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Scope of resampling-based methodsin fNIRS group analysis

Archana K. Singh'?, Masako Okamoto®, L ester Clowney?,
James B. Cole? and | ppeita Dan*

!National Food Resear ch Institute, Tsukuba, Japan

2Univer sity of Tsukuba, Japan

Functional near infrared spectroscopy (fNIRS) is an emerging non-invasive technique that allows
the monitoring of human brain activity in a natural environment. Most fNIRS group analyses
rely on the two-stage general linear model based on parametric test. This method needs certain
distributional assumptions that cannot be ascertained in fNIRS neuroimaging data, because 1) the
physiological nature of the hemodynamic signal is not yet known with certainty, 2) subjects are
few and rarely sampled at random, and 3) the assumption regarding homogeneity of variance
among subjectsis unlikely to be true even if the data are sampled from the same head location
for all subjects. In addition, the fNIRS datais spatially correlated, therefore the Bonferroni
correction tends to be too conservative and FDR control method also needs an assumption of a
certain spatial correlation that is difficult to investigate.

Moreover, often fNIRS data are unbalanced, because it allows monitoring in situations
when subjects cannot be prohibited from moving (e.g. in the case of awake infants), which adds
motion-related noise. This noise needs to be removed, resulting in a different number of
observations between channels, and between conditions.

Requiring fewer assumptions, resampling-based permutation and bootstrap tests might
relax the assumptions of parametric model, and they can deal with any underlying spatial
correlation. We explore these methods with real, unbalanced and simulated fNIRS data and
emphasize their ability to control familywise error and to strengthen inferences at the popul ation

level, especially in comparison with the equivalent parametric and permutation methods.
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7 imOFRIMERDP->EHNEKE, r=0.006mmELEE &L, N D
& P -1 7R I ERAAR RS A1 .50 %, A< M7 D)y KSRGS OFNn &St
R72.ABFH R EINTE HTEEHE L. ZO XA TISEM M5
LN 260 7aW 286, BT Of 130.02 HiEE TE S,

M:-Ma :3-5cm! U, :0.06 cm!
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oz, BRI EZ AN CEET D & X 23 (RT R E 720 | MV
FE, WIIZEFEGTHERNDND,
X 23 MRS E J T OWRINERER

018 r
0.16 F
014
0.12 F
01 F
0.08
Q.08 F *
0.04
0.02 F

|:| 1 1 |

0 0.005 0.01 0.015
MEZ (cm)

{1/cm)

DR URZEY

Lie H, et al: Med Phys 22: 1209-1217, 1995.

—J7. MM K (CBF) [X] 24 OARIZWimFE (S) &3 (v) OFE & B X B D,
%] 24 ¥ (CBF) 0 E Bk

////

S
/ Velocity

2T, R UMMEEEINTH S oI X 556 & v O L 2568 B E
5, ZZ T, deoxy-Hb OKHIZHOWT, MHF TREREWVWDRET D, S O
NIIZ & 2 WML Tl I OTEHAGIZ AR RET TREA S U7z deoxy—Hb (X4 25
IR T EDIC, BTHRHINDTZOMLTIENT 5, —J7, BiljEss v o
56D THD E K24 HANTRT X D ICBMIMLE L1 TOBRIMASHEM L |
deoxy-Hb TV T 5, L., X THRELTWAI~NEZrE N E L L TEMIM
BICHET D b0 L L, B2, BMMAERE L THIRICAS & REICEDORE

CBF= S *Velocity
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B9 5 Z D ETIEBHE R W E T 5 & NI OHEAINZ Y deoxy—Hb
(8] i R R A
X 25 FMIMFRZELICE TS S OHIN (Capillary bed DN & v OHLAN

Increase of S: increase of capillary beds

=

change of Hb CBF(1.4) change of Hb CBF(1.4) 1.21

Increase of Velocity

35 12

¢ delt total Hb
- ¢ delt oxy-Hb
e ¢ It deOXy-HD

delt Hb
ANoNaO®

st 20 0 6 80 100 0 50 100

tme time

BHEON MRTZ T 7OEFIEIX 2612779 K 912, oxy-Hb & total-Hb 23HE N L .
deoxy-Hb DME T+ H\F— %L 5,
X126 SUIRIPIRRONE NAKR T T TIEED N —

e . Bﬁ"“’

FRONE IR T T7OEFIE, EE LTEMMLETO~NE o 2R L,
KWMEIZR 22N EEZ DL, K27 DX 5T, BMORH 10%800 L, A
TS 40% 8NN, Z DOIRFEE v 23 21% MM L7 LT 53 2 bL—v a URERIEKN
26 OB R — 2 ORFEE B B L TV B ST, 2D K 9 72 deoxy-Hb
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DD T B EEZBHH K2 T /VIIIIZEED S,
%27 FRITSITEBRDOVI 2L — g R

change of Hb CBF(1.4) 1.21

A simulated normal pattern o

condition bl
o 6 ¢ c delt total Hb
Increase of CBF by 40 % P i —c delt oxy-H
Increase of metabolism by 10 % 0 ‘ — c delt deoxy-Hb
2k ‘
Increase of velocity by 21% 4 ‘
0 50 100

time

ZOFERERGEET 72010, NWERBIRPAZEDRESE 5 A MR T Z 712X DMK
HEREIE 21T o 72y X A7 IXRIR O FOIREE CTH 5, X 28 IZNSHENREAZE
® 1 41 MRT (T2WI) & MRA Wi &7~ 9, £ ORER, 29 1Z7-F K 512, deoxy-Hb
NEFRTEZRE—o NS BoNTz, DFEV, ZOFEFLTEZSH L., NEH)
RO PAZED 7= b MEDOTEMALIZAE 5 K 2 i s AT 2 37, EF M TITH
D MMIMFEREINZ v OBINTIT o Z LRSS, DF 0 v 2L 2= di
deoxy-Hb 2MEMT DAER L 72 o7 LRI TX %, IEFIM v O LY Ak
T2 BN S 2 OIS E I TR Y | S OB S RN A5 <
BEWRZHDH L0 LI TE 5,

28 FENSHENIRPAZER] D MR, MRA [Eif4:
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X 29 WNSHENIRPAZEERE O MR 7 F 7 HIE RS R

Hb Case 1 Case 2
A Ny
A/
|
t
Hb Case4 Case 5

,\/\W.’\ "N
’\md — ——J\J\N-‘-\w

IC occlusion group

Case 3

s Oxy-Hb
I Decoxy-Hb

Total-Hb

X1 30,31 IZRT X D ICSRMUHIEBEITE N T ERno Ay <% — 2 (normal
pattern) DHBMHEMET LTS 2L b ZOET L TMHTE 2,

[X] 30 I ZED MRI 14 % 31

normal pattern @ HEIAEE

12(

(U]

80!

Multiple cerebral

Multiple cerebral

Rate %

Normal Pattern : .

Smultiple infarct small
“multiple infarct medium

p<0.05

UbZzfzeHndLUTOLIITRD

ONIRZZ7DEFIFEEL L TEMMLEIZHKT D

O KW FEFIRZ 9, R 27220,
UbZzSWiz 5L,

@@ TV (IO Hy @7 tnE L5,
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@ total-Hb OEEMNI MK (S) DEEMZ R L, HEE (v) ITIXEAF LRV,
@  oxy-Hb OHEEHNLS & v OWT ML THEMT 5
@ deoxy-Hb KX FiX v O % K 5

X 32 IZLL E&2RT 5,
32 oxy-Hb. deoxy-Hb & v DEI%

VAKX EW5E

Oxy-Hb VAVINE LSS

Deoxy-Hb

UL, K33ITRTHREIC, 7 u—T7DOE FIZH D KNMEITHIESN D 5.
X33 &L 7 a—7 D%

X x 5] 5 K9 KW ICH T2 H R W TS E D BN —FiRu
DT, TNHEDOENEZNE, RWILEFEIZHTZ-> T, 9o 7206IFHMHTE 220,
LorL, 7a—70/E FIZmEND D EMEIZHTZ S0 EOEMBID DT,
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ZORENROND LR EEZLND,

9. JFRIMEKEEE L RBC Aggregation
FRIERIT MK 2 B9 % & ARMERF 23858 L& W RILERBL 2 e+ % 2 &
WHIHITW D, T OBEITEEIZK & 2> Aggregation, & DWW T—r —F
Bl BTN TV D, M 34 IZEBROARIMEREEE LTk T 2R T,
¥ 34 JRImEREELE

2O X DITRMERD LT D & RMERDBENZER SN L, #ERE LT
FRMENEINT 5, ZORME LTz & 20RO eEREOEEFA L, 5~
I EREERRE DI ELEE Z BRI LD N EH DL Th D, (M Tomita, F. Gotoh,
et al, Whole—blood red blood cell aggregometer for human and feline blood.
Am. J. physiol. 251 (Heart Circ. Physiol.): H1205-H1210, 1986)., VL F.
BH OO ZREITT 5 Z LT RBC aggregation (RBC-A) DYEEHANZ 5- 2 552
BIZHOWTEAT %,

BICBEHE =— N TF 2 —TNZA~ARY VIR 2 Afv, Eiva g L7k
DL & LTRUL T TONDFZBPEDORE T 2~ d, HFTTFa2—7 D LHnb A
NTND, MEBSIRA TV DRI OEM ORI TH L KL 51z, HlaEL
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DN R L D272 0 O FEEwm L TWD Z L2V 5,
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Rest ' Flow

[X] 36 |Z RBC-A ZHIET HEEFEOIMEHA L TWEEZRT,
X 36a YJRORNZ A A — K X 36b  JHIE L E

Ea

E=— L F 2 — 7 Z A TIL
AT —RONNF 2—712H-0 .
Bm LT A A — R TRET 5,
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37 MR T TR DOt 2zl b &, aggregation D 7=, FEEEIEHY
(OB NEIN L T <,
37 IMPEAE IR RO g E D 1L

Flow

FIG. 2. Actual protocol of red blood

cell (RBC) aggregogram of human whole

% blood. In this particular case, shear of
blood was imparted by changing height

_____________ of reservoir of blood. Flow rate is indi-
cated by drip count (upper graph). To
analyze exponent of downward curve,
harizontal line was drawn at origin of
RBC aggregogram. Values of A and B
from line were obtained at 10 and 20 &
as 5.2 and 6.5 cm, respectively, Value of
RBC aggregation rate (k) was calcu-
?u‘a;; from —(1/10)In(6.6 — 5.2)/5.2 as

139,

Increase in optical density
2mv

I 203

X 38 aggregation D FE BN 3 BORITOM R E R, kIFEFR—TH 5.

8 g o

\ \ I

\ \;;_ilu;n.lssf ! __F

f-—
+—Pe—k 1—:?3-;_- =
\ \!WI\\ T
a4 e s —_ Fic. 4. Red blood cell (RBC) aggre-
: " Fan—ﬂ-ﬂ@ | [r— e gograms of feline whole blood. Good re-

p

I3
=
=z S ==
E 5‘“" T = = - —=—  producibility shown of repeated forward
= e ' RBC aggregograms for same feline whole
% =11 == — LI blood sample. k., RBC aggregation rate.
¢ . = : e o | ==
= = — — —
@ == 5 —== —— -
“ - —— = - "
e —i =) == L
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RR Avareonoram and Tte Renradicihilifu

X 38 IZZORIEOHBIMEZRT, 3EIORETEORELIL 0.136, 0.132,
0.136 LIFEFR—TH 2D Z &b, BEMHEIIIEFICE S, Z 0BG MKE A D
WRIA—=ZLKD HIDZLERLTND, £ 2 IIHOMKICBIF S~~~ k27U
> k& RBC-A DRFER L OBREZ RT, F/o, K39 ITHEMEN 1/2 125 £ T
DO t,, &~y F7 Uy M EOBEREZTRT, HROFRN G, KR < 72
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& (N~ b2V FRERTDE) RMBEKITEE LT <D t ), 138
%o BB XY@ ED~~ 87 U v b 30-40% THAIVUL, t,,1L4—5F
TH b,

39 ~~hr27 Uy hEt,, D&%

t1/2 Het{R 71

t1/2 sec
— W (t1/2 sec)

t1/2
o

y = —4.7545Ln(x) + 2T
R =0.8921

0 10 20 30 40 50 60
Het %

40 126 & N & RBC aggregation O #g 2 7nd

100 Human (Hct 40%) Cat (Ht 42%)

Cio—RBC aggregogram(arbitrary units)

R 0 10 20
e
Time t (s)

"

FiG. 5. Deviation of practical human and feline red blood cell (RBC)
aggregograms from theoretical curve defined by Ini(y) = —k ¢, which
passed through points A and B. Regression lines were drawn for
experimental points (Cy; — RBC ). Slope of ion line
and value of RBC aggregation rate (k) are almost identical. Het,
hematocrit

WA IXIZIEFROMEA 2R LTV D,
Aggregation HRIXMIENEFRIE L CTWD ERAET L0, MIKIZHENNH D73 L,
BTG/ shere stress 23 d HRRE LI ETITARMERDEE TN AT T Lr D,
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Aggregation ORFEIIIRMERH & OEHEHEN (z—potential ) ITIKEFEL, T/ 7
VNS IR B LRRNIIER L, a7 ) U R D LT D, IR ZESEEH
RRIEIR EN DD L FMET D,

& M IZHERE NeuroImage (2% O NIR OBIEIZ, T OFRMLER DUEEE TRV
BRHDHOT, ZNEER L THELEERITRY Thd L0, 2 Wil
HELTWADT, Z ZTCENIZHINI- W GG M. Tomita, M. Omata, N. Suzuki.
Contribution of the flow effect caused by shear—dependent RBC aggregation
to NIR spectroscopic signals. Neurolmage 33:1-10, 2006, & M. Tomita. Flow
effect impacts NIRS, jeopardizing quantification of tissue hemoglobin.
Neurolmage 33:13-16, 2006 T 5,

4112 Z DFXITHTL % share rate DR O &2,

v (cm/s)

d (cm)
SR=v/d (/s)

| awoR |

42 ICEHKIZEAF 2 —7HNOIMIKIC L 5 CEELD share rate 2 0, 30/
s, 100/ s &ZEz 2358 OKIFEEE T,
X 42 815 BCEL o ik A7

-+ Hemalyzed

« O/s
°le 30/s

\
a0e ™ o 100/s

Fig. 1. The angular distribution of IR (A = 950 nm) scattering by blood and the flow dependence. The IR beam was projected into the center of a blood-filled
column. The light intensities at the selected scattering angles varied with shear rates (flow effect) of 0 (RBCs aggregated: closed circle), 30/s (RBCs moderately
aggregated: double circle), and 100/s (RBCs dispersed: empty circle). The vertical oval shape in the diagram represents increased light transmission through a
hemolyzed blood sample with the same hemoglobin concentration as the whole blood used, and implies that scattering occurred at the intact cell membrane. In
the inset, a schematic diagram of the apparatus is shown. Top is front view and bottom side view.

M2 BHDERIC, W 5 &otidF & UTRITTICHETe A, il L TWhun g,
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share rate Of 0 (§F1E). 30/ s, 100/ s & ZAb9 B2, MIJTHGELDYHE <

2%,

X 43 12F 2—TNDO~ETZ B B2 % NIRIZTHE L7254 @ oxy-Hb, deoxy-Hb
OHEMED share rate (KFEMHE2RT,

43 oxy-Hb 3 L O deoxy—Hb JHIZEMED share rate K17

— Deoxy-HB At % = 850 nm

ImW.)
= Duxy-HB

500 ~ 100 s

_ {\'?
2le) Jeays

Light reflection

s

'.
w
>
o
D
i
i
I

Fig. 4. Flow effect vs. blood oxygenation in [R reflection recording. Changes
m [R reflecion by Oxy-HB (red) and Deoxy-HB (blue) were recorded. Note
that haseline levels were shifted down with blood oxygenation and that the
flow effects for both Oxy-HB and Deoxy-HB were 10 times larger than the
difference due to blood oxygenation. They occurmred in the direction
commesponding to increase in the concenfration of hemoglobins.

X 44 13'E HICH flow effect 2 La i iuiE7e & 720 & O L ~UL i
IELT2b D TH D, floweffect ILFRALDEHWEIIRLAE DM B MLE TIXH
BT MBIV EERRGIERML C5, MEIXEIRNTH D, HARIZEIIR
ICHAREMMENHTH ERHIZERL, ZOREKRS T 5, EDOOHE
MNIEL 72 Y share rate /NS 720 | aggregation WEA LG 25, EH
K1 NIR OHIE TlX, ZOFARMAID flow effect 2MHAIERRICKE SEHE L
TWAIETTHEE, BHEEBEL L TWAIDTHD, MM TR A5 ITRT LD
12, B HEKIX oxy-Hb & deoxy-Hb OHIEED share rate IEMZ #HE L T

-22 -



BHo ZOXBHEBDH X D IZ share rate ZNHEANT 5 & RBC aggregation IFE T

L. oxy-Hb & deoxy-Hb, # LT total-Hb [T 5 F7

INTW5b,

F D share rate WRE <25 ERMEREHENIEE X 12 <720, ZDHD%K

A, ~T 7 0 RN LI S B DT B,

44 Flow effect EIMEFZD L~

A®ﬁmmjﬁ%§khwhﬁ;

Fig. 11. Schematic illustration of a theoretical model showing a wide flow effect area detected by NIRS vs. a predicted smaller area of oxy-HB concentration
increase with functional reactive hyperemia

45 oxy-Hb, deoxy-Hb 33 TN total-Hb @ share rate {K{FM:

30,

25

20

15

[44]

A Light intensity (arbitrary units)

,-ET"'E Total HE

) E..eﬁl’
o
el gy Devy-HB

h

B
EI’"'E'-,E- /
@_E// _'/:>‘-/.—r_‘:’< \lf-_./,l— & Owy-HB
- * -

50 ébt\ 70 B0 an 100 110
\‘ .
S Shear rate (57")
l\‘\
\’l..,_
\.___1.
""-1__

-
~# RBC Aggr

Fig. 1. To show increases in reflected light at wavelengths of 540 nm,
570 nm, 620 nm, and a decrease in transmitted light at 950 nm of freshly
drawn heparinized human whole blood in a transparent tube (see apparatus in
Fig. 1 of the onginal MS) dunng gradual flow mcreases from 50/s to 110/s.
These changes occurred even though there was no change in hematocrit,
hemoglobin concentration, gases, or pH of the blood. (This optical imaging
spectroscopic study was performed at the Laboratory for Integrative Neural
Systems, Brain Science Institute, RIKEN, Wako, Japan through the courtesy
of Dr. Manabu Tanifigi, using a modification of the ongmal techmgue by
Grinvald's group; Malonek et al., 1997).
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EHEKOERIIETHEHLE 2-3um O =—/LF 2—T7 T{Tbhbil T, EED
M & LTI RN DITHEYT 5,

46 KRR O S D IE R D

46 12T K D IDEIFEE LS Wiy & il o T2t & RV AE THR < IR & 4
THL RO EN TR HERICELET 2 & MUV A F & LT R
ELTiIMicNns Z & 272, RWIME TOZEITFAE R TERNWESZ X
b, KTRIMERWERICITEMIEREP HY, £ 2DHh%E->T
TR ERLMNEEZ DL, BIOERTH D, K ENRT T 7ixELE LT
FEMMEFO~NEZo B EZRHEL TS EEZDHE, BEHEKOEETS
flow effect IZZIUTERNEEIIINLEZEZ DN, BMITIFIRSOR &R £
EESTHRY AV, ZOZ EIRME OEENRNR VKL, JERE D LT
FERT, LML, BIROKIILEBH TH Y, aggregation L X, NIR D
N E 52 D8AIRORK I3, BRI — K & DFLE ) & 72 W BLR T
X, flow effect 2 HETDHI EHTEAN,

H L., flow effect W FARZ T 7EFICEGTHEIRET H &, miLL<
ITHON TV DMOIEMEAL ORI ED L 9 72BN H 505 2 TEB HLEN
o5, MEOTEMHACERAL TIIMRIMFE A L TWDH 2 &, £HUT XD oxy-Hb,
total-Hb DI Z POTEMEAL & L TRHE L T D, M 45 (2R3 & 9 (2 i
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1) Tsunetsugu Y and Miyazaki Y, Measurement of absolute hemoglobin concentrations of prefrontal region by near-infrared time-
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Musically Induced Synchronization in Human Brain Hemodynamics

M. Iwasaka, K. Sugita (Chiba Univ.)
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Activation of the prefrontal cortex during a computerized mirror-drawing task with visuo-spatia information

, N-back
( Glahn et
a., 2002),
(PFO) ’
. Kobayashi, Yasuda, & Suzuki (2005, 2006)
NIRS PFC
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23 25 9
10-20 Fz , Figure
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ETG-4000 0.1 sec

Figure 1.
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), ( ), )
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3 . ,
(F(1,9)=4.313, p<.05).
Z-Score
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Glahn D.C,, Kim J,, Cohen M.S., Poutanen V-P, Therman
S.,Bava S, Van Erp T.GM., Manninen M., Huttunen M.,
Lonnqvist J., Standertskjold-Nordenstam C.G,, & Cannon
T.D. (2002) Maintenance and manipulation in spatia
working memory: Dissociations in the prefrontal cortex.
Neurolmage, 17, 201-213.
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