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Dissociation of Stimulus-Induced Responses
in Regional Cerebral Blood Flow and Blood Volume

in the Visual Cortex of Humans

Akitoshi SEryama™® #% ok

Abstract: To elucidate hemodynamic response in the human visual cortex during visual stimulation,
changes in regional cerebral blood flow (rCBF) and cerebral blood velume (:CBV) were investigated
using blood oxygenation-level dependent (BOLD) and flow sensitive alternating inversion recovery
(FAIR) functional magnctic resonance imaging (BOLD- and FATIR-fMRI) and 16-channcl ncar-
infrared optical imaging (NIOI) techniques. A white and black annular checkerboard (visual angle:
1.2 to 5.8 degrees) focused on perimacular annulus stimulation of the retina, whose temporal
[requencies were 0.5, 1.4, 4.7 and 14 Hz with a central fixation point and gray backeround, was used as
the visual stimulus for perimacular annulus.  The stimulus-induced activation arca obtained with
NIOI corresponded to the one measured with BOLD-IMRI.  Nevertheless, a dissociation of stimulus-
induced responses between the BOLD-IMRI signal and hemoglobin (Hb) parameters obtained with
NIOI was found ; ie., changes in BOLD-fMRI signal showed a maximal increase at a temporal
frequency of 1.1-1.7 Hz, while increases in oxygenated (oxy-Hb) and total hemoglobin (total-Hb)
concentrations showed a minimum around the same frequency, and deoxygenated hemoglobin (deoxy-
Hb) showed a slight but significant decrease. This dissociation of stimulus-induced responses of the
BOLD-IMRI signal and Hb parameters could be simulated as a function of concentration changes in
oxy-Hb, deoxy-Hb, and total-Hb.  The temporal frequency dependence of changes in rCBF, estimated
from FAIR signal and from the time-course change in total-Hb, was similar to that of the BOLD-IMRI
signal change. The present results indicated that stimulus-induced responses of rCBF were
dissociated from those of rCBV in the visual cortex of humans during perimacular stimulation at

temporal frequency around 1.4-4.7 Hz.
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INTRODUCTION and the accurate planning of surgical approaches for

brain surgery”. On the other hand, during the last

Many ol the recent advances in human brain function
research have been due to non-invasive functional
neuroimaging techniques, especially functional magnetic

33 The application of

resonance imaging (MRI
[MRI to clinical medicine has also rapidly expanded
because the technique enables the presurgical deter-

mination of pathological changes in neuronal functions
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decade. another functional neuroimaging technique,
gng

near-infrared optical imaging (NIOI), has been

developed for monitoring changes in human subjects’

o B9
) and neuronal activi®. Both

hemodynamics™”
[MRI and NIOI reflect changes in hemodynamics
accompanying changes in local brain activity (ie.,
neurovascular coupling).

Stinulus-induced activation of the visual cortex has
been  extensively  studied using  electrophysiological
techniques'”, positron emission tomography (PET) "'?
. and IMRT'™ 1, Although there was a slight deviation
in their results depending on the experimental protocols,
the primary visual cortex was maximally acuvated at a
certain temporal frequency, ie., Plc-‘.(‘n‘n[)hysinlr)gil‘ﬂ|m),
and oxygen metabolic'™ responses were maximal at

around 4 Hz, whereas hemodynamic responses (i.e.,
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changes in rCBF) were maximal at around 8 Hz'"'%!,

In the later experiments, subjects were shown rather
large size ol visual stimuli.  Further, it has Dbeen
empirically shown that the neuronal activation induces
an increase in rCBF'™ and that the increase in rCBF
accompanies an increase in rCBV'® | Even though
Grubb’s relatonship between CBF and CBV (CBV =
0.8 + CBF™™®) was determined for adult rhesus monkeys
from whale-head measurements under the condition of

& . , ,
", it has been often used for

carbon dioxide inhalation'
the analysis of stimulus-induced local changes in CBF
and CBV.

Recently, we have developed a system capable of
simultaneous measurément of MRI and NIOIT for
studying stimulus-induced brain activation in the human
visual cortex'”’.  While IMRI represents an alteration
of the difference in the magnetic susceptibility between
tissue and blood, NIOI more directly represents
hemodynamic  parameters such  as  deoxy-Hb,
oxygenated hemoglobin (oxy-Hb), and total hemoglobin
(total-Hb) concentrations. The spatial resolution of
IMRI 1s superior to that of NIOI, whereas the tempaoral
resolution of NI1OIT is superior to that of fIMRI.  Thus,
the two techniques are complementary, and cooperative
measurements using MR and NIOI possibly provide a
way of making more detailed functional brain mappings.

In the present study, by using IMRI and NIOI 1
aimed to elucidate whether changes in rCBF and rCGBV
show similar response during stimulus-induced brain
activation. During the visual stimulation focused on
perimacular annulus of the retina, [ examined a
temporal  frequency-dependence of hemodynamic
responses in the human visual cortex using a white and
black annular checkerboard. Thereby, I show a
dissociation of the stimulus-induced responses between
rCBI" and rCBV at temporal frequency around 1.4-4.7
Hz, though the stimulus-induced activation areas

obtained with these techniques were about the same.
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Further, [ discuss a physiological interpretation of the
dissociation between rCBF and rCBV during neuronal

aclivalion.

SUBJECTS AND METHODS

Subjects

Six  healthy male subjects (24-43 vyears old)
participated in both the (IMRI and NIOI measurements.
The Communications Research Lahoratory approved
the experimental protocols.  All subjects had normal or
corrected-to-normal  vision and  provided  written
informed consent. Simultaneous blood oxygenation
level-dependent based-MRI (BOLD-MRI) and NIOI
measurements were performed on three of the six
subjects, and for the other subjects, the BOLD-IMRI
and NIOI mecasurcments were conducted scparately
with the same stimuli within three hours after ane of the
measurements,  In addition, one of the six subjects was
also conducted with Jow sensitive alternating inversion
recovery functional magnetic resonance imaging (FATR-
MRI) and BOLD-MRI.
Visual stimuli

A white and black annular checkerboard, with a
central fixation point and gray background, was used as
the visual stimulus (perimacular annulus, 1.2 to 5.8
degrees; angle of each wedge, 10 degrees; number of
ring-layers, 5 ; temporal frequency, 0.5, 1.4, 4.7, and 14
Hz) (Fig. 1). With the checkerboard, visual stimu-
lation longer than 16 s gave a good correlation in
hemodynemic responses between NIOI and (MRI
signals (c.g., r=0.87, 0.85, 0.91, and 0.95 for 41, 8, 16,
and 32s of stimulus duration, respectively)'® . The
time sequences of experiments consisted of [control (14
s) +stimulation (28 s} + control (14 s)| for BOLD-fMRI
and NIOI measurements, and [contrel (12s)+
stimulation (32 s) +contral (12 5)] for additional BOLD-
and FAIR-fMRI measurements. Each of four different

reversal frequencies was used four times in pseudo-

Fig. 1 TIllustration of visval stimuli. A white and black annular checkerboard, with a central fixation

pninl and gray backeround, was used as the visnal stimulus (lwrinm-:‘nlm‘ armulus, 1.2 to 5.8

degrees ; angle of each wedge, 10 degrees ; number of ring-layers, 5 ; temporal frequency, 0.5, 1.4,

4.7, and 14 Hz). Other details are shown in the text.
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random order for about 15 min.  During the control and
stimulation periods, the subjects were required to fixate
on the fixation cross placed on the center ol the
checkerhoard.
MRI acquisition and analysis

A 15T MRI scanner (Magnetom Vision ; Siemens,
Germany) was used [or obtaining functional images with
an echo-planar imaging (EPI) sequences. Flow
sensitive  alternating  inversion  recovery  (FAIR)
functional magnetic resonance images (FAIR-IMRI)
were obtained with repetition time (TR)=2,000 ms,
echo time (TE)=15.7 ms, flip angle (TA) =90°, field of
view (FoV)=256X256 mm”, matrix size=64 %64, and
inversion time (TI)=1400ms. A 10-mm ohlique
imaging slice and an inversion slab (thickness, 20 mm})
were scleeted along the calcarine fissure to cover the
primary visual cortex. FAIR images were obtained
from subtraction of non-slice-selective inversion recovery
(IR) images from slice-selective IR images. Blood
oxygen  level-dependent  (BOLD)  based [unctional
images were obtained with TR=4,000 ms, TE = 55.24
ms, FA=90", FoV =256 X 256 mm®, and matrix size=
64> 64. Thirty-two axial slices were obtained (thickness
ol slice, 4 mm ; slice gap, 0 mm ; pixel size, 4 X 4 mm?),
Number of scans was 236, where the first five images
were discarded to climinate spin saturation cffects.
Anatomical images of the brain were obtained with a T-
weighted sequence (TR, 9.7 ms; TE, 4ms; FA, 127,
FoV, 256X 256 mm ; matrix size, 256 X 256). Areas of
significant activation were processed using SPM99
(http:// www.fil.ion.ucl.ac.uk), determined according to
the statistical threshold at p<<0.03 (voxel level, corrected
for muliiple comparisons with in the entire search
volume), and were displayed in rendered T, images of
cach individual subject. To compare the MR signals
with the optical signals (pixel size: ca. 2020 mm®, see
below), the time courses of the MR signals [rom the
region of interest were obtained using AVS/Express
version 3.2 (Advanced Visual Systems Inc., USA) for
BOLD-IMRI signals and a laboratory product MR
Interactive Browser (FMIB) [or FAIR-IMRI signals.
The MR signals correspanding to the optical voxel
estimated by NIOI was identified with oil markers (see
arrows in Fig. 2 (C) and its legend). After the group of
5x5X 5 MRI voxels was selected to cover the optical
voxel, MR signals from the scalp and from the cortex
were separated as [ollows. The MR signal [rom the
scalp was that from the first and second layers of the

IMRI voxels [rom the scalp surlace (i.c., averaged signal

of 535X 2 voxels (20%20X8 mm™)). The MR signal

[rom the cortex was obtained by averaging the MR
signals over the ifth {deepest) layer (53X 51 voxels, 20
K20X 4 |n1113).
Optical measurement and analysis

Details of optical measurement and analysis are also
deseribed elsewhere'” . In brief, a 16-channel NIOI
system, OPTIM_A, was used to obtain [unctional
optical images and changes in hemoglobin (Hb) species
concentrations from resting conditions (i.e., Afoxy-Hb],
Aldeoxy-Hb], and Aftotal-Hb] (= Afoxy-Hb]+
Aldeoxy-Hb]). Combinations of 16 nearest-neighbor
pairs ol input and output fibers were used to obtain a
topographical image covering a 76 X 76 mm?” area in the
occipital region of the head. Data were acquired at
temporal resclution of 400 ms. The image had an
NIOI pixel size of 20 X 20 mm” obtained at a source-
detector distance of 27 mm (see Fig, 2 (A)).  Qur NIOI
system, OPTIM_A, can also be used in spatially
resolved spectroscopy (SRS).  In the present study, the
light reflected from the brain was collected by light guide
detectors placed at two different locations, with the
proximal one at 20 mm and the distal one at 40 mm from
the incident light guide, to obtain the absolute basal
values of the Hb species concentration ([oxy-Hb]yeq,
[deoxy-Hb]es, and  [total-Hb].s ) and

saturation in the blood (Sa,..) of the brain in the resting

oxygen

state before the experiment.

Reconstruction of BOLD signal using NIOI data was
performed using the [ollowing equation'”:

Setim = Srest * [1 + TE - @®* - 145a/(1-Sare ) — B* -
Altotal-Hb]/[total-Hb] o ], (1)
If the source of the signal reflects regions containing
venules or larger veins, 5% will be | (the Vein model),
and if the source of the signal reflects regions containing
capillaries, [J’* will be 0.5 (the Capillary model).  In the
present study, values of &* for the Vein and Capillary
models were 16.11s7" and 32.925 ', respectively,
which were experimentally determined by measuring
MR signal at resting state using various values of TEs
(33.24, 45.24, 55.24, and 65.24 ms).
Calculation of ArCBF and ArCBV from NIOI data

The Fick principle depends upon the [act that the rate
of accumulation of a tracer substance in an organ equals
the dilference between its rate of arrival and its rate ol
departure from that organ. I the rate of accumulation
ol a tracer 1s measured at a rime less than the minimum
transit time of that tracer throughout the organ, the

departure of the tracer is considered zero and the flow
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rate can be estimated from the accumulated amount of
tracer.

In the present case, Aftotal-Hb] was used as an
intravascular tracer, so we assumed that the increase in
[total-Hb] was brought about by a sudden increase in
ArCBF caused by neuronal activation, and that the
outflow was unchanged until a certain short time period.
Here, the time was taken to be 2 sec after onset of
increase in Aftotal-Hb], becanse mean transit time of
cerchral blood circulation measured by a near-infrared
spectroscopy is ca. 6 sec™’.  The index of ArCBV was
obtained by averaging A[total-Hb] during stimulation.
Then, each parameter was converted into the units of
ml/min/100 g tissue for ArCBT and of ml/100 g tissue for
ArCBY as ollows. ArCBV=[k/(R + [Hb|s)! * A|total-

Hb], where [Hb]a is arterial total Hb concentration
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(assumed 15 g/dlyea) and k (= 1075, MWy, /(10 -
Dn)) is a constant reflecting the molecular weight of Hb
(MW, 64,500 (HD base)) and tssue density (Dn, 1.05

92 3 H w e
g‘/ml)'”, and R is cerebral-to-arterial hematocrit ratio

(069%™, ArCBF= (k/[Hb],) * (dA[total-Hb]/dt). The
unit of [total-TTh] (or A[tatal-TIb]) is mmales per liter of
tissue.

Statistics

Data are expressed as the mean = standard deviation
(SD).

repeated measurement in combination with Bonferoni

A one-way analysis of variance (ANOVA) with

multiple comparisons test was used. and values of p<
0.05 were considered statistically significant.

RESULTS

Fig. 2 shows a typical example of the stimulus-

(B) Time course of NIOI (Ch 10)

stimulation
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A typical example of stimulus-induced activation in the occipital cortex.
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(A) The map of A[oxy-

Hb], obtained with NIOI (OPTIM A), was superposed on the T -MRI structure, where the
source (red circde) and detector (blue cirele) positions are superposed. The white broken line
denotes the position of the longitudinal fissure.
Hb species (A[oxy-Hb], red line: Af[deoxy-Hb]. blue line: Aftotal-Hb], yellow line) in the

activation area (Ch 10), whose position is shown mn (A) with an arrow.

(B) Time course ol changes in concentrations of

(C) Stmulus-induced

activation area obtained with BOLD-MRI analyzed using SPM 99 (thresholded at voxel-level p

<0.05)
the map of BOLD-fMRI and NIOIL.
(dark purple) signals.

Arrows indicate positions of oil markers attached o the scalp of the subjecrs w register
(D) Time courses of changes in MR (green) and simulated
The change in the MR signal in the primary visual cortex was obtained

from the square area in (C), which corresponds to the NIOI pixel showing maximal increase in

Aloxy-Hb] (Ch 10in A).

in Eq. 1 and the Hb parameters of Ch 10 shown in (B).
red belore task presentation were 1,360 and 0.89, respectively; and Sarest and [total-

as me.

Hb], . were 0.702 and 51.4 gM, respectively,

The change in the simulated signal was obtained using the Vein model

The initial values of S, and T, + RE.,

The maps and the time courses show the average

of four measurements at a stimulus lrequency of 1.4 Hz.

— 10 —
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induced activation in the occipital cortex obtained with
NIOT (Figs. 2A and 2B) and (MRI (Figs. 2C and 2D).
During visual stimulation, each of our subjects showed
significant changes in the signal intensities of IMRT (and
NIOI) in the occipital lobe along the calcarine fissure,
anatomically defined as the striate cortex (primary visual
arez) and part of the extrastriate cortex. The activation
area measured with NIOI (Afoxy-Hb]) (Fig. 2A)
corresponded to the one measured with (MRT (Fig. 203),
in which the primary visual area of the lett hemisphere ol
this subject was included in channel 10 (Ch 10) in Fig.
2A. Thus, we compared the temporal pattern of NIOI
(Fig. 2B) and MRI (Fig. 2D) in the primary visual area
ol the left hemisphere. The temporal patterns of
changes in Hb parameters (4]oxy-Hb] or d[total-Hb]|)
were similar to that of the MR signal.  Furthermore, the
simulated MR signal agreed well with the actual one.
Similar results were obtained for all subjects, and, thus,
the NIOT pixel showing maximal increase in A[oxy-Hb]
for individual subjects was selected as a region of interest
for comparison of NIOI and MR signals, and it was the
same for all frequency and corresponded to the primary

visual cortex of cach subject. Fig. 3 shows a typical

fMRI

stimulation 0.5 Hz

example of maps of hemodynamic responses in the
visual cortex at temporal [requencies ranging [rom 0.5 to
14 Hz. The statistical parametric map ol [IMRI showed
a similar area of activation for all the frequencies (top
row), but the change in MR intensity in the primary
visual area was larger at the temporal frequency of 4.7
Hz (cf. rhombic symbols of subject | in Fig. 4), while the
changes in the concentrations of Hb species (especially
Aloxy-Hhb] and Aftotal-Hb]) were larger at (.5 or 14 Hz
(cf. square and rriangle symbols of subject | in Iig. 4)
The changes in Hb

parameters and the MR signal from a channel including

than at other frequencies.

the primary visual area of individual subjects are shown
in Fig. 4. The BOLD-IMRT signals’ maximums were at
a temporal frequency of 1.4 or 4.7 Hz in all subjects,
whercas  ncreases in Afoxy-Hb] and  Aftotal-Hb|
reached minimums at these stimulus frequencies, and
decrease in A[deoxy-Hb] reached maximum.

Fig. 5 compares the simulated BOLD signals using
Eq. 1 with the BOLD-IMRI signals itsell.  The absolute
values of the hemaodynamic parameters in the occipital
cortex in the resting state are summarized in Table 1,

and were used for the simulation.  The simulation using

T value

4.7 Hz

14 Hz

o ‘ 3 - v
o . . . .

o u - : :

(-]
Concentration
change (M)

Fig. 3 A typical example of stimulus-induced responses of the occipital cortex at four stimulus
frequencies. Top row, maps ol BOLD-IMRI (P<<0.05) ; 2nd row, maps ol Aloxy-Hb] ; 3rd row,
maps ol Aldeoxy-Hb] ; Bottom row, maps of Altotal-Hb]. The maps of the vertical columns

correspond to individual temporal frequencies, 0.5, 1.4, 4.7, and 14 Hz.

The NIOT pixel which

showed maximal increase in A[oxv-Hb] is indicated by a black square and selected as a region of’
interest for comparison of NIOT and [MRI signals, which was the same for all frequency and

corresponded to the primary visual cortex.

The maps show the averzge of four measurements

with the individual stimulus-frequency of the checkerbeard, and show averages over time during

ﬁti_[llulﬂ!iﬂn. Th[‘ SC&].C le th IIb P‘ll'élrl".ll',tcfs‘ (-Ul()I b.u‘ is ll]l‘ sd4me as Shl]‘ﬂ'l'l il] Flg. 2"\



BHERE 515

20074F

Subject 1 Subject 2 Subject 3
1.5 2 2.5
4
% ‘f/ruilh 1.5 ‘..--'w\, 11 pi -
1 . N 1 ol I 11 Byt &
g * b [ 15
& 0.5 Hiiy QEEVs 3 1 - 1 -
iy il By U A b
= -1 i — F Y & il
@ I 0.5 e T - 0.5 e _-1' (i
Q 0 — -
g Cal Cal 0 u
= TT ﬁ ¥ b el i %
5 05 -0.5 0.5
0.1 1 10 100 0.1 1 10 100 0.4 1 10 100
Stimulation (Hz) Stimulation (Hz) Stimulation (Hz)
Subject 4 Subject 5 Subject 6
e 3 2 4 ‘
E -“"-.. r“'"‘-' |
@ A Boss, . ¥
E 2 . Lo p N 3 g .
: 1 2t
! 7
c
= I R 0.5 1 -
sl .. pl s
& 0 Sl WIS 0 F::i:: . 0 8 amd
S - 0.5 -1
0.1 1 10 100 0.1 1 10 100 04 1 10 100
Stimulation (Hz) Stimulation (Hz) Stimulation (Hz)
Fig. 4 ‘Temporal frequency dependence of stimulus-induced responses of the vecipital cortex of individual subjects.  The ROT,

corresponding to single channel of NIOI, was selected as shown in Fig. 3
(uM) ; &, Alrotal-Hb] (uM) ; x, A[deoxy-Hb] (pM).

tasks.  Simulianeous measurements of (MRI and N1OI were performed on subject 2, 4 and 6.

subjects and their statistics are shown in Fig. 6A.

@ BOLD-fMRI signal (%) ; I, Aloxy-Hb]

The values denote averages over time during stimulation for 4
The averages over 6

Subject 1 Subject 2 Subject 3
4 4
s i 1 Bt
\ 3 I N 3 i
g ) N P i |
w ‘:h o M.
< L= | i L M | ||
0 ‘ 0 0
01 1 10 100 01 1 10 100 0.1 1 10 100
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Stimulation (Hz)

Stimulation (Hz)

Fig.5 Simulation of stimulus-induced responses of BOLD-fMRI signal using Hb parameters obtained with NIOI.

Stimulation (Hz)

Data from

the channel in which the maximal change in the hemodynamic parameter was observed in individual subjects are shown.
The vertical axis, AS{=S.5. — S )/S (%), denotes changes in simulated BOLD signals and measured BOTLD-IMRT

signals itself.

Eq. I, respectively,

The triangle and square symbols show simulated BOLD signals using the Vein and Capillary model in

The rhombic symbols indicate the BOLD-fMRI signal.
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Table 1 Resting values of Hb parameters in the human occipital cortex.

. . ; 5 [oxy-Hb], .. [deoxy-Hb], .. [total-Hb],. CBV, et

Porpsety Unls 'St (M) (uM) (uM) (ml/100 g tissue)
Subject | 0.702 36.12 15.33 51.44 3.00
Subject 2 0.776 500,24 14.54 64.78 3.84
Subject 3 0.765 59.24 21.25 90.49 5.87
Subject 4 0.758 18.23 1540 63.70 3,78
Subject 5 0.729 42.25 1568 57.93 3.41
Subject 6 0.845 50.60 11.05 71.65 4.25
Mezan 0.763 43.59 15.54 66.67 3.95
SD 0.049 22.59 3.28 13.51 0.81

Ahsolute values of Hb parameters at rest were estimared with the spatially resolved spectroscopy mode of
OPTIM_A. The values indicated the average over 10 min in the resting state belore experiments.

(A) *k _ kk _
® =0 T T (B) CER=—===:i==%
% 2.5 ‘ T E Tt ‘
E 2,0 Il = ‘ “l % 1 : i—- =z:
s 1.5 o HH
e * * e 0.1 *k ke
£ 1.0 NIEIEE o SRt T
g o pl g | gl g i D
8 s S Tt — _ [
g \*;f_!-l*lxg—l i 0.01 |
£ 00 b IR L—E Qo
Q |
-0.5 ' & < 0.00
0.1 1 10 100 0.1 1 10 100
Stimulation (Hz) Stimulation (Hz)

Fig. 6. Hemodynamic responses induced by visual stimulation with a white and black annular checkerboard.
(A) Changes in BOLD-TMRI (%) and hemodynamic parameters (M) obtained [rom 6 subjects.
Data for individual subjects are shown in Fig. 4, and symbols and units of the parameters are the same
as those in Fig. 4. (B) Changes in tCBF (ml/min/100 g tissue, closed circle) and rCBV (ml/100 g
tissue, open circle] estimated from stimulus-induced changes in [total-Hb] (see Subjects and
Methods).  The values show the mean=+SD [rom 6 subjects.  *, p<C0.05 vs 0.5 Hz ; ¥* p<0.01 vs
0.3Hz: T, p<0.03 vs 14 Hz: 1, p<001 vs 14 He

the Vein model (triangle symbols) satisfactorily repro- for those of simultaneous measurements (subjects 2, 4
duced the stuimulus frequency dependence of changes in and 6), while the simulation using the Capillary model
the BOLD-fMRI signal (rhombic symbols), especially (square symbols) deviated largely from the BOLD-
A 3 B) —
(A) 8) G 55
e -
25 I £ 45
S Ll -
- . g e
| t -+ l { — & - 1
Q 15 i ; Q9 25 :
o l zl
. L ’ =
1 m 15 T
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<
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Fig. 7 Stimulus-induced hemodynamic responses measured with BOLD-, FAIR-IMRI, and NIOIL. (A) Relationship
between BOLD- and FAIR-IMRI signals.  Lincar regression gave the relation of BOLD (%) =0.0713 X FAIR (%)
and the correlation coefficient (r) of 0.934. (B) Relationship between changes in rCBF obtained with NIOI
(ArCBF_NIOI (vol_corr)) and FAIR [DrCBF_FAIR) measurements. Linear regression gave the relation of
ArCBF_NIOI (vol_corr) (%)=0.983 X ArCBF_FAIR (%) and r=0.893. For the volume correction of ArCBF_
NIOT (vel_corr), optiecally estimated ArCBF is multiplied by a factor of 25, which corresponds to the ratio of pixel
size of NIOI and FAIR (see Materials and Methods). The values show the mean+5D (rom 4 tasks. The marks
denote 0.5, 14 14 and 4.7 Hz from left (o right.
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fMRI signal. This result indicates that the BOLD-
IMRI signal obtained with the 1.5T MR system reflects
mainly the cortical area containing venules and/or larger
veins, but not the capillary bed as predicred.  Further,
present resull agreed with the result that NIRS signal
mainly reflected the information from venules and/or
larger veins™".

Fig. 6A shows the averaged values ol changes in
parameters measured with IMRT and NTOT for the six
subjects.  The BOLD-fMRI signzal showed a maximum
at temporal frequencies between 1.1 and 1.7 Hz, whereas
Aloxy-Hb] and Altotal-Hb] obtained using NIOI
showed a minimum at these frequencies. Decrease in
[deoxy-Hb] was small but significant at 4.7 Hz (p<0.01
vs 0.5 Hz). 'l'o clarily this dissociation ol responses
between the BOLD-fMRI signal and Hb paramcters,
stimulus-induced changes in rCBF and rCBV were
estimated from the time course of A[total-Hb] (Fig. 6B).
Changes in the BOLD-fMRI signals well corresponded
to changes in estimated rCBF, while changes in [total-
Hb] (and [oxy-Hb]) corresponded to the changes in
rCBV. More directly to ascertain stimulus-induced
changes in rGBF, we performed the FAIR measurement
(Fig. 7). Fig. 7 shows that changes in FAIR-fMRI
signals well correlated with those of BOLD-fMRI signals
(BOLD (%)=0.07 - FAIR (%), r=0.934), and with
optically estimated changes in rCBF (ArCBF_NIOI=
0.983 + ArCBF_FAIR, r=0.893).

DISCUSSION

Effect of temporal frequency on neuronal activation
and BOLD signal

The dependence of neuronal activity upon temparal
frequency of stimulus is well documented in animals®"%

The maximal responses in the visual cortex occurring
around 8 Iz could be related to the sensitivity of retinal
eanglion cells and their firing rate™ or to the contrast
sensitivity ol neurons in Brodmann’s areas 17 and 18
As for humans, it has been reported that the electrical

7 and rCMRO; response'’™  showed a

response’’
maximum at & lemporal frequency around 4 Hz when a
checkerhoard was used for visual stimulation, while the
rGBF response to [lash photic stimulation showed a
maximum at a temporal frequency around 8 Hz! 11310,
Our present results, which were obtained for the
stimulation with a reversal white/black checkerboard
with a gray background, showed the maximum response

ol the BOLD-fMKI signal and minimum response of the

Hb parameters (oxy-Hb and total-Hb) at tempaoral

#5 4% 20074

frequencies ranging from 1.4 to 4.7 Hz (Figs. 3 and 4).
The [requency range at which the maximal BOLD-
MRI response was observed in the present experiments

)
19 and

was similar to those ol the electrical response
rCMRO, rcspm]sem, where the sumulation was
conducted  with  a  checkerboard. However, the
maximum hemodynamic response to flash photic
stimulation occurred around double this [requency

AR The fllowing two possibilities can be

range
considered to explain the above discrepancies.  As one
of pessibilities, in experiments using checkerboards, the
[requency of stimulation is considered to be twice the
white-to-white or black-to-black frequency of the
checkerboard, il the visual stimulus bagieally comes from
pattern reversal, Il so, the lrequency of 1.4-4.7 Hz
corresponds to 2.8-9.4 pattern reversals/sce (twice the
stimulus frequency).  Thus, during a visual stimulation
with a varying temporal frequency, the BOLD-MMRI
signal attains its maximum at the frequency of maximal
neuronal activation.  Another possible explanation is as
[ollows. Tt is reported that the size of visual stimulus
aflects the contrast sensitivity of retina, i.e., as the
stimulus arca is larger, the retina shows high sensitivity
at  the  higher  temporal ﬁ'equencyzﬁ_m-’. The
checkerboard used in the present study (visual angle is
1.2-5.8 degree) stimulates the perimacular annulus.
The retina showed a high contrast sensitivity at lower
temporal frequency than 8 Hz in this small visual angle
stimulation. Recent reports™ ™) | which showed a
maximal response at temperal [requency above 10 Hz
using wide visnal angle stimulation (33 45 degree), may
support the latter possibility.
Stimulus-induced changes in rCBF and rCBV

In the previous study, we have shown a temporal
analysis of BOLD-IMRI signal using NIOT signals'®’, in
which the Vein model in Eg. 1 could well express the
changes in stimulus-induced change in BOLD-IMRI
signals (see also Fig. 2DD). The present results show
that Eq. 1 (the Vein model) is also satisfactorily useful
[or the steady state analysis of BOLD-MRI signals (Fig.
5), since data  analyzed  were  averages ol lour
measurements, and averaged  over time  during
stimulation. ‘The absolute values of the hemodynamic
parameters in the resting state in the occipital cortex are
summarized in Table 1. Recently, spatally re-
solved® ™3 op fruqucncy-dumain“‘ near-infrared
spectroscopy  has heen often used 10 obhtain ahsolute
concentration of cerebral Hb species concentrations and

hemoglobin oxygenation.  Although these techniques
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have been used for measurements on the forehead, our
estimated values of Hb species concentrations in the
occipital cortex (Table 1) are similar 10 those reported
previously.  Values ol CBV ., measured using PET are
only comparable data reported hitherto.  Although
there were considerable differences among the individual
subjects, optically estimated CBV,., agreed well with
those obtained by PET and erythrocyte tracers: 4.240.4
ml/100 g brain  tissue™ 434041 ml/100g  brain
tissue™, and 4.34+05ml/100 ¢ brain T

However, the value of ArCBF estimated from NIOI is

3
fissue

3.2% (ranging from 2.2 to 4.2%) of the basal value, and
that of ArCBV is 0.6% (ranging from 0.4 to 0.8%) of the
basal value.  These changes are about one order smaller
than those reported by others using PET" (49.6+13.9%
for ArtCBF™® ; 4.4-16.5% for ArCBV* ) and IMRI
(42.8=15.9% for ArCBF, and 14+5% for ArCBV*™),
although the changes in the concentrations of the Hb
species detected in the present experiment using NIOI
were similar o those reported by others on visual
stimulation in  humans''™' To  ascertain  this
discrepancy, we compared the optically estimated
ArCBIF with thosc obtained with FAIR-EMRI (Fig. 7B).
When the appropriate volume correction was applied
between those two technigues (ie., NIOI vs FAIR-
IMRT), ArCBFs obtained with these techniques were
almost identical (slope = (.983) with good correlation
(r=0.893), where for the volume correction of ArCBF_
NIOI  (veol _corr], optically estimated ArCBEF s
multiplied by a factor of 25, which corresponds to the
ratio of pixel size of NIOI and TAIR (sce Materials and
Methods). Furthermore, FAIR-fMRI signal gave a
linear relationship with BOLD-MRI signal (Fig. 7A)
with good correlation (r=0.934], which agreed with the
results reported by Kwong et al.'"” and Zhu et al.*.
The above results indicate that during visual stimulation
the BOLD signal reflects ArCBF, while the NIOI signal
(4[1otal-Hb)) reflects 2rCBV (Fig. bA vs 6B).
Physiological implications of decoupling between
ArCBF and ArCBV

It Las Leen empirically shown that the increase in
rCBF accompanies an increase in rCBV'™ . Though
Grubb’s relationship between GBF and GBV (CBV =
0.8 » CBF"¥®) was determined for adult rhesus monkeys
[rom whole-head measurements under the condition of
carbon dioxide inhalaton, it has been often used for the
analysis of stimulns-induced local changes in CBF and
CBV. In contrast with their result, in the present

study, we have shown a dissociation of the stimulus-

induced responses between rCBF and rCBV at temporal
[requency around 1.4-4.7 Hz, though the stimulus-
induced activation areas ubtained with these techniques
were about the same.

Recently, 1t was shown that the BOLD signal
correlates with neuronal activation reflecting the local
field potential response rather than the action potential
response'™.  In addition, it has been shown that during
neuranal activation in the humzn visual cortex™ | the
regional cerebral metabolic rate ol glucose (rCMR,.)
increases to a similar extent as the rCBF increases ;i.e., a
close coupling exists between ArCMR,. and ArCBF.
However, DrCBF is accompanied by a rather smaller
ACMRO, (0 g, ArCBF ;. AxCMRO,=10; 1’ ; ACRF:
ArCMROs=2:1") suggesting that the supply of
oxygen 1s not matched precisely with the demand.
Several models based on the enzyme-limited®® or

6-48;
" have been

diffusion-limited oxygen-delivery Lheuryl
proposed to explain the overcompensation of oxygen
inflow. In the context of the enzyme-limited model,
Fox ct al 3 postulated that (i} enzyme activity coupled
with oxidative phosphorylation of glucose is kept at or
niear the maximal level (even under resting conditions) to
maintain the electrophysiological activity of necurons,
and that (i1) the acute energy expenditure accompanying
ncuronal activation is supported by anacrobic glycolysis.
This means that during neuronal activation, the blood
flow is regulated by a mechanism other than oxidative
metabolism, probably to washout the end product of the
anaerobic glycolysis pathway, lactate, and to restore the
deercased pll. In the context of the diffusion-limited
oxygen delivery model, Buxton™’ postulated that a large
increase in rCBF is required to support a smaller
increase 1n oxygen metabolism because the oxygen
extraction fraction decreases with increasing rCBF.
[However, both theories may not fully explain why the
supply of oxyeen can difler largely [rom the demand.
The explanations are incomplete because the disparity
between ArCBF and ArCMRO; during neuronal
activation does not appear under all circumstances and
inall regions of the brain.  For example, Rolamd et al.*®
reported a strong relationship between ArCBF and
ArCGMROy in the prefrontal cortex, [rontal eye fields,
parietal lobe, and thalamus during mental calculation.

Based on the above findings and discussions, I here
propose that the increase in rCBF 1s not [or supplying
oxygen but for supplving other snhstances, i.e., glicose.
This mmplies that the glucose transport by plasma is

given priority over the oxygen transport, almost all of
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which is carried out by hemoglobin within erythrocytes
(i.e., oxy-Hb), because an increase in the metabolic rate
ol glucose corresponds well o that in CBF*® . Then,
the dissociated responses between ArCBIEF and ArCBV,
which occurs at maximal neural activity and rCMRO,,
could serve to prevent the following shortcomings by
reducing the oxygen carrier, eryvthrocytes; 1) excess
inflow of oxygen in the focal activated area and 2)
increase in the resistive force due to the increased rCRF.
Possible mechanisms tor this dissociation between rCBF
and rCBV responses arc as follows: 1) relocation of
tissue water to blood compartment at capillary area”' ",
and 2) redistribution of blood flow or erythrocytes at
upstream microvessel area because of large distribution
ol “sphincter-like” structures in pial arteries but less
distribution in intraccrcbral arterioles, capillarics, and
veins™ 7t

In summary, [ have shown dissociated responses
between rCBF and rCBV during neuronal activation in
the occipital cortex through simultaneous measurements
using [MRI and NIOI. Cooperative measurements
using these two techniques are expected to provide
complementarily more detailed physiological inter-

pretation of functional brain mappings.
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