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Comparison of Diffusion-Weighted High-Resolution CBF
and Spin-Echo BOLD fMRI at 9.4 T
Sang-Pil Lee, Afonso C. Silva, and Seong-Gi Kim*
The quantification of blood oxygenation-level dependent
(BOLD) functional MRI (fMRI) signals is closely related to cerebral blood flow (CBF) change; therefore, understanding the
exact relationship between BOLD and CBF changes on a pixelby-pixel basis is fundamental. In this study, quantitative CBF
changes induced by neural activity were used to quantify BOLD
signal changes during somatosensory stimulation in ␣-chloralose-anesthetized rats. To examine the influence of fast-moving
vascular spins in quantifying CBF, bipolar gradients were employed. Our data show no significant difference in relative CBF
changes obtained with and without bipolar gradients. To compare BOLD and CBF signal changes induced by neural stimulation, a spin-echo (SE) sequence with long SE time of 40 ms at
9.4 T was used in conjunction with an arterial spin labeling
technique. SE BOLD changes were quantitatively correlated
to CBF changes on a pixel-by-pixel and animal-by-animal
basis. Thus, SE BOLD-based fMRI at high magnetic fields
allows a quantitative comparison of functional brain activities
across brain regions and subjects. Magn Reson Med 47:
736 –741, 2002. © 2002 Wiley-Liss, Inc.
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In the intact brain, neuronal activation is closely coupled
to an increase of cerebral blood flow (CBF) and metabolic
activity (1). Regional CBF change induced by local neuronal activity is known to be localized to a submillimeter
columnar level (2), and has been widely used to detect
functionally active regions in the brain (3,4). Recently
developed arterial spin-labeling MRI techniques allow
noninvasive assessments of CBF (5–7). CBF-weighted MRI
signals consist of tissue/capillary and arterial vascular
components. The contribution of large arterial vessels to
CBF-weighted signals can be up to 50% (8,9), inducing an
overestimation of absolute CBF. Therefore, it is important
to investigate quantification errors of relative CBF changes
during neural activation due to the contributions of arterial blood vessels.
Because of its high contrast-to-noise ratio (CNR) and
simplicity of implementation, blood oxygenation-level dependent (BOLD) functional MRI (fMRI) is the most widely
used brain mapping technique. BOLD contrast is very sen-

sitive to susceptibility changes within and around large
draining veins, especially in gradient-echo (GE) based
fMRI techniques (10). Pixels with high GE BOLD percent
changes often contain both large draining veins and nearby
tissue without significant CBF changes. Thus, BOLD percent changes are not correlated to the magnitude of CBF
changes in those pixels (11–13). This results in poor correlation between CBF changes and corresponding BOLD
signal changes at high spatial resolution (11,13). Therefore, quantitative interpretation of BOLD percent changes
across pixels, regions, and subjects is difficult. When a
spin-echo (SE) technique with a TE much longer than T2 of
venous blood is used, vascular contributions can be reduced by minimizing extra- and intravascular contributions from large veins. At high magnetic fields, such as
9.4 T, the SE-based BOLD signal arises mostly from small
vessels, including the capillary bed (14). Even where the
contribution of large vessels to the BOLD signal is negligible, BOLD signal changes may not correlate quantitatively with relative CBF changes because the BOLD signal
derives from a mismatch between oxygen supply via CBF
and oxygen consumption of cerebral tissue. Therefore, a
comparison of BOLD with CBF-based fMRI, which provides quantitative flow changes localized in brain parenchyma (11,12), is needed to provide further insight into the
signal sources of the BOLD contrast, and to quantify SE
BOLD signals.
In the present study, to further examine the effect of
large-vessel contributions to CBF signals measured during
resting and elevated CBF, diffusion-weighted bipolar gradients were employed to reduce fast-moving vascular
spins (8,9,15). To compare neural activity-induced BOLD
and CBF signal changes on a pixel-by-pixel basis, SE
BOLD and CBF images were simultaneously measured
during somatosensory stimulation. Our data showed no
significant difference in relative CBF changes measured
with or without flow-crushing gradients, and an excellent
correlation between SE BOLD and CBF-based fMRI.
MATERIALS AND METHODS
Animal Preparation and Stimulation
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Ten male Sprague-Dawley rats weighing 250 –300 g were
prepared as described elsewhere (14,16). To maintain the
animals, an initial dose of 80 mg/kg and subsequent doses
of 40 mg/kg ␣-chloralose were administered intravenously
every 90 min.
For forepaw stimulation, two pairs of needle electrodes
were inserted under the skin of the right and left forepaws
and connected to a current stimulator (model S48; Grass,
West Warwick, RI) as described previously (14). Either the
right or the left forepaw was used for each stimulation
epoch. Stimulation parameters were optimized previously
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(16) to produce robust CBF changes without any nonspecific systemic changes in blood pressure: a current of
1.5 mA, pulse duration of 0.3 ms, and repetition rate of
3 Hz were used. The stimulation paradigm consisted of
2 min of rest, 1 min of forepaw stimulation, and 2 min of
rest conditions. To ensure reproducible responses in multiple trials, each experiment was separated by a resting
period of at least 10 min.
MRI Measurements
All MRI measurements were performed on a 9.4 T horizontal magnet equipped with an actively shielded gradient
insert (11 cm inner diameter) operating at a maximum
gradient strength of 300 mT/m and a slew rate of
1000 T/m/s (Magnex, Abingdon, UK), and interfaced to a
Unity INOVA console (Varian, Palo Alto, CA). A surface
(imaging) coil of 1.6 cm diameter was positioned on top of
the rat’s head, and a butterfly-shaped spin-tagging coil of
0.8 cm inner diameter was placed underneath the neck.
The two coils were geometrically decoupled to provide an
electrical isolation greater than 20 dB. Multislice fast lowangle shot (FLASH) images were acquired to identify the
anatomical structures in the brain and to position the slice
of interest in the isocenter of the magnetic field.
fMRI studies were performed using a single-shot, double
SE, echo-planar imaging (EPI) sequence implemented with
bipolar gradients for diffusion weighting (14). This technique enabled the use of a surface coil for RF excitation
and detection with maximal sensitivity for SE images.
Imaging parameters were: data matrix ⫽ 64 ⫻ 32, field of
view (FOV) ⫽ 3.0 cm ⫻ 1.5 cm, slice-thickness ⫽ 2 mm,
and repetition time (TR) ⫽ ⬃3 s. Data acquisition was
synchronized to the breathing cycle by adjusting the TR to
be a multiple of the respiratory period, which was controlled by a pressure-driven ventilator (Kent Scientific,
Litchfield, CT). Echo time (TE) was set to 40 ms for a
maximum sensitivity of BOLD contrast at 9.4 T (14). A
single coronal slice covering the forelimb area of the primary somatosensory cortex was selected as the best responding slice, as determined by scout multislice fMRI
using a GE EPI sequence.
Control and arterial spin tagged images were acquired in
an alternate manner, resulting in actual temporal resolution of ⬃6 s. Arterial spins were labeled according to the
principle of adiabatic fast passage (17) using continuous
irradiation of RF with a butterfly-shaped neck coil in the
presence of a 10 mT/m longitudinal gradient. The time for
arterial spin labeling was set to ⬃3 s to allow the build-up
of a steady-state perfusion contrast in the imaging plane.
Contribution of Vascular Spins to CBF Signals
To investigate the vascular signal contribution to CBF
measurement, diffusion-sensitizing bipolar gradients were
applied between the two refocusing 180° RF pulses in the
double SE EPI sequence (14). Typical values for the diffusion-weighting parameters used in this study were: intergradient separation ⫽ 10 ms, and gradient duration ⫽ 5– 8
ms. Diffusion weighting was achieved up to b-values of
500 s/mm2 by adjusting the gradient strength up to
180 mT/m. Gradients were applied along the longitudinal
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(z) direction. A b-value of 500 s/mm2 is sufficient to eliminate signals from arterial vessels and significantly reduce
signals from all other intravascular compartments (18,19).
Then, quantitative CBF maps during control and stimulation periods were separately computed on a pixel-by-pixel
basis using a formula described previously (16). Relative
CBF changes in fMRI studies with various b-values were
determined from the same region of interest (ROI) for
comparison. Two ROIs, 9 and 25 pixels each, were chosen
from the center of the active area, which was located at the
contralateral somatosensory cortex. All averaged data were
reported by means and their standard deviations.
Comparison of CBF and Spin-Echo BOLD Signals
CBF and BOLD functional maps were calculated from CBF
and control images obtained in the same stimulation session using a boxcar cross-correlation method. Relative signal changes of CBF and BOLD fMRI were calculated in
pixels with a statistical significance level, t-value, of
greater than 3.8 (P ⫽ 0.002). The t-values and relative
signal changes of CBF and BOLD fMRI were compared on
a pixel-by-pixel basis.
The relationship between BOLD signal and CBF changes
was further characterized with a biophysical model
(10,20). Assuming the effect of venous blood volume
changes on the BOLD signals is negligible (19) compared
to that of venous oxygenation changes (⌬y), relative BOLD
signal changes (BOLD) can be approximated as:
BOLD ⬇ ␣* 䡠 TE 䡠 ⌬y,

[1]

where ␣* is a constant dependent mainly on venous blood
volume and static magnetic field strength. In addition, a
linear relationship between relative changes in the oxygen
consumption rate (CMRO2) and CBF during neural stimulation, k ⫽ ⌬rCMRO2/⌬rCBF, is assumed based on recent
experimental data and theoretical modeling of cerebral
oxygen delivery (20 –22). This assumption differs from a
model by Buxton et al. (23), which predicts a nonlinear
relationship between ⌬rCMRO2 and ⌬rCBF. Using the
mass conservation law on oxygen, CMRO2 ⫽ (1 – y) 䡠 CBF
assuming an arterial oxygenation level of 1.0, ⌬y can be
expressed in terms of ⌬rCBF and k. The relationship between BOLD and ⌬rCBF is then
BOLD ⬇ ␣*TE共1 ⫺ y 0兲共1 ⫺ k兲

⌬rCBF
1 ⫹ ⌬rCBF

⫽ A 䡠 TE 䡠

⌬rCBF
,
1 ⫹ ⌬rCBF

[2]

where y0 is the basal venous oxygenation level and A is a
constant defined as A ⫽ ␣* 䡠 (1 – y0) 䡠 (1 – k). Relative CBF
and BOLD signal changes were fitted using Eq. [2].
RESULTS
Contribution of Vascular Spins to CBF Signals
Twelve stimulation studies in 10 animals were performed
with various diffusion-weighted gradients to examine the
dependence of rCBF changes during neural activation on
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FIG. 1. Diffusion-weighted CBF-based fMRI during forepaw stimulation in a representative animal. a: Statistical maps at b ⫽ 5 (left)
and 500 (right) s/mm2 overlaid on coronal CBF images. The colored
bar and the gray scale represent the cross-correlation values and
CBF values in ml/100 g/min, respectively. The reduced size of the
active area at b ⫽ 500 s/mm2 reflects the decreased SNR and CNR
at high b-value. b: Time courses of diffusion-weighted CBF fMRI
obtained from the 9-pixel ROI in the contralateral somatosensory
cortex. Relative CBF changes during forepaw stimulation at b ⫽
5 (solid line) and 500 s/mm2 (dashed line) showed almost identical
time courses, indicating that diffusion weighting does not affect
relative CBF changes. The higher signal fluctuation at b ⫽
500 s/mm2 reflects a lower SNR due to reduced signal intensity at
higher diffusion weighting. The average CNR of CBF fMRI calculated from the 9-pixel ROI was 5.6 ⫾ 1.7 (N ⫽ 12) for b ⫽ 0 –5 s/mm2
and 2.1 ⫾ 0.5 (N ⫽ 6) for b ⫽ 500 s/mm2. The dark bar underneath
the time courses indicates the stimulation period.

vascular contribution. Figure 1a shows cross-correlation
maps of CBF fMRI obtained during electrical stimulation
of the rat forepaw at low (left) and high (right) diffusion
weightings overlaid on the corresponding basal quantitative CBF images. Very high basal CBF values on the order
of 200 ml/100 g/min were observed in some pixels partly
due to contribution from large arterial vessels and low
signal-to-noise ratio (SNR). The average CBF value obtained from the entire slice at b ⫽ 5 s/mm2 was 61 ml/100
g/min (Fig. 1a). When a b-value of 500 s/mm2 was applied,
the average CBF in the entire slice was reduced to
52 ml/100 g/min (Fig. 1a). Similarly, when only the cortical area or the 9-pixel ROI was used in this analysis, the
CBF reduction of 10 –15% due to bipolar gradients was
observed. Results obtained from all of the animals were
consistent.
Activation in both low and high b-value fMRI studies is
located in the forelimb area of the contralateral somatosensory cortex. The highest CBF change was observed in the
middle of the cortex (cortical layer IV), not at the surface of
the cortex. The size of the active region is reduced and the
cross-correlation values are decreased at higher diffusion

weighting (b ⫽ 500 s/mm2) due to the decreased CNR and
SNR of the image. The average absolute CBF increase (at
low b-value data) in the 9-pixel ROI was 111 ⫾ 28 ml/100
g/min (N ⫽ 12 paws) from its basal value of 80 ⫾
15 ml/100 g/min, corresponding to a relative CBF percent
change of 146 ⫾ 35%.
Figure 1b shows the time courses of the relative CBF
changes obtained from the same 9 pixels at the center of
the active region in Fig. 1a. The higher signal fluctuation of
the CBF trace at b ⫽ 500 s/mm2 is indicative of the reduced
SNR at a larger diffusion weighting. No significant differences in relative CBF signal changes between the two time
courses were observed. Also, in both the 9-pixel and the
25-pixel ROIs, there were no statistically significant
changes in the relative CBF increases induced by stimulation at different b-values.
Comparison of CBF and Spin-Echo BOLD fMRI
Relative BOLD and CBF signal changes during forepaw
stimulation were compared on a pixel-by-pixel manner in
a representative animal (Fig. 2). Two sets of data acquired
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90 min apart (shown in diamonds and circles) show good
reproducibility. Statistically significant levels (t-values) of
SE BOLD and CBF fMRI data show an excellent correlation
(Fig. 2a), and the slope of a linear regression curve is
1.006 (P ⬍ 0.001). The values of CNR obtained from the
9-pixel ROI in the fMRI data with low b-values of 0 –5
s/mm2, defined as (signal change)/(fluctuation of baseline),
were 5.6 ⫾ 1.7 and 5.7 ⫾ 1.6 (N ⫽ 12) for CBF and BOLD
fMRI, respectively. A good correlation between relative
BOLD and CBF changes was also observed for individual
pixels (Fig. 2b).
Figure 3 shows the relationship between relative BOLD
and CBF changes obtained from 9-pixel ROIs across various measurements. Individual diffusion-weighted fMRI
data obtained from 10 animals (12 paws) were plotted; low
diffusion gradient data (b ⫽ 0 –5 s/mm2) are shown as
circles, intermediate (b ⫽ 20 –100 s/mm2) as squares, and
high (b ⫽ 150 –500 s/mm2) as triangles. The relationship
between relative BOLD and CBF changes was identical in
all groups, indicating that the presence of diffusionweighting gradients did not affect any signal. When all the
data obtained at various diffusion weightings were analyzed without distinguishing b-values, they were best fitted to BOLD ⫽ A ⫻ TE ⫻ ⌬rCBF/(1 ⫹ ⌬rCBF) ⫽ 2.3 ⫻
0.04 ⫻ ⌬rCBF/(1 ⫹ ⌬rCBF), which is the same as that
obtained from many pixels in one animal (Fig. 2b). For
comparison, in the previous GE BOLD data A was found to
be 7.7 s–1 (16,24), which is higher than that in the SE data
(2.3 s–1).
DISCUSSION
Vascular Contribution to CBF
Absolute CBF values, obtained without crushing out the
arterial vascular component, are overestimated by 10 –
15%. This observation is consistent with a previous CBF
study performed in rats at 4.7 T, in which 10 –20% of the
signal was reduced when a b-value of 20 s/mm2 was applied (9). Assuming no changes in the arterial vascular
volume during increased CBF, it is expected that relative
CBF changes without bipolar gradients would be systematically underestimated. However, the observation that relative CBF change remains constant, regardless of the
strength of bipolar gradients, suggests that the arterial
blood vessels including arterioles dilate proportionally to
the CBF changes. This is consistent with our previous
finding of significant arterial CBV changes during increased CBF (19). In addition, the small overall reduction
in resting CBF values due to diffusion weighting can be
considered insignificant compared to the relative CBF signal changes induced by functional activation (on the order
of 150% in the current study and 125% in our previous
study (16)). Taken together, the contribution of large vessels to functional CBF changes, as measured by the continuous arterial spin labeling technique, does not alter
tissue-level relative CBF changes.
Comparison of Spin-Echo BOLD and CBF fMRI
CBF-based fMRI can provide better-localized mapping of
neuronal activation because it is not sensitive to large
draining vessels. This improved spatial specificity was

FIG. 2. Comparison of SE BOLD and CBF fMRI on a pixel-by-pixel
basis. Filled circles and open diamonds represent the data acquired
90 min apart at b ⫽ 0 and b ⫽ 2 s/mm2, respectively. Excellent
reproducibility was observed. a: Correlation between t-values of
BOLD and CBF fMRI. Pixels were selected by thresholding a t-value
of 3.8 (P ⫽ 0.002). A fitted line indicates the linear regression line
with a slope of 1.006 (P ⬍ 0.001). b: Correlation between relative
BOLD and relative CBF changes. Relative fMRI signal changes were
obtained from the same data used in a. A solid line indicates the
best-fitted curve with Eq. [2].

also observed in our SE BOLD images that were devoid of
large arterial and/or venous artifacts (14). Both CBF- and
SE BOLD-based fMRI at 9.4 T yield tissue-specific maps.
However, since the BOLD contrast is dependent on various
physiological and anatomical parameters, it is important
to compare the BOLD contrast with CBF-based fMRI,
which can play the role of a “gold standard” for measuring
a neurally activated area. Our results show excellent correlation between SE BOLD and CBF changes during functional stimulation at the single-pixel level, 470 ⫻ 470 m2.
This is consistent with previous observations that the SE
BOLD contrast has its origin in extravascular dynamic
averaging effects around small vessels (14). The CBF contrast mostly reflects truly perfusing spins that have perme-
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FIG. 3. Comparison of relative BOLD (rBOLD) and relative CBF
(rCBF) signal changes obtained from all animals. A 9-pixel ROI was
chosen from the contralateral somatosensory cortex. All diffusionweighted fMRI data obtained from 10 animals (12 paws) were
grouped into three diffusion-weighting ranges, b ⫽ 0 –5 s/mm2, b ⫽
20 –100 s/mm2, and b ⫽ 150 –500 s/mm2. No difference in correlations between BOLD and CBF changes obtained with different
diffusion weightings was observed. The solid curve represents a
best fit of the data with a model function, Eq. [2], on all data points.

ated the capillary walls and entered the extravascular
space (2,5). Both CBF and BOLD fMRI contrasts are closely
coupled when the large vascular component is suppressed, and originate from the similar anatomical location within a single voxel. Since relative CBF changes are
linearly correlated to metabolic changes (1,25), SE BOLD
signal changes can also be used to indicate the strength of
metabolic activity in the brain. Thus, SE BOLD-based fMRI
at high magnetic fields is a quantitative method for mapping functional brain activity, allowing comparisons
across different regions and subjects.
This finding may not apply to the GE BOLD technique.
Although intravascular signal can be attenuated significantly
with diffusion weighting, large vascular contribution— especially the extravascular contribution of large veins—in GE
BOLD-based fMRI cannot be eliminated (14). Tissue areas
near large draining veins will have very high GE BOLD
changes (10,11,26) without the corresponding tissue blood
flow change. Therefore, relative GE BOLD signal changes
cannot be used to quantitatively characterize metabolic (and
CBF) activities across pixels (14). It should be noted that the
relative changes of GE BOLD and CBF signals showed a good
correlation in an area devoid of large vessels and/or in a large
ROI. But avoiding large vessel areas is not straightforward,
and thus the best approach is to eliminate large vascular
contributions during data acquisition.
Relative BOLD and CBF changes during neural stimulation have been successfully fitted on a wide range of CBF
changes using a simple version of an existing biophysical
model (10). This suggests that a linear relation between
CMRO2 and CBF changes is a reasonable assumption
(20,21,27). However, considering the oxygen transport
mechanism from capillaries to tissues (22,23), the propor-
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tional coefficient, k, could be dependent on blood flow rate
and reduced especially at high blood flow. When this
modification was included in Eq. [2], the fitting of the data
was improved. Note that we cannot accurately determine k
due to unknown ␣* and basal venous oxygenation level,
y0. However, if we assume ␣* obtained in humans at 4 T
(28) can be extrapolated to 9.4 T with the quadratic magnetic field dependence, ␣* is estimated to be 17.8 s–1,
resulting in k ⫽ 0.68, 0.57, and 0.36 at y0 of 0.6, 0.7, and
0.8, respectively. Another term to be considered in the
model is the CBV change. Inclusion of the CBV change in
the equation reduced the goodness of the fit, indicating
that the CBV change is not a significant factor in the SE
BOLD signal changes. This observation is consistent with
our previous study, which showed that venous CBV
changes are very small compared to arterial CBV changes
during increased CBF (19).
The relationship between the relative BOLD and relative
CBF changes measured on anesthetized animals may not
be simply extended to awake humans. It has been reported
that ␣-chloralose anesthesia reduces the baseline metabolic rate of glucose (CMRglc) and CBF dramatically by
⬃65% compared to the awake condition, while it does not
alter those in stimulated conditions (3,29,30). In this case,
rCBF changes during neural activities would be much
greater than those in an awake condition, resulting in an
alteration of A in Eq. [2]. Therefore, care should be taken
when the results from anesthetized animals are extended
to awake conditions (as in most human experiments). Nevertheless, we expect to observe a similar trend of excellent
correlation between SE BOLD and CBF at high magnetic
fields in humans. However, at low magnetic fields, SE
BOLD signal originates predominantly from intravascular
water (31); thus, a poor correlation is expected between
CBF and SE BOLD at high spatial resolution.
CONCLUSIONS
The SE BOLD technique with long TE at high magnetic
fields can be an excellent approach to obtaining quantitative information about functional brain activity, with high
spatial specificity. Thus, SE BOLD-based fMRI at high
magnetic fields can be used to compare functional brain
activities among different pixels and across different subjects. Furthermore, the T2-based MRI technique at high
magnetic fields can be used to obtain submillimeter resolution fMRI in animals and humans.
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