Comparison of Blood Oxygenation and Cerebral Blood
Flow Effects in fMRI: Estimation of Relative Oxygen

Consumption Change
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The most widely-used functional magnetic resonance imag-
ing (fMRI) technique is based on the blood oxygenation level
dependent (BOLD) effect, which requires at least partial un-
coupling between cerebral blood flow (CBF) and oxygen con-
sumption changes during increased mental activity. To com-
pare BOLD and CBF effects during tasking, BOLD and flow-
sensitive alternating inversion recovery (FAIR) images were
acquired during visual stimulation with red goggles at a fre-
quency of 8 Hz in an interleaved fashion. With the FAIR tech-
nique, absolute and relative CBF changes were determined.
Relative oxygen consumption changes can be estimated us-
ing the BOLD and relative CBF changes. In gray matter areas
in the visual cortex, absolute and relative CBF changes in
humans during photic stimulation were 31 = 11 SD ml/100 g
tissue/min and 43 = 16 SD % (n = 12), respectively, while the
relative oxygen consumption change was close to zero. These
findings agree extremely well with previous results using
positron emission tomography. The BOLD signal change is
not linearly correlated with the relative CBF increase across
subjects and negatively correlates with the oxygen consump-
tion change. Caution should be exercised when interpreting
the BOLD percent change as a quantitative index of the CBF
change, especially in inter-subject comparisons.

Key words: perfusion; functional mapping; CBF; CMRo,.

INTRODUCTION

Most functional magnetic resonance imaging (IMRI)
studies are based on the blood oxygenation level depen-
dent (BOLD) contrast, caused by alterations in local de-
oxyhemoglobin content (1-3). The basis of the BOLD
technique is the fact that deoxyhemoglobin acts as na-
ture’s own intravascular paramagnetic contrast agent {1—
5). It is thought that neuronal activation leads to an
increase in cerebral blood flow (CBF) without a commen-
surate elevation in cercbral metabolic rate for O,
(CMRo,) {i.e., oxygen consumption rate). According to
positron emission tomography (PET) studies on humans
{6, 7), CBF increases during photic and somatosensory
stimulation were 50% and 29%, respectively, while CMRo,
increased only 5% during both tasks. This uncoupling be-
tween CBF and CMRo, increases causes a decrease in cap-
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illary and venous deoxyhemoglobin concentrations and
therefore increases the T,*/T,-weighted MRI signal.

BOLD-based fMRI studies have been successfully con-
ducted during performance of various tasks, suggesting
thal uncoupling between CBF and CMRo, is a general
phenomenon. Functional sites determined by the BOLD-
based fMRI techniques were consistent with those deter-
mined by the CBF-based H,'®O PET techniques (8-10)
and also with well-known functionally active arecas such
as somalolopy and hemifield (11, 12). For example,
BOLD-based fMRI sites during finger and toe movements
agreed well with the well-known somatotopic maps (11).
This BOLD-based functional neurcimaging opened a new
era of visualizing functional activity in the human brain.
However, the BOLD signal change caused by the extent of
uncoupling between CBF and CMRo, may not be corre-
lated linearly with the CBT change, which is presumably
modulated by neuronal activity (13). Thus, it is difficult
to define the relation of BOLD signal and CBF changes
quantitatively. Furthermore, uncoupling between CBF
and CMRo, during increased neuronal activity may not
be present in all circumstances and in all regions of the
brain (14, 15). Roland and coworkers (14) observed com-
plete coupling between CBF and CMRo, in the prefrontal
cortex, frontal eye fields, parietal lobe, and thalamus
during mental calculation. Recently Seitz and Roland
(15) re-examined CBF and CMRo, changes during so-
matosensory stimulation, similar to the task used by Fox
and Raichle (6), and found that some, but not all, areas
exhibited uncoupling of CBF and CMRo,.

Recently, we have developed a CBF-based fMRI tech-
nique, Flow-sensitive alternating inversion recovery
{FAIR) (16), which collects two inversion recovery (IR)
images, one with a nonslice-selective inversion pulse
and the other with a slice-selective inversion pulse, and
then subtracts one from the other. Using this technique,
relative and absolute CBF changes can be determined. A
detailed analysis for a steady state condition was de-
scribed in a companion article (17).

To compare activation sites determined by oxygen-
ation- and CBF-based techniques, BOLD and FAIR im-
ages were acquired during visual stimulation in an inter-
leaved fashion. From measured CBF and BOLD fractional
signal changes, relative changes of CMRo, werc esti-
mated, based on various assumptions (e.g., cerebral
blood volume and oxygenation level) (18-20), and cor-
related with the BOLD changes.

MATERIALS AND METHODS

Studies were performed on a 4 T whole body imaging
system with a 1.25 m diameter horizontal bore (SISCo.,
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Palo Alto, CA/Siemens, Erlangen, Germany) and a head
gradient insert operating at a gradient strength of 30
mT/m and a slew rate of 150 T/m/s along all three axes.
Healthy volunteers were studied according to the guide-
lines approved by the institutional review board of the
University of Minnesota; informed consent was obtained
from all subjects. For RF transmission and detection, a
homogeneous quadrature bird-cage coil was used (21).
Manual shimming was performed to improve homogene-
ity before the collection of fMRI data.

In all imaging studies, conventional anatomic images
were collected using TurboFLASH with slice-selective
inversion (22). Typical imaging parameters werc an in-
version time (TI) of 1.2 s, an echo time (TE) of 4.7 ms, a
repetition time (TR) of 9.6 ms, a field of view (FOV) of
24 X 24 cm?, an in-plane resolution of 0.94 % 0.94 mm?,
and a slice thickness of 7 mm. In addition, T,-weighted
echo planar images were acquired using an interleaved
echo planar imaging (EPI) technique (23). Typical param-
eters were a TE of 8 ms and an in-plane resolution of
1.88 X 1.88 mm?.

fMRI was performed in an oblique slice through the
calcarine fissure using a single-shot, gradient-echo EPI
technique with trapezoid-shaped gradients for the read-
out direction and blipped gradients for the phase-encod-
ing direction. Typical parameters were a matrix size of
64 X 64, an FOV of 24 X 24 cm?, a slice thickness of 7
mm, and an acquisition time of 30 ms. To maximize
signal intensity of the FAIR image, TI was set to 1.4 s,
which is the T, of gray matter water protons (24). A
five-lobe sinc-shaped RF pulse with a pulse length of 4
ms was used for excitation of spins, and flip angles of IR
images were 90°. Inversion pulses were hyperbolic se-
cant pulses with a pulse length of 8 ms. The only differ-
ence between the two IR images was the slice-selection
gradient during the inversion pulse. The thickness of the
slice-selective inversion slab was 15-21 mm, and centers
of both imaging and inversion slices were positioned at
the same location. IR images were acquired with a TE of
20 ms.

To compare directly between BOLD- and CBF-based
fMRI, BOLD and FAIR images were collected in an inter-
leaved fashion. Image sets were acquired in the following
order: slice-selective IR (“ssIR”), BOLD with a TE of 20
ms (“BOLD20”), nonslice-selective IR (“nsIR”), and
BOLD with a TE of 30 ms (“BOLD30”). The two echo
times were used to study inflow effects in BOLD images.
To investigate parameter effects in percent signal
changes, two different imaging conditions were used:
one (“Condition I") was that TR = 1.4 s for BOLD images,
TR = 2.8 s for IR images, and {lip angles of BOLD exci-
tation pulses = 45°, and the other (“Condition 1I”) was
that TR = 0.4 s for BOLD images, TR = 4.2 s for IR
images, and {lip angles of BOLD excitation pulses = 33°.
Eight subjects were studied at Condition I, while one
subject was imaged at Condition II. Three subjects were
investigated at both conditions. During fMRI studies, task
and control periods alternated; during each period, 10
image sets were acquired. Visual stimulation with a
flashing frequency of 8 Hz was performed using red
binocular goggles (GRASS instruments, Quincy, MA).
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FAIR images were generated by paired subtraction of
nsIR from ssIR images on a pixel-by-pixel basis. Func-
tional maps were calculated according to two criteria: (i)
The cross-correlation method was used with a boxcar
reference wave form (25); only pixels with a statistically
significant activation (P < 0.05) were included. A cross-
correlation value was chosen, based on the number of
images used (25); it was set to 0.3 for 50 images. (ii)
Regions with less than four contiguous activated pixels
were not included in the functional map (26).

Regions of interest (ROI) were chosen in the gray mat-
ter area along the calcarine fissure, excluding the sagittal
sinus, based on anatomic and FAIR images. An average
fractional signal change was calculated by summing the
signal differences between control and task periods and
then dividing by the sum of the signal intensities during
the control period. For this calculation, pixels were cho-
sen in two different ways; one is from only activated
pixels within ROIs, and the other is from all pixels within
ROIs.

Since EPI was used for data collection, BOLD effects
contributed to ssIR, nsIR, and FAIR images. Relative CBF
changes (relCBF) were calculated by taking into account
the BOLD effect in nsIR images; relCBF = (1 + fractional
signal change of FAIR)/{1 + fractional signal change of
nsIR) — 1. Similarly, an inflow component in ssIR images
can be separated from BOLD effects; fractional signal
change caused only by the inflow effect = (1 + fractional
signal change of ssIR)/(1 + fractional signal change of
nsIR) — 1. Then, absolute CBF change was calculated (Eq.
{8] in the companion paper; 17). Statistical analyses for
comparisons of different measurements were performed
by using the RS1 program (BBN Software, Cambridge,
MA).

Changes of venous oxygenation levels, AY/(1 ~ Y}, can
be determined from BOLD signal changes. According to
Ogawa et al. (18), fractional signal changes, AS/S, of
BOLD images can be described as

AS/S = A*TE+(1 — Y)xbx(AY/(1 — Y) — Ab/b) [1]

where A is a constant, TE is the gradient echo time, Y'is
the venous blood oxygenation level during the resting
condition, and b is the venous blood volume. The con-
stant A depends on many parameters including the main
magnetic field, the vessel orientation, and the suscepti-
bility difference between 100% deoxygenated blood and
100% oxygenated blood. Based on simulations with
static averaging for low resolution images where the
voxel contains many vessels with various orientations, A
is 510 at 4 T (18). Y is set to 0.54 based on the measure-
ment of Lai et al. using blood susceptibility effects (19).
We assumed that b = 0.03. The relative blood volume
change, Ab/b, is closely related to CBF change; we as-
sume that, according to PET studies (20), Ab/b = (ACBF/
CBF + 1)°°% — 1 where ACBF/CBF is the relative CBF
change. AS/S was obtained from the nsIR images with a
TE of 20 ms and the BOLD images with a TE of 30 ms.
Using the conservation of matter (Fick’'s principle),
relative change of CMRo, in tissue, ACMRo,/CMRo,, can
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be determined from the relative changes of both CBF and
oxygenation level in venous vessels. Their relationship is

relCMRo, = ACMRo,/CMRo,
(2]
= (ACBF/CBF + 1)(1 —AY/(1—-Y)) -1

where relCMRo, is the relative CMRo, change. (i.e., rel-
ative oxygen consumption change) (18). With both rel-
CBF obtained from FAIR and AY/(1 — Y) estimated using
Eqg. [1], relCMRo, was determined.

61

RESULTS

A representative IMRI study of visual stimulation is
shown in Fig. 1. In the high resolution T,-weighted an-
atomic image (Fig. 1A), white matler areas appear bright
because an inversion time of 1.2 s was used. Functional
maps of ssIR (Fig. 1B}, BOLD30 (Fig. 1C}, and FAIR (Fig.
1D) were overlaid on the corresponding MR images. Ac-
tivation is mainly located in the gray matter within the
primary visual area along the calcarine fissure, and the
sites of activation are consistent in all three fMRI maps.
In all 28 fMRI experiments performed by 12 subjects

FIG. 1. A representative fMR! study using visual stimulation. A high resolution T,-weighted TurboFLASH image (A) in an oblique slice
along the calcarine fissure is shown. The arrow indicates the primary visual area. Functional maps of ssIR (B), BOLD (C), and FAIR (D} are
overlaid on ssiR, BOLD, and FAIR images, respectively. In the color bar, signal change starts at 1% and is incremented by 1% for each
color in both BOLD and IR maps, while that starts at 10% and is incremented by 10% for each color in the FAIR map. Percent signal
changes were calculated in pixels that were statistically significant (P < 0.05).
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Table 1
Numbers of Average Activated Pixels (P < 0.05) and Their Average Percent Changes during Visual Stimulation®
ssiR ~nsiR BOLD20® BOLD30 relCBF
No. of pixels 75.4 = 37.0 50.4 ~ 345 79.5 + 34.2 70.9 = 36.2 443 £ 205
Change (%) 4.22 = 0.60 3.68 = 0.91 3.10 £ 0.54 3.76 = 0.72 73.8 215

2 Seven male and five female subjects were studied (30.5 = 6.5 years). All subjects except one repeated studies during the same imaging session. The
average of multiple measurements in each subject was used. Means and their standard deviations of 12 subjects’ data are shown.

° Eleven subjects were averaged and the others used 12 subjects.

during visual stimulation, similar activation patterns
were observed in the visual cortex area.

To estimate inflow effects in BOLD images, ratios of
BOLD fractional signal changes with gradient echo times
of 20 and 30 ms were determined in 26 studies. Ralios of
percent signal changes in BOLD20 and BOLD30 images
within ROIs are 1.12 = 0.20 SD (n = 18) in Condition I
and 1.24 *= 0.11 SD (n = 8) in Condition II. Although
inflow effects in BOLD images acquired at Condition I
are not expected because of a long delay between two RF
excitation pulses (2.8 s), the ratio of percent signal
changes of BOLD30 and BOLD20 is still less than the
expected value of 1.5, suggesting that inflow effects con-
tribute in BOLD images acquired with the current param-
eters.

Since 11 subjects (out of 12} performed multiple fMRI
experiments during a single imaging session, the repro-
ducibility was determined by the standard deviation of
fractional signal changes divided by the mean fractional
signal change; variations of fractional signal changes in
ssiR, BOLD30, and relCBF were 12 = 10, 12 = 9, and
14 = 10 SD %, respectively. These findings suggest that
fMRI signal change during visual stimulation is quite
reproducible in a single imaging session for a single
subject. Thus, the average of repeated measurements of a
single subject was used in Tables 1 and 2. Quantitative
analyses of average activated pixels in the gray matter
area within the visual cortex are tabulated in Table 1. The
number of activated pixels is higher in BOLD than in
FAIR images.

To compare with data measured by PET, the average
signal change of all pixels within a ROI in the visual

Table 2

cortex was determined. Individual subject’s data were
tabulated in Table 2. Since the nsIR images with a gradi-
ent echo time of 20 ms acquired using EPI only contain
BOLD effects, they were used to calculate changes of
venous oxygenation level and oxygen consumption in
Table 2. Although BOLD30 images with a higher BOLD
effect may contain inflow effects and hence their analy-
ses may be inaccurate, AY/(1 — Y) and relCMRo, using
BOLD30 are 26.5 * 8.0 and 3.9 * 5.4 SD % (n = 12),
which is consistent with those using nsIR. The relative
cerebral blood volume change determined from relCBF is
14 = 58D % (n = 12}.

To determine the relationships of relCBF, BOLD, and
relCMRo, changes, intra-subject averages with their stan-
dard deviations were plotted in Fig. 2. BOLD fractional
signal changes were obtained from nsIR with a gradient
echo time of 20 ms. Five published data in relCBF and
relCMRo, (measured by PET) were also plotted (7), and
their BOLD signals were calculated using Egs. [1] and [2]
with the same assumptions. The correlation coefficient
(cc) calculated across all 12 subjects was —0.79 between
BOLD and relCMRo,, and no correlation was found be-
tween relCBF and BOLD (cc = 0.03) and between relCBF
and relCMRo, (cc = 0.58).

DISCUSSION

Since BOLD and FAIR images were acquired simulta-
neously in the same experiment, physiological parame-
ters were the same, and thus differences between func-
tional images were solely due to fMRI parameters. In the
visual cortex, activation areas were consistent among

Numbers of Pixels within the Primary Visual Cortex, Average Percent Signal Changes of ssIR and nslR, Absolute and Relative CBF
Changes, and Changes of Oxygenation Level (AY/(1 — Y)) and Oxygen Consumption Rate (relCMRo,) during Visual Stimulation®

_ _ BF AY/(1 — ICMR
Subject No. Pixels ssiR (%) nsiR (%) (ml/1%09/min) relCBF (%) “\Y/E%) 4 re ?%) Oz

1 90 2.94 1.61 313 411 25.4 5.2

20 179 4.26 3.08 27.4 33.3 33.4 112

3° 101 2.25 0.88 32.4 36.4 18.7 10.8

40 80 1.79 0.91 21.0 26.1 15.6 6.4

5 87 317 1.96 285 49.7 30.5 4.1

6° 74 3.21 1.20 473 431 23.1 10.0

7 104 3.88 1.54 55.1 83.2 36.8 15.8

8 83 2.00 1.10 213 408 21.7 10.3

9 172 3.00 1.70 29.9 50.8 29.0 7.0

10 113 2.31 1.31 20.4 215 17.0 0.9

11 135 2.67 1.52 26.6 50.4 28.2 9.4

12 160 3.50 2.32 26.8 34.7 285 -3.7
Mean + SO 115+ 37 292+ 075 159 =063 307 +105 428 =159 257 =66 54 =73

a Since all subjects except Subject 1 were studied multiple times, the average data were reported here. Means and their standard deviations of 12 subjects’
data are shown.
® Thickness of an imaging slice was 5 mm and the others were 7 mm thick.
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FIG. 2. Relationships of the mean changes of the CBF, BOLD,
and CMRo,. BOLD fractional signal changes were obtained from
nsiR images. (A) represents the relation between relCBF and
BOLD changes, and (B} represents the relationship between
BOLD and relCMRo, changes. Circles and triangles represent
fMRI and PET data (7), respectively. Error bars indicate standard
deviations of multiple measurements; only one side is shown for
clarity.

fMRI maps measured by ssIR, BOLD, and FAIR tech-
niques; areas activated only in the FAIR images were not
found (see the companion paper for motor studies; 17).
When the same threshold is used to determine fMRI
maps, smaller areas of activation were observed in FAIR
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than in BOLD and ssIR because of the smaller contrast-
to-noise ratio of FAIR (17).

The absolute and relative CBF changes of all pixels
within the visual cortex measured by the FAIR technique
during visual stimulation with binocular goggles, 30.7 =
10.5 SD ml/100 g/min and 43 = 16 SD % (n = 12), agree
well with those measured by PET during the same visual
stimulation, 20 m1/100 g/min and 43% (n = 6) (27). Also,
the absolute and relative CBF changes measured by the
FAIR technique are consistent with the values deter-
mined by PET during similar visual stimulation at a
frequency of 10 Hz using a reversing red/black checker-
board, 27.1 = 6.9 SD m1/100 g/min {n = 10, ranging from
16.3 10 40.7 ml/100 g/min) and 50 = 14 SD % (ranging
from 30 to 76%) (7). From relative and absolute CBF
changes measured by the FAIR technique, the CBF dui-
ing the control period can be calculated; the CBF in the
gray matter area within the visual cortex is 75 = 18 SD
ml/100 g/min (n = 12), which is consistent with data
measured by PET (7, 28, 29), and with values in the
companion article (17).

Since the BOLD signal change is dependent on echo
time, venous blood volume, venous deoxygenation level,
blood volume, and CBF changes, several assumptions
were made to quantify venous oxygenation level change
and, consequently, relCMRo, from the BOLD and the
relCBF changes. (i) We assumed that the blood volume
change during the performance of tasks is related to the
relCBF (20). Our calculated value from relCBF in all
pixels within the visual cortex, 14 = 5 8D % (n = 12}, is
similar as the reporled value determined by PET, 16%
(30). Also, the value in only activated pixels within the
RO, 23 = 5 SD %, is similar to the value determined in
activated pixels by MRI with a contrast agent, 32 = 10 SD
% (n = 7), during the same visual stimulation (31). (ii)
The venous oxygenation level during the control period
was assumed to be 0.54 (19), which was measured at pial
venous vessels using high resolution T,*-weighted im-
ages. We expect the oxygenation level to be similar in all
levels of the venous vessels, e.g., large veins, venules and
venous ends of capillaries. However, arterial ends of
capillaries will have higher oxygenation levels, and thus
the Y during the control period may be under-estimated.
A higher oxygenation level will give a higher AY/(1 — Y)
and smaller relCMRo, changes. For example, when Y is
assumed to be 0.6, AY/(1 — Y)is 6 £ 2 SD % higher than
the current values. (iii) The venous blood volume frac-
tion was assumed to be 3% of tissue. The capillary vol-
ume fraction of cat brain is 2.1 = 0.5 SD % (32), and the
average CBV values of monkey brain determined by PET
and x-ray fluorescence are 3.5 and 4.7 ml/100 g tissue,
respectively (20, 33). Since we expect BOLD signal
changes at all venous vessels, including capillaries, the
value used here is higher than the capillary volume and
less than the total blood volume. When the venous blood
volume is assumed to be 2.5%, the resultant AY/(1 — Y)
is 9 = 2 SD % higher than the current values.

With the aforementioned parameters, oxygenation
level change (AY/(1 — Y)) was determined using Eq. [1]
with BOLD and relative blood volume changes. The av-
erage AY/(1 — Y) in the visual cortex agrees well with the
values in the visual cortex measured by PET (7), 30 = 8
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SD % (n = 5), and in pial veins within the motor cortex
during finger opposition determined by MRI, 30% (34).
RelCMRo, change was determined using Eq. [2] with the
relCBF and the AY/(1 — Y); the average relCMRo, change
of the gray matter area in the visual cortex was 5 = 7 SD
%, which agrees well with PET data, —-2% (n = 6) (27)
and 5 + 10.3 SD % (n = 5, ranging from —12 to +16%)
(7). Using the same assumptions, BOLD signal changes
were computed from relCBF and relCMRo, measured by
PET (7); their values agree well with fMRI data (see Fig.
2). This suggests that the parameters used are quite rea-
sonable, or that cffects induced by errors of the parame-
ters may compensate each other. Even if errors exist in
the determination of relCMRo,, they will be systematic,
preserving both the trend of observation and the correla-
tion between diffcrent measurements. Nonetheless, the
measurement of oxygenation level changes from BOLD
with the current model should be validated. A hypercap-
nia model can be used, in which CBF increases without
any oxygen consumption change. In this case, the oxy-
genation level change determined accurately using Eq.
[2] can be compared with the value estimated from
BOLD.

Based on intra-subject comparison studies with differ-
ent tasks (8, 35), we expected to see correlation between
CBF and BOLD signal changes. For example, higher con-
trolled-force in motor induces higher increases of both
CBF and BOLD signals (8). Also, the BOLD signal depen-
dency on visual stimulation frequency agrees well with
the CBF dependency measured by PET (35). It should be
noted that, if BOLD images contain significant CBF-de-
pendent inflow effects, a strong correlation between CBF
and BOLD can be predicted. In this study, the BOLD
signal change is not correlated to the relative CBF change
across subjects. This cannot be explained by techniques
since crrors due to repeated measurements are generally
within 15% of the averages (see Fig. 2A), but may be
related to anatomical and physiological differences in-
cluding vessel architectures (11, 36—40), venous oxygen-
ation levels and oxygen consumption.

In our studies, the calculated oxyvgen consumption rate
was not correlated with the CBF change within the ROI
during visual stimulation across subjects, supporting the
notion that uncoupling between CBF and CMRo,
changes during increased neuronal activity exists. How-
ever, we did not determine CMRo, changes on a pixel-
by-pixel basis due to poor confrast-to-noise ratio in a
single pixel (17) and large BOLD signal contributions in
large vessel areas (11, 36—-40). Further investigations are
needed to study spatial distributions of CBF and relC-
MRo, changes.

Clearly, the BOLD signal change is negatively corre-
lated with the relCMRo,. This corrclation can be ex-
pected because BOLD is based on uncoupling between
CBYF and relCMRo,. At a given relCBF, the higher the
oxygen consumplion rate, the less BOLD signal change
will be obtained. Thus, higher BOLD changes do not
necessary mean higher CBF changes. Caution should be
exercised when interpreting the BOLD percent change as
a quantitative index of the CBY¥ change, especially in
inter-subject comparisons.
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Recent studies suggest that coupling between CBF and
CMRo, is dependent on the nature of the specific stim-
ulus (41). During visual stimulation with a yellow and
red checkerboard, reversing at a frequency of 8 Hz,
CMRo, increased significantly in the striate cortex (41).
Also, an initial signal decrease in BOLD images has been
observed due to CMRo, increase during visual stimula-
tion with red GRASS goggles (42). The color stimulation
may cause extensive activation of cytochrome oxidase
blobs, increasing both CMRo, and CBF. Our observation
based on a color stimulation paradigm cannot necessarily
be generalized. Further studies are needed, using various
tasks, including a black and white stimulus.

CONCLUSION

Activation areas during visual stimulation were consis-
tent among activation maps generated by BOLD, IR and
FAIR techniques. Relative and absolute CBF changes, as
well as BOLD percent changes, were determined, and the
relative oxygen consumption rate was estimated. Rela-
tive and absolute CBF and oxygen consumption changes
are consistent with previous PET measurements. Fur-
thermore, the BOLD signal change is not correlated with
the relative CBF increase during increased neuronal ac-
tivity duc to red/black visual stimulation across subjects.
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