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Diffusion-Weighted Spin-Echo fMRI at 9.4 T:
Microvascular/Tissue Contribution to BOLD
Signal Changes
Sang-Pil Lee, Afonso C. Silva, Kamil Ugurbil, and Seong-Gi Kim*
The nature of vascular contribution to blood oxygenation level
dependent (BOLD) contrast used in functional MRI (fMRI) is
poorly understood. To investigate vascular contributions at an
ultrahigh magnetic field of 9.4 T, diffusion-weighted fMRI techniques were used in a rat forepaw stimulation model. Tissue and
blood T2 values were measured to optimize the echo time for
fMRI. The T2 of arterial blood was 40.8 ⴞ 3.4 msec (mean ⴞ SD;
n ⴝ 5), similar to the tissue T2 of 38.6 ⴞ 2.1 msec (n ⫽ 16). In
comparison, the T2 of venous blood at an oxygenation level of
79.6 ⴞ 6.1% was 9.2 ⴞ 2.3 msec (n ⴝ 11). The optimal spin-echo
time of 40 msec was confirmed from echo-time dependency
fMRI studies. The intravascular contribution was examined
using a graded diffusion-weighted spin-echo echo-planar imaging technique with diffusion weighting factor (b) values of up to
1200 sec/mm2. Relative BOLD signal changes induced by forepaw stimulation showed no dependence on the strength or
direction of the diffusion-sensitizing gradients, suggesting that
the large vessel contribution to the BOLD signal is negligible at
9.4 T. However, gradient-echo fMRI performed with bipolar
diffusion sensitizing gradients, which suppress intravascular
components from large vessels, showed higher percent signal
changes in the surface of the brain. This effect was attributed to
the extravascular contribution from large vessels. These findings demonstrate that caution should be exercised when interpreting that higher percent changes obtained with gradientecho BOLD fMRI are related to stronger neural activation. Magn
Reson Med 42:919–928, 1999. r 1999 Wiley-Liss, Inc.
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The blood oxygenation level–dependent (BOLD) effect (1)
is the most widely used contrast mechanism for functional
MRI (fMRI) (2–4). The BOLD effect is sensitive to venous
blood volume and to vessel size and orientation (5–7).
These vascular contributions to the BOLD signal, which
depend on magnetic field strength as well as on data
acquisition methods (8,9), are still poorly understood. To
comprehend the nature of vascular contribution, it is
important to separate the macrovascular from the microvascular components (10,11). The microvascular or tissue
component is defined as coming from capillaries and
surrounding tissues, whereas the macrovascular component arises from large venules and veins. The microvascular effect is believed to be close to the neuronal activation
site. However, unlike capillaries, large blood vessels are
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not high in density in the brain (12); thus, functional maps
based on the macrovasculature can be significantly distant
from the actual site of neural activity. Therefore, it is
desirable to minimize the macrovascular contribution.
According to the BOLD model (5,6,13,14), vascular
contributions to the BOLD signal are composed of extravascular (EV) and intravascular (IV) effects. The EV contribution from large vessels is linearly dependent on magnetic
field strength (Bo), whereas the EV contribution from
microvessels increases quadratically with Bo. This suggests
that high magnetic fields can increase the relative contribution of the microvascular component to the BOLD signal.
The EV component of microvessels contributes to both
spin-echo (SE) and gradient-echo (GE) fMRI as a result of
dynamic signal averaging induced by water diffusion
during an echo time. However, the EV component of large
vessels contributes only to GE fMRI, not to SE fMRI,
because the 180° RF pulse in SE fMRI can refocus the
dephasing effect of the static field inhomogeneity around
large vessels (5,6,15,16). These EV effects can not be
reduced by applying flow-sensitive bipolar gradients.
The IV signal can be reduced by using bipolar crusher
gradients, such as the ones used in diffusion weighting,
because fast-moving spins dephase and lose their signal
more quickly than static spins. Despite a study using an IV
fluorinated blood substitute (17) and recent modeling
efforts (18), which have raised the possibility that the IV
component may persist even with high diffusion weighting
factor (b) values, it is generally accepted that IV signals
from large vessels are reduced at b values of 20–30
sec/mm2 (19). GE fMRI studies using bipolar gradients
have been done at 1.5, 3 and 4 T on humans (10,11,20,21).
The studies at 1.5 T have shown that most of the BOLD
signal increase during visual stimulation is reduced significantly by bipolar gradients, leading to the conclusion that
most of the fMRI signal at 1.5 T arises from macrovascular
IV effects (10,21). When activation studies were performed
at 3 and 4 T, a significant number of pixels remained at b ⫽
200 sec/mm2, suggesting that a micro- and macrovascular
EV and/or microvascular IV BOLD effect coexists with a
significant IV contribution associated with the macrovasculature (11,20).
The goal of this work was to investigate the vascular
contribution to the BOLD contrast at the ultrahigh magnetic field of 9.4 T with a forepaw somatosensory stimulation paradigm on ␣-chloralose anesthetized rats (22–25).
The T2 values of blood and tissue were measured to
determine an optimal echo time (TE) for the fMRI experiments, and the optimal TE was confirmed with TE dependence fMRI studies. We used a SE sequence with graded
diffusion weighting to reveal the contribution of IV spins
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from large vessels to BOLD. Diffusion anisotropy and its
effect on the functional activity were examined. We also
used a diffusion-weighted GE sequence to determine the
contribution from the macrovascular EV component. We
found that the major component of the SE BOLD contrast at
9.4 T is of microvascular/tissue origin.
MATERIALS AND METHODS
All NMR measurements were performed with a 9.4-T/
31-cm horizontal magnet (Magnex, UK) equipped with an
actively shielded, 11-cm-diameter gradient insert operating at a maximum gradient strength of 30 gauss/cm and a
rise time of 300 µsec (Magnex, UK) and interfaced to a
Unity INOVA console (Varian, CA). A surface coil with a
diameter of 1.6 cm was positioned on top of the rat head for
in vivo animal studies. Multislice fast low angle 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. Magnetic field
homogeneity was optimized by either global shimming or
volume-localized shimming (FASTMAP) (26) to yield a
water spectral linewidth of 16–30 Hz.
Animal Preparation and Stimulation
Male Sprague–Dawley rats weighing 250–300 g were initially anesthetized with 5% isoflurane (Marsam Pharmaceuticals, Cherry Hill, NJ) or 3% halothane (Abbott Labs,
North Chicago, IL) in 100% oxygen and intubated for
ventilation. The anesthesia gas level was reduced to 2%
isoflurane or 1.5% halothane during surgical preparation,
and the breathing gas was replaced with a 1:1 mixture of
nitrous oxide (N2O) and oxygen (O2). Catheters were inserted into both the femoral artery and vein to monitor
arterial blood pressure and the arterial and venous blood
gases as well as to deliver drugs. The arterial blood
pressure and breathing pattern were recorded with a multitrace recorder (AcKnowledge, Biopak, Santa Barbara, CA).
After surgery, isoflurane or halothane anesthesia was
discontinued, and 80 mg/kg of ␣-chloralose was administered by intravenous bolus injection followed by 40 mg/kg
every 90 min. The head of the animal was carefully secured
in a custom-built restrainer by means of ear pieces and a
bite bar to reduce head motion before placement in the
magnet. Body temperature was maintained at 37 ⫾ 0.5 °C
by using a temperature-controlled water blanket.
Two pairs of needle electrodes were inserted under the
skin of the right and left forepaws (between digits 2 and 3
and digits 4 and 5) and connected to a current stimulator
(Grass, model S48, West Warwick, RI). Either the right or
the left paw was used for each fMRI study. The current
flowing underneath the skin of the paw was determined by
measuring the voltage across a resistive load connected in
series with the needle electrodes. Stimulation parameters
were adjusted to elicit the strongest cerebral blood flow
response (25). The parameters were a current of 1.5 mA, a
pulse duration of 0.3 msec, and a repetition rate of 3 Hz.
Blood and Tissue T2 Measurements
To determine the optimal TE for maximum contrast-tonoise ratio (CNR), T2 of brain tissue was measured using a
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SE EPI sequence (see below) with 12 different TEs between
27 msec and 200 msec and then calculated on a pixel-bypixel basis using a single-exponential parameter leastsquare fitting routine. Averaged T2 values were obtained
from regions of interest (ROIs) selected in the somatosensory cortex.
For blood T2 measurements, 0.5 ⫺ 1.0 mL of venous and
arterial blood were drawn into heparinized syringes. The
blood samples were sealed and placed in a volume coil for
T2 measurements. To minimize the error due to red blood
cell precipitation, the samples were agitated immediately
before measurement. Conventional SE spectra were obtained at 15 different TEs (1 msec ⬍ TE ⬍ 120 msec). T2 of
blood samples was calculated with an exponential parameter fitting (VNMR software, Varian) of peak heights of the
spectra.
TE Dependence of fMRI
To further optimize the TE of the SE fMRI, fMRI experiments were performed at five TEs ranging from 30 msec to
50 msec. Three TEs were interleaved in each fMRI session.
Each experiment had at least one common TE to normalize
the animal response difference in different trials. Signal-tonoise ratio (SNR), defined as (mean signal of baseline)/
(signal fluctuation of baseline), and relative BOLD signal
changes, defined as (signal change)/(mean signal of baseline), were examined in the nine-pixel ROI, chosen from in
the active somatosensory cortex area. Data were obtained
from 3 animals.
Diffusion-Weighted fMRI
Functional MRI was performed using either a single-shot
echo-planar imaging (EPI) technique for low-resolution
studies or a two-shot EPI sequence for high-resolution
studies. Typical parameters were as follows: data matrix of
64 ⫻ 32 for the single-shot EPI and 128 ⫻ 64 for the
two-shot EPI, field of view (FOV) of 3.0 cm ⫻ 1.5 cm,
slice-thickness of 2 mm, and repetition time (TR) of 2.5–3.2
sec. Data acquisition was synchronized to the breathing
cycle by adjusting the repetition time (TR) to be a multiple
of the respiratory period, which was controlled by a
pressure-driven ventilator (Kent Scientific, Litchfield, CT).
For diffusion-weighted fMRI, a single coronal slice covering the primary somatosensory cortex was selected from
multislice data obtained with a GE EPI sequence. The
functional MR images were acquired during a paradigm
consisting of a 2-min resting period, followed by a 1 min of
forepaw stimulation and 2 min of rest. fMRI studies were
separated by a rest of at least 10 min.
To obtain SE images with a surface coil, a double SE (27)
version of the EPI sequence was implemented by using
adiabatic pulses, as shown in Fig. 1. This technique
enables us to use a surface coil for RF excitation and
detection with optimal sensitivity for SE contrast.
Diffusion-sensitizing bipolar gradients were inserted between the two adiabatic full passage (AFP) radiofrequency
(RF) pulses for SE EPI (Fig. 1). If we assume rectangularshaped gradient pulses, b can be expressed as (28)
b ⫽ (␥ ⫻ ␦ ⫻ G)2(⌬ ⫺ ␦/3)

[1]
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FIG. 1. Pulse sequence diagram for a
SE echo-planar imaging technique. Following a non-slice-selective, adiabatic
half-passage (AHP) excitation RF pulse,
two slice-selective adiabatic full-passage
(AFP) RF refocusing pulses were applied. EPI readout followed the spin excitation. For diffusion weighting, bipolar
gradients were inserted between two AFP
pulses. Gss ⫽ slice-selection gradient;
Gro ⫽ readout gradient; Gpe ⫽ phaseencoding gradient; Gdw ⫽ diffusionweighting gradient; ␦ ⫽ gradient duration;
⌬ ⫽ inter-gradient separation.

where ␥ is the gyromagnetic ratio of a proton, G is a bipolar
gradient strength, ⌬ is the intergradient separation, and ␦ is
the gradient duration. Typical values for the parameters
used in this work were ⌬ ⫽ 10 msec, and ␦ ⫽ 5–8 msec.
Various b values up to 1200 sec/mm2 were achieved by
adjusting the gradient strength up to 30 gauss/cm.
b Value Dependence of Diffusion-Weighted SE fMRI
To obtain the effect of diffusion weighting on the BOLD
signal, G was varied to produce b values of up to 500
sec/mm2. The direction of the bipolar gradients was fixed
to the longitudinal (z) direction, that is, perpendicular to
the coronal slice selected for fMRI. In each study, two or
three different b values were interleaved.
Directional Dependence of Diffusion-Weighted SE fMRI
Apparent diffusion coefficients (ADCs) were measured in
three different orientations: a radial direction (i.e., dorsalventral direction) that is parallel to the large veins in the
somatosensory cortex; a tangential direction to the cortical
surface in the imaging plane; and a longitudinal (z) direction. Nine different b values up to 500 sec/mm2 were used,
with ⌬ ⫽ 10 msec and ␦ ⫽ 5 msec. The signal decay due to
diffusion weighting can be described as (28)
S(b) ⫽ S0 exp (–b ⫻ ADC)

[2]

where S0 is the signal intensity obtained at b ⫽ 0 sec/mm2.
ADCs were determined by fitting the average signal intensity within an ROI chosen from the somatosensory cortex
to Eq. [2].
To examine the directional dependence of BOLD on the
direction of the bipolar gradients, fMRI was performed
using the three bipolar gradient orientations described
above, with b values varying from 400 sec/mm2 to 1200
sec/mm2. For each b value, two or three different bipolar
gradient directions were interleaved. Subsequently, the
order of measurements in different directions was shuffled
to avoid possible systematic errors related to the order of
data acquisition.

SE Versus GE Diffusion-Weighted fMRI
To investigate EV BOLD effects of large veins, SE and GE
diffusion-weighted fMRI data were obtained. Two-shot
echo-planar images were obtained with an in-plane resolution of 230 ⫻ 230 µm2. The GE TE was 16 msec, and the SE
TE was 40 msec. Bipolar gradients were applied to produce
b values of 100 sec/mm2 for SE fMRI and 200 sec/mm2 for
GE fMRI.

fMRI Data Analysis
Cross-correlation coefficient (CCC) maps were obtained
using a boxcar cross-correlation method (29). For quantitative comparisons between different measurements, three
different approaches were used: the number of active
pixels, the relative percent signal change at an ROI, and the
time courses from the ROI.
Active regions consisted of pixels with CCC ⬎ 0.5. After
a modified Bonferroni correction on 64 ⫻ 32 comparisons
with a minimum cluster size of 4, cross-correlation value of
0.5, and number of images of 50 or 75, effective P value was
⬍ 1.3 ⫻ 10–12. The number of active pixels at each b value
was normalized by that of the lowest b value for comparison among different trials. To determine relative BOLD
signal changes, 9 pixels were chosen from the center of the
active area. The ROI had roughly the same area of the
forelimb region in the somatosensory cortex, based on the
stereotaxic coordinate (30). In some animals, a 25-pixel
ROI was also used for comparison with results obtained
from the 9-pixel ROI. Averaged percent BOLD signal
changes were calculated from the pixels within the ROI,
then normalized with the changes at the lowest b value (b
value dependence study). Time courses of BOLD signals
were obtained within the ROI.
The right side of the image corresponds to the right
hemisphere of the rat brain. Data in texts and figures are
presented as means ⫾ SD. Student’s t-tests were performed
to compare differences between measurements. Unless
otherwise indicated, differences were considered statistically significant when P ⬍ 0.05.
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RESULTS

b Value Dependence of BOLD Signal

Blood and Tissue T2 Measurements

To investigate the vascular contribution to the BOLD
signal, a b value dependence study was performed. Figure
4a shows the activation maps overlaid on the corresponding BOLD images at two different b values. The image
intensity at b ⫽ 500 sec/mm2 was lower than that at b ⫽ 5
sec/mm2 because of overall signal attenuation from the
diffusion weighting. Thus, because of the reduced SNR and
CNR of the BOLD signal obtained at b ⫽ 500 sec/mm2, the
size of the active region at b ⫽ 500 sec/mm2 was reduced
compared with that of b ⫽ 5 sec/mm2. These findings were
consistently observed in all animals. Table 1 shows the
normalized values of BOLD signal intensities, CNR, and
sizes of the active areas at various b values. The relative
BOLD signal intensity decreased as the b value increased
because of the diffusion weighting effect. The size of the
active region decreased with increasing b value, reflecting
decrease in CNR.
Figure 4b shows the time courses obtained from the ROI
in the image on the left. The higher signal fluctuation of the
trace at b ⫽ 500 sec/mm2 reflects the lower SNR. Clearly,
there was no difference in the relative BOLD signal changes
at these two different b values. Figure 5 shows the overall b
value dependence of the BOLD signal. Relative BOLD
signal changes remained constant, suggesting no IV contributions from large vessels. The same finding was observed
when a larger (25-pixel) ROI was used in the calculation.

Figure 2 shows the transverse relaxation rate, R2 ⫽ 1/T2,
versus the oxygenation level (Y) of blood with a normal
hematocrit level. Blood oxygenation level was altered by
changing respiration rate, volume, and the oxygen concentration of the gas mixture. A linear relationship between R2
and Y (R2 ⫽ 0.91, P ⬍ 0.0001) was observed (Fig. 2). The T2
of arterial blood obtained at the mean oxygen saturation
level of 98.0 ⫾ 1.1% was 40.8 ⫾ 3.4 msec (n ⫽ 5), similar to
the T2 of the somatosensory cortex, 38.6 ⫾ 2.1 msec (n ⫽
16). Meanwhile, the T2 of venous blood, obtained at the
mean oxygen saturation level 79.6 ⫾ 6.1%, was 9.2 ⫾ 2.3
msec (n ⫽ 11).
TE Dependence of BOLD Contrast
Figure 3a shows the statistical maps overlaid on original
SE EPI images obtained at 30-, 40-, and 50-msec TEs. As TE
increased, image intensity was reduced by T2 weighting.
As expected, activation was observed only at the contralateral primary somatosensory cortex. The location of the
active region was the same in all three images. Foci were
consistent with our previous finding (25) and the forelimb
area in the stereotaxic coordinates (30). More pixels with
high CCC values (yellow color) at TE ⫽ 40 msec than at
other TEs can be seen in the color maps, suggesting the
optimal TE is 40 msec. Average CCC values in the 9-pixel
ROI peaked at 40 msec (not shown). Figure 3b plots of the
relative signal change and SNR of the BOLD fMRI: BOLD
(%) ⫽ 133.48 TE ⫹ 0.85 (R2 ⫽ 0.96). The relative signal
changes showed linear dependency on TE. SNR decreased
with the TE increase, reflecting the reduced signal intensity due to the T2 weighting.

FIG. 2. Oxygenation level dependence of blood T2. The y-axis is R2,
defined as 1/T2, and x-axis is blood oxygenation (Y). Filled circles at
high oxygenation represent arterial blood, and others are from
venous blood. Data with open diamonds are from venous blood at
normal physiological condition, whereas open circles from venous
blood drawn under hypoxic conditions. Solid line graph is a linear
regression line (P ⬍ 0.0001, R 2 ⫽ 0.91).

Directional Dependence of BOLD Signal
To detect large veins in the rat cortex, a high-resolution EPI
image with spatial resolution of 150 ⫻ 150 ⫻ 1000 µm3,
shown in Fig. 6a, was obtained using a two-segmented GE
EPI technique with a TE of 15 msec. Because a surface coil
was used, only the dorsal part of the cortex was seen. Large
veins are clearly seen as black radial lines, indicated by the
white arrow in Fig. 6a, because of its shorter T*2. The ADC
obtained from the somatosensory cortex were (1.01 ⫾
0.24) ⫻ 10–3 mm2/sec in the radial direction (n ⫽ 13), (0.79
⫾ 0.19) ⫻ 10–3 mm2/sec in the tangential direction (n ⫽ 13),
and (1.10 ⫾ 0.21) ⫻ 10–3 mm2/sec in the longitudinal
orientation (n ⫽ 10). The ADC value obtained along the
radial orientation was significantly larger than that obtained in the tangential direction (P ⫽ 4.4 ⫻ 10–5; paired
t-test), whereas ADC of longitudinal and radial directions
did not differ significantly (P ⫽ 0.32; pooled t-test).
To investigate the effect of this diffusion anisotropy on
the BOLD signal, we performed fMRI experiments using
the same three diffusion gradient orientations. Figure 6b
shows diffusion-weighted SE fMRI maps overlaid on EPI
images of a rat brain together with an anatomical image
showing the ROI. There was no difference in the location or
in the size of the active regions at the different orientations.
Figure 6c shows the BOLD time courses obtained from the
ROI indicated in the bottom right image in Fig. 6b. The
magnitude of the BOLD response shows no difference at
the three different diffusion orientations (radial direction,
7.1 ⫾ 1.4%; tangential direction, 6.8 ⫾ 1.1%; longitudinal
direction, 7.3 ⫾ 1.2%), which is further confirmed by
paired Student’s t-tests on the percent changes: P ⫽ 0.17 for
radial versus tangential, P ⫽ 0.06 for radial versus longitu-
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dinal, and P ⫽ 0.06 for tangential vs. longitudinal directions (n ⫽ 7).
Comparison of Diffusion-Weighted GE and SE fMRI
To determine EV contributions from large vessels, diffusionweighted BOLD fMRI was obtained by using a SE sequence
with a b value of 100 sec/mm2 (TE ⫽ 40 msec) and a GE
sequence with a b value of 200 sec/mm2 (TE ⫽ 16 msec).
Figure 7 shows statistical maps (left) and percent change
maps (right) of SE and GE contrasts obtained during left
paw stimulation, overlaid on the original BOLD EPI images. CCC values between 0.5 and 0.9 and percent changes
from 3% to 11% were color coded. Only active pixels with
CCC ⬎ 0.5 were used for the calculation of percent signal
changes. In SE fMRI, the area with the highest BOLD
percent changes colocalizes with the pixels that present
the highest CCC value (top left). However, although the
pixels with the highest CCC values in GE fMRI are located
in the deep cortical layers, rather than in the cortical
surface, the pixels with the highest BOLD percent changes
are located along the surface of the cortex (bottom right).

DISCUSSION
Oxygenation Dependence of Blood T2

FIG. 3. TE dependence of the SE fMRI. a: Statistical maps with TE of
30 msec (A), 40 msec (B), and 50 msec (C) are overlaid on corresponding
original BOLD images in a coronal orientation. Color bar represents the
cross-correlation values (yellow, CCC ⱖ 0.9; red, CCC ⫽ 0.5). b: Plots of
relative BOLD signal changes and SNR vs. TE. Filled squares represent
SNR and open circles represent relative BOLD signal changes. Vertical
bars indicate standard deviations (n ⫽ 3). For clarity of the figure, only
one side of error bar is displayed. The relative BOLD signal change
increases as TE increases, while SNR decreases.

At 9.4 T, the T2 values of arterial and venous blood are 41
msec and 9 msec (at an oxygenation level of 79.6 ⫾ 6.1%),
respectively, whereas gray matter T2 is ⬃40 ms. As expected, these values are shorter than those reported at
lower fields. At 7.0 T, arterial blood T2 is ⬃50 msec,
whereas the T2 of venous blood is 15 – 20 msec (31). T2
values of arterial and venous blood measured using the
Hahn echo technique are 100 msec and ⬃22 msec (at an
oxygenation level of 0.7), respectively (32), and T2 of gray
matter is ⬃ 50 msec at 4.7 T (16). At 1.5 T, arterial and
venous blood T2 values are 254 msec and 181 msec,
respectively (33), and T2 of gray matter is ⬃90 msec. Note
that when SE time is set to T2 of tissue water, signal
contributions from venous blood to T2-weighted MRI are
0.6, 0.08, and 0.01 times fully relaxed magnetization (Mo)
of blood at 1.5, 4.7, and 9.4 T, respectively, whereas tissue
contribution is 0.37 times tissue Mo. Hemoglobin (Hb), an
endogenous paramagnetic contrast agent in its deoxygenated form, is compartmentalized within red blood cells
(RBCs). Thus, deoxygenated hemoglobin generates inhomogeneous field gradients inside and around the RBC. Because the dimension of the RBC (radius: 2 ⫻ 5 µm) is small
compared with the diffusion distance of water molecules
(⬃8 µm with 1.0 ⫻ 10–3 mm2/sec diffusion coefficient and
10 msec diffusion time), the dephasing induced by the
local field is irreversible and dynamically averaged (34),
which results in a decrease in T2. This T2 effect in the
presence of deoxyhemoglobin increases quadratically with
field strength as expected from dynamic averaging due to
diffusion in the presence of field gradients (35).
During increased neural activation, the T2 of blood itself
will change when the deoxyhemoglobin content is altered,
leading to signal changes in SE or GE BOLD images. This
effect will be present wherever the deoxyhemoglobin
content is changed, potentially both in macro- and microvessels. Also, CBV increases during stimulation, result-
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FIG. 4. SE BOLD fMRI dependency on diffusion gradients. a: BOLD activation maps with
b values of 5 (left) and 500 (right) sec/mm2 are
overlaid on corresponding original BOLD images in a coronal orientation. Color bar represents the cross-correlation values. R indicates
the right hemisphere. Left somatosensory cortex was activated in both functional maps with
right forepaw stimulation. b: Time courses of
relative BOLD signal change at two different b
values were obtained from a 9-pixel ROI,
shown in the inset. Black bar indicates the
stimulation period. The trace of b ⫽ 500
sec/mm2 has a higher signal fluctuation, indicating reduced CNR by reduced overall signal
attenuation. Clearly, there is no difference in
percent BOLD signal increases at two different b values (P ⬎ 0.08).

b
ing in the increase of the partial blood volume fraction in a
given voxel. The signal intensity can be described by
S(TE)/S0 ⫽ (1 ⫺ ) e⫺TE/T2(tissue) ⫹  e⫺TE/T2(blood)

[3]

Table 1
Diffusion Weighting Dependence of BOLD Signal Intensity, CNR,
and Size of the Activated Area*

ba
(sec/mm2)

Normalized
BOLDb

Normalized
CNRc

No. of
active
pixelsd

3.9 ⫾ 1.9
1.00
1.00
1.00
28.3 ⫾ 3.9 0.97 ⫾ 0.05 0.88 ⫾ 0.14 0.96 ⫾ 0.37
128.6 ⫾ 48.8 0.85 ⫾ 0.05 0.98 ⫾ 0.27 1.06 ⫾ 0.15
476.9 ⫾ 43.9 0.61 ⫾ 0.04 0.77 ⫾ 0.19 0.70 ⫾ 0.27

No. of
observationse
15
12
7
13

*Data were obtained from 9 animals. All values are means ⫾ SD.
b values over 0–5, 20–30, 100–200, and 400–500 blocks.
bBOLD signal was normalized by the signal obtained at the lowest b
values.
cCNR was normalized by the CNR at the lowest b value.
dNumber of active pixels is counted from the pixels with CCC ⬎0.5,
then normalized with the number at the lowest b value.
eNumber of measured paws.
aAverage

FIG. 5. Normalized SE BOLD-based fMRI signal change versus b
value. An average BOLD signal change was 5.9% at TE ⫽ 40 msec.
Vertical bars indicate standard deviations. The BOLD signal does not
depend on the diffusion weighting, indicating negligible vascular
contribution.

Diffusion-Weighted SE fMRI at 9.4 T

925

FIG. 6. SE BOLD fMRI dependency on diffusion gradient direction.
a: A very high resolution GE EPI image (150 ⫻ 150 ⫻ 1000 µm3)
showing cortical vessel structures along radial direction (arrow).
Because T2* of venous blood is very short compared with that in
tissue, large veins and surrounding tissues appear as dark lines. b:
Three BOLD activation maps obtained along three diffusion gradient
directions. The directions of the diffusion gradients are shown with
the texts. rad ⫽ radial direction to the cortical surface; tan ⫽
tangential direction to the cortical surface; long ⫽ longitudinal
direction through the plane; R ⫽ right hemisphere. Bright pixels at the
right hemisphere have CCC ⱖ 0.5. Diffusion weighting was b ⫽ 800
sec/mm2. The localized right somatosensory area in all three fMRI
maps was activated during left paw stimulation. The three fMRI maps
show no noticeable difference. ROI indicates the area used to extract
the BOLD time courses shown in c. c: Time courses of relative BOLD
signal change at three different bipolar gradient directions. Black bar
indicates the stimulation period. The three time courses show almost
identical traces.

where  is the total blood volume fraction, and T2(tissue)
and T2(blood) are the transverse relaxation times of tissue
and blood, respectively. At 9.4 T, the increase in  will
decrease the BOLD signals for a given TE because T2(tissue)
is much longer than T2(blood). However, at 1.5T, an
increase in arterial and/or venous blood volume fraction
will increase BOLD signal because T2(tissue) is shorter
than T2(blood). This partial volume component of BOLD is
relatively small compared with T2 and susceptibility
changes, because  is about 0.05 at most (36).
Vascular Contribution to BOLD
SE time was optimized by using various SE times in fMRI.
We found, as expected, that the TE of 40 msec gave the
highest CNR. Thus, we used a TE of 40 msec for further
fMRI studies. Assuming the venous blood volume to be
⬃ 2 ⫺ 3% of the total brain volume (12,36) and no susceptibility effect around blood vessels, the contribution of venous
blood to the BOLD signal at 9.4 T is estimated to be only 0.10 ⫺
0.15% compared with the tissue signal at TE ⫽ 40 msec. The
remaining IV contribution can be further suppressed by bipolar gradients.
To understand the behavior of moving spins under the
presence of a gradient, the dephasing effect is considered
in a group of moving spins with a constant velocity (v)
under the bipolar gradients along the direction of flow.
Assuming plug flow, the phase shift induced by the two

opposite gradients is described by
⫽␥

兰

␦

0

G(x ⫹ vt) dt ⫺ ␥

兰

⌬⫹␦

⌬

G(x ⫹ vt) dt ⫽ ␥Gv␦⌬ [4]

where x is the position of the spins. However, plug flow is
unlikely to occur in vivo because of a small vessel dimension and the high viscosity of blood (34). Laminar or
turbulent flow is observed in vivo, which has higher
velocity at the center of vessels and slower velocity near
vessel walls. Thus, within blood vessels, flow is not
uniform. Furthermore, the blood vessels may change directions within a voxel, and there may be several different
blood vessels with different flow rates and/or different
orientations relative to the gradient directions (37). Because the blood signal detected from the voxel will have
contributions from all vessels within the voxel, the net
result can be signal cancellation due to dephasing of
flowing spins. Therefore, bipolar gradients can very effectively suppress flowing spins in blood vessels. Although
the efficiency of signal suppression with respect to blood
vessel size is controversial, it is widely accepted that
higher bipolar gradients decrease macrovascular contributions (10,19). Because large venous vessels induce larger
BOLD signal changes than smaller vessels, the relative
BOLD signal change will decrease when the b value
increases if macrovascular IV contribution is significant. In
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FIG. 7. Comparison between GE and SE BOLD fMRI. BOLD statistical maps are overlaid on two segmented EPI images with resolution ⫽ 230 ⫻
230 ⫻ 2000 µm3 and TE ⫽ 16 msec (GE) or TE ⫽ 40 msec (SE). SE images shown in the top row are diffusion weighted with b ⫽ 100 sec/mm2, and GE
images shown in the bottom row with b ⫽ 200 sec/mm2. Left column indicates CCC maps and right column relative BOLD signal change maps. Color
bar indicates CCCs between 0.5 and 0.9 and BOLD percentage change between 3% and 11%. Both CCC maps of SE and GE images present high
CCC values in the deep layers of the somatosensory cortex. However, in the BOLD percent signal increase maps, the GE activation map shows high
signal increase at the surface of the brain, where large superficial veins are located. The BOLD percent increase map shown in the SE image (top right)
agrees with the corresponding CCC map (top left).

our diffusion-weighted 19F NMR study using IV perfluorocarbon, arterial blood was effectively eliminated, whereas
venous blood was not significantly reduced with bipolar
gradients with b value of 200 sec/mm2 (unpublished
observations, T. Q. Duong and S.-G. Kim).
We did not observe any dependence of the relative BOLD
signal increase on b values. This result suggests that IV
signals from large vessels are not significant in SE fMRI at
9.4 T. The very short T2 values of venous blood accounts for
the above observations because the venous blood signal is
strongly attenuated by the use of an EPI sequence with a
long TE. Compared with lower magnetic field results
(10,21), high magnetic field strengths have the advantage of
making the BOLD signal better confined mainly to the
microvasculature and tissue.
When the b value increases, the number of active pixels
decreases due to the decrease of SNR, as shown in Table 1.
Careful comparison between signals with different SNR or
CNR needs to be made, because CNR and SNR can affect
the statistical significance level of signal change. The CNR
directly influence the CCC, whereas the SNR indirectly
affects CCC because SNR is a measure of signal intensity
versus signal fluctuation during control periods. Diffusion
weighting does not decrease signal fluctuation but decreases the signal intensity and the signal difference be-

tween a control state and a stimulation state, which results
in the decrease of SNR and CNR. The size of an activated
area determined by a threshold in CCC will decrease with
SNR reduction due to diffusion weighting.
Directional Dependence of BOLD Signal
We observed diffusion anisotropy in the cortical area (gray
matter), which is consistent with previous findings (38).
The previous study showed diffusion anisotropy between
medial-lateral and dorsal-ventral directions. Our study
clearly demonstrates that the radial direction has higher
apparent diffusion rates than the tangential direction within
the imaging slice. However, this anisotropy did not decrease after the animals were sacrificed, suggesting that the
blood flow in the large radial vessels, shown in the high
resolution T*2 weighted image of Fig. 6a, is not the major
source of diffusion anisotropy. The anisotropy is probably
related to neuronal fiber directions.
We have shown that the direction of diffusion weighting
has no correlation with BOLD signal changes during
forepaw stimulation, suggesting that diffusion anisotropy
does not play a role in the BOLD effects. This can be partly
explained by the small b values of up to 1200 sec/mm2 and
the short diffusion time used in this study.

Diffusion-Weighted SE fMRI at 9.4 T
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Most fMRI studies use T*2-based GE techniques, which
have higher contrast than T2-based SE techniques (5).
Thus, T*2-weighted BOLD techniques have been used in
high-resolution studies. To obtain accurate high-resolution
functional maps, it is crucial to remove large vessel contributions. At 9.4 T, because the T2 of venous blood is ⬍10
msec, the IV component of high-resolution GE images was
minimized by the relatively long TE (16 msec). Furthermore, any remaining IV component was further attenuated
by bipolar gradients. Active foci in the statistical map are
located in the deep layers of the cortex and agree well
between SE and GE BOLD maps. These findings are
consistent with our previous cerebral blood flow (CBF) (25)
and synaptic activity studies (39) showing agreements
among foci of the active pixels in GE BOLD CCC maps, CBF
CCC maps, and synaptic activity maps obtained using
Mn2⫹ infusion as a contrast agent.
To determine the magnitude of activation, it is necessary
to use relative signal changes, rather than statistical values.
A CCC is the relative significance level of a signal change to
the noise fluctuation, obtained by matching the signal time
course to a hypothesized waveform such as a block function. Therefore, the CCC can be used to distinguish an
active area from a nonactive area but cannot differentiate
the degree of activation. On the contrary, the relative signal
change, defined by the fractional signal difference between
stimulation and resting state, can grade the activation and
determine the highest activation area only if microvascular/
tissue component dominates. If the macrovascular contribution is suppressed, then the combination of the CCC
method and the relative signal change method can colocalize the most active area, which is the case for SE BOLD. In
GE fMRI, the highest percent signal change takes place near
the edge of the brain, because the EV component from large
vessels cannot be suppressed by a GE sequence. Areas near
large veins at the edge of the brain are sensitive to cardiac
pulsation and have lower signals than tissue because of the
susceptibility effect. Therefore, their statistical values are
lower than those of deep tissue area, even though the
percent changes are higher. The large vessel contribution
in GE BOLD signal change was not removed but in fact
dominated even when bipolar gradients were used. These
observations imply that GE fMRI is susceptible to the large
vessel contribution even with a relatively long TE and
diffusion weighting gradients.
In conclusion, we have shown that only microvascular/
tissue regions contribute to the SE BOLD signal at 9.4 T.
This result is strongly supported by the independence of
our fMRI data on graded diffusion weighting and different
diffusion weighting directions. To obtain microvascular/
tissue–based fMRI, high magnetic fields are preferable,
because the microvascular contribution dominates and the
BOLD signal changes are strong enough to allow a SE
sequence to be used. The IV signal from large vessels can be
minimized by diffusion weighting and by using a long TE
relative to the T2 of venous blood. Therefore, the combination of SE methods and diffusion weighting at high magnetic fields can make it possible to obtain very high
resolution functional MR images devoid of contributions
from large vessels.
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