N 20 20 20 20 20 20 O 20 O
30 30 30 30 30 30 30
100 010 100 0 10 -0 0 10 -0 0 10 -0 0 10 -0 010 -0 010
probe interval: | = 18.4mm
0 0 0 0 0 0 0
E 10 @ 10 @ 10 @ 10 @ 10 10 10
E
N 20 20 20 20 20 @ 20 @ 20 @
(o] N =
e JO _j FEﬁ KFH 30 30 30 30 30 30 30
— 100 0 10 100 0 10 0 010 00 0 10 100 010 100 0 10 0 0 10
o 2t .
l*é probe interval: | = 13mm
0 0 0 0 0 0 0
£ 10 @ 10 @ 10 10 10 10 10
£ . ®
~ 20 20 20 20 o B |2 @ |[» ©
30 30 30 30 30 30 30
-0 0 10 -0 0 10 -0 0 10 10 0 10 -0 0 10 10 0 10 10 0 10
X (mm) X (mm) % (mm) X (mm) % (mm) % (mm) ¥ (mm)
— rue de mm rue de mm rue de mm
(b) PP (c) true depth true depth true depth
7 7 E
e . | £ )5 10 15 20 25 %5 10 15 20 25 03 10 15 20 25
F 1 1 —
N N = =
’ 7 ! a% 5 5
| |
Zl | '@ : S 10 10 10
| [SES—R— R - ooo
g)Emm= o B e
| T oBo
I, I e E 20
P 7.5mm =025 25 25

Olia (mm-1}
0.075

0.05

0.025

Spa {mm™)
0.075

0.05

0.025

811a (MM
0.075

0.05

0.025



probe interval: 18

mm

pth—————
o o o o

o o o o

o o o o

® O
>

distance

12.5mm

15.0mm

depth

17.5mm

20.0mm

ook IERE10= U DEEIN HRIPIEE (RRDT —X)

distance
10.0mm 12.5mm 15.0mm 17.5mm
> > > —>
@ Q. @ @ @ @ @ @
@Q, @& Q. @ @® @ @
GRO @ O @ © @ ©
oO"0 o®0 o®o O ™0

@ . true absorber position

Spia (mm-1)

[ T (s [ e

0.075

0.05

0.025

0.075

0.05

0.025

0.075

0.05

0.025

0.075

0.05

0.025

: estimation was succeeded



7ZILOdYX L 2
XEEIETRID=HD
BEE-REaIN—F A RA X ETIL

T. Shimokawa et al., Biomed. Opt. Express 4, 2411-2432 (2013)
O.Yamashita et al., JACIII, Vol.18, No.6, 1026-1033 (2014)
O.Yamashita et al., Neurolmage, Vol.135, 287-299 (2016)
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FRIEHRE(E?

 BARETILIE. EREEEOMALICE

- REORBIIBEMEISZLY (FMRI

=

[
>|.

EEGE

THD).

o FBERMDEENELZERBIIZILH D TLVS (Zhang et al. 2005, Kohno et

al. 2007, Gregg et al. 2010).

BER+KRE

HEHOD
NIRSEt

RE

Gregg et.al 2010



Euﬁ'; h= 7\\) I/%_:JEH L \V /=

y=S.2.+ S;Zs + €

RE EEY;

EEBZ,EEJJ Z, 'j Z/8—2 2212585 H

(Automatic relevance (ZER2[E R Y
determination, M)
Mackay 1992)

Shimokawa et al. 2013
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&

Data fit

Prior

=5 )L :

EXERET)L

P(y|z.zs) = N(S¢z + Sszs, 021)
/
P(z|a) = P(zylay,) = N (O, a;l)

v

v
P(a,) = | [ Gammatag, vo)
v

~

J

[

.

P(zs|B) = N(0,(BL'L)~
P(B) =p""

Y)

\

Shimokawa et al. 2013
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EER1: U LIREREPEST )L ZFE

True

Wed>Ea—4~A32=a3L—<3

(b)

0.02

Measurements (¢)

Z (mm)

Signal + Noise
=4
(=]
o —

1
o
o
g

DOT

=

-0.02

80 0 10 20 30 0 20 40 60 80
m X (mm) time (sec) X {mm)
ag Q ., T 00t
o0 , g °
O O =
I " 3 -0.01
04 _— OoXxy
id deoxy g oo
o Q B
55 AL =
& 3 3
T o4 -0.01
0 10 20 30
time (sec.) time (sec.) time (sec.)

Shimokawa et al. 2013



fEER RS 25 T VX TCIIBEERESZ VIEEMTE D&

“ OoX
£ = y 3
£ = £ —— deoxy
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e
= O
-'(_U' o A
= N
£ @ O
“'E’ O t g L]
N © o
-1 O
Y
O 1
bs 20 25 30 35
0
=
3
E =
" 2
©
O
n
s ™ "M
L
E Localization g
N error (mm) I

45 20 25 30 35
Depth of true cortical activity (mm)
Shimokawa et al. 2013



EER2 : E NMT—X AT+

BAELIEEOBEREE (1HZOEFX1—IZ&HET)
HWERE 18 (BFIE)

1252 = 15847, 32V

]x15nt

Pre-rest Task Rest

\

10 sec. 15 sec. 20 sec.

Yamashita et al. 2014



7 il

NIRS

e SERERAIZHREATAX LT
FOIRE3000 (Shimadzu Co.)

o« E—IEFFFEH/N—

e 5x5 1FEAHZF

e 13mm S-DN7 : 16

¢ 29mm S-DR7 : 48

Y HMEET UAAY TEHA

Yamashita et al. 2014

fMRI

e Trio 3T (Simens)
¢ 3x3x3 mm/voxel
e TR = 3 sec.

o 2fiiX

T1-MRI
e 1x1x1 mm/voxel




13mm channels

Voov00%00 ¢,
ei R4 ~g~ T4 D, R5 }@
0 @9 o @@ ‘@@ 0

@\R7' 'T7}@

R6 @4 T6

'@@‘@@‘@@ ‘
T8 @{ R9 '®- TO ¢ -R1o}@'T1o

,@@o@@‘@@ Q

Yamashita et al. 2014



Sl . 2 VA B A e B

AL
F—4%

NIRS

Y

fastscan

coregistration

T ]

Probe-

NIRS data
processing

T1-MRI

Head model

Y

Sensitivity
computation

Image
reconstruction

v

DOT image

evaluation

—

Yamashita et al. 2014

fMRI

GLM
analysis

v

fMRI activity image




=7 o ERATE R

NIRS

o T—HREIANIE
— Digital filter (Lowpass 0.7Hz, Highpass 0.01Hz)
— Trial average (45 trials, 8 sec. before and 35 sec after task onset)
« NEEIZIaL—I3av
— Monte Calro Simulation (using “MCX”, Photon number 10°)
— Five layer head model { Scalp, Skull, CSF, Gray Matter, White matter}
— Optical parameters in five tissues = Fang 2011, Biomed. Opt.

« EBRBERTILIVXL

— 2 mm voxel
— # of iterations 50000
— Gamma0=0

fMRI

o —HRERTSET ILEEHT (SPMS)
BEEPEIEAHIE - TINDL R —2 3> - #REHERHT

49



s : LB EB)DBBAIGR
fMRI(T>5.35) HB oxy

12.5

0 LE = 3.2mm

-12.5
HM)

0 LE = 3.7mm

HB = hierarchical sparse Bayes model ‘ - -fg
MN = depth-MN -




fasm | KEREIDRRIIT—4 (E—ORTt)L)

HB
C ~
O =
© =2
T o
L D
Qo C
cC @
o c
(ON®]
=50 - , - , , -20 : - : .
0 10 20 30 0 10 20 30

time (sec) time (sec)
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ok : DAREENDEBIEAK (HB)
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deoxy
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.
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B oY RETEETTEEEE L b

10 20 30

time (sec)
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fasR 1 T — B

AR RE

1st channels 94% 0.3%
(1.3cm)

2nd channels 17% 46%
(3.0 cm)

30, 05"y
GoF (%) =100 —-——
2.0

455 1T D1

upesy  nygaljeag



HENFER @ E1DHEERED3HBIDFER

0413
0425
0609

Superimposed on fMRI T > 10

Unpublished data



fMRI

(T>10)
Deoxy
( (<-0.1uM)
LE =6.9mm
0413
LE =7.6mm
0425
0609 No activity




XER3 1 3ERPEDEENRE - EHURERES

« 12\ (BFIE)

- 3ERBEDESHFERE (30 trials/each condition, different
across runs)
— FOHFES - large activity cluster
— EDEHEES > small activity cluster

- EFIGL - no activity
Pre-rest Task Rest x 15 trials
10 sec. 15 sec 20 sec
© (0 ) P - D ED e < J.

¥ FAZE D Washington KZE D F AL LB
(Eggbrecht et al. 2014)

Yamashita et al. Neurolmage, 2016



fMRI T-map 45l

Run1 Run2
‘-:} f ~ "-:i > "
1.':.}_;' et ;‘ ' ! ::q" }'—_'_ . Vet -; L ﬁj('”l-ﬁ RU“FHEI
‘nf .-::j .;I._*-', ,;"'T Yo f ;I'._"", *Eﬁ
v !,:'h--r Ilhr' f:# ik A1, ol l.:"n---r r';f:'ﬂ e
‘;“u" ) T“l‘" L
Lo Hand 3472 27.3 0.88
__ ._ (1582) (5.1) (0.07)
oS- Sih
A Seiwm g Finge 1389 17.4 0.78
PR Ly No 0 2.7 -

(0) (0.5)

Finger& 4 subject6lE;EEIA
o 1=1- R4S

p < 0.05 FWE corrected
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Yamashita et al. Neurolmage, 2016

NO(12/12)

* p<0.005
* p<005

*

??l%

1
L

HB MN MN-WU

LE = 6mm, SS = 0.6 (HAND), LE=8mm, $5=0.4 (FINGER)
Less false positive compared with the standard algorithm
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N DOT with conventional probe density
1, (30mm inter-probe distance) Is possible.

Shimokawa et al., Biomedical Optics Express, 2016, collaboration with RICHO company
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DOT >

Front-parietal network
(N=20), SmartNIRS 152ch

fMRIvs DOT DOT1vs DOT2

Conventional DOT(*) 0.44
Proposed DOT 0.47

Conventional DOT(*) 0.31
Proposed DOT 0.36

(*)global regression + weighted Tikhonov regularization

B  AAL (Automated
0.56 ‘ Anatomical Labeling )
0.76 116 nodes

Shen’s parcellation
[Neurolmage, 2013]

278 nodes

Aihara, Shimokawa + in preparation
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