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During brain activation, local control of oxygen delivery is facil-
itated through microvascular dilatation and constriction. A new
functional MRI (fMRI) methodology is reported that is sensitive
to these microvascular adjustments. This contrast is accom-
plished by eliminating the blood signal in a manner that is
independent of blood oxygenation and flow. As a consequence,
changes in cerebral blood volume (CBV) can be assessed
through changes in the remaining extravascular water signal
(i.e., that of parenchymal tissue) without need for exogenous
contrast agents or any other invasive procedures. The feasibil-
ity of this vascular space occupancy (VASO)-dependent func-
tional MRI (fMRI) approach is demonstrated for visual stimula-
tion, breath-hold (hypercapnia), and hyperventilation (hypocap-
nia). During visual stimulation and breath-hold, the VASO signal
shows an inverse correlation with the stimulus paradigm, con-
sistent with local vasodilatation. This effect is reversed during
hyperventilation. Comparison of the hemodynamic responses
of VASO-fMRI, cerebral blood flow (CBF)-based fMRI, and
blood oxygenation level-dependent (BOLD) fMRI indicates both
arteriolar and venular temporal characteristics in VASO. The effect
of changes in water exchange rate and partial volume contami-
nation with CSF were calculated to be negligible. At the common-
ly-used fMRI resolution of 3.75 � 3.75 � 5 mm3, the contrast-to-
noise-ratio (CNR) of VASO-fMRI was comparable to that of CBF-
based fMRI, but a factor of 3 lower than for BOLD-fMRI.
Arguments supporting a better gray matter localization for the
VASO-fMRI approach compared to BOLD are provided. Magn
Reson Med 50:263–274, 2003. © 2003 Wiley-Liss, Inc.
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During the last decade, functional MRI (fMRI) has revolu-
tionized the field of cognitive neuroscience. This is a con-
sequence of its capability to provide noninvasive spatial
mapping of the hemodynamic response to neuronal activ-
ity (1–3). To date, virtually all fMRI studies in human
subjects have been based on the measurement of local
changes in the oxygenation state of hemoglobin, which
affects the MRI signal by changing the local magnetic field
in the image volume elements (voxels). This so-called

blood oxygenation level-dependent (BOLD) phenomenon
(1,4) reflects the combined effect of many physiological
parameters, including oxygen extraction ratio, cerebral
metabolic rate of oxygen, cerebral blood flow (CBF) and
volume (CBV), hematocrit, and initial arterial oxygenation
fraction (4–6). One drawback of the BOLD approach is that
the altered oxygenation state of hemoglobin not only in-
fluences MRI signals in and around the microvessels close
to the sites of neuronal activation, but also in and around
the large veins draining from these areas (7–10). This prob-
lem is especially apparent at low magnetic field strengths
(1.5 Tesla), at which most fMRI studies are conducted, and
persists at intermediate (3–4 Tesla) and higher fields (9).
Although the availability of improved spatial resolution at
higher magnetic field strengths allows the actual areas of
activation to be better localized, it would be extremely
useful to have a method in which the contrast would arise
predominantly from the microvessels that are expanding
due to local neuronal activation.

The brain vasculature is under dual mechanistic control
(11). The diameters of larger vessels of the cerebral inflow
tract are under sympathetic regulation, and are considered
to be unimportant for local regulation of flow during acti-
vation. On the other hand, the diameters of small intrapa-
renchymal vessels (100–200 �m) are influenced by the
demand for homeostasis of the microevironment. Such
local neurovascular coupling is mediated by vasoactive
compounds, such as CO2, NO, prostaglandin, and K� (11–
13). An fMRI approach that reflects activation-related mi-
crovascular regulation is expected to show effects in local
parenchyma (tissue � microvasculature), but not in large
vessels. To achieve contrast that is dependent on vascular
space occupancy (VASO), we designed a technique in
which the blood signal is selectively nulled. This was
accomplished by taking advantage of the fact that MRI
radiofrequency (RF) pulses can invert the longitudinal
equilibrium magnetization of water from parallel with re-
spect to the magnetic field to antiparallel, after which the
inverted magnetization returns exponentially to equilib-
rium with the longitudinal relaxation time constant T1

(Fig. 1). Because T1 differs between blood and tissue, the
times at which their magnetizations cross zero differ, and,
when images are acquired at the time of blood nulling,
sufficient gray matter tissue magnetization remains for
MRI detection (Fig. 1).

Here we demonstrate the feasibility of this VASO-fMRI
approach during vasodilatation (visual stimulation and
breath-hold) and vasoconstriction (hyperventilation) ma-
nipulations in humans at 1.5 T. In addition, an event-
related visual stimulation experiment was performed to
compare the hemodynamic and contrast-to-noise-ratio
(CNR) characteristics of VASO with that of conventional
BOLD-fMRI and a CBF-based fMRI approach using pulsed
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arterial spin labeling (PASL-fMRI). Finally, fMRI data were
acquired at high resolution to compare the spatial speci-
ficities of the VASO and BOLD methods.

METHODS

Description of the Method

Figure 1 shows the basic MRI pulse sequence for VASO-
fMRI. After nonselective inversion of the starting longitu-
dinal magnetization, M(0), from parallel to the magnetic
field to antiparallel, the parenchymal components relax
back to equilibrium. Because T1 differs between blood and
tissue, the point at which the magnetization crosses
through zero differs. Longitudinal magnetization cannot
be detected, but when, at a time t � TI, such an inversion
experiment is followed by excitation of transverse magne-
tization (which is detectable), the effects of the inversion
preparation determine the starting signal magnitude (Fig.
1). This signal decays exponentially with the transverse
relaxation time, which is described by T*2 for gradient-
echo imaging and T2 for spin-echo imaging. When a gra-
dient-echo pulse sequence is used for image acquisition
with echo time TE, the signal dependence is:

S � M�TI� � e�TE/T*2 � M�0� � �1 � 2e�TI/T1 � e�TR/T1� � e�TE/T*2

[1]

in which TR is the time needed for a single MRI acquisi-
tion (Fig. 1). Thus, for VASO-fMRI to be successful,
Mblood,i(TI) must be zero, while Mtissue(TI) should prefera-
bly be as large as possible. The method must be optimized
to ensure that the blood signal nulling is achieved in a
manner that is insensitive to changes in blood flow veloc-
ity (to avoid inflow artifacts) and blood oxygenation dur-
ing brain activation. The technique was made insensitive
to blood flow velocity changes by inverting magnetization
in a spatially nonselective manner. Independence of blood
oxygenation for T1 has been reported (14). Since T1 de-
pends on the magnetic field, blood T1 for each particular
field strength must be determined to optimize TI for null-
ing. In addition, to minimize residual BOLD effects, the
time of detection of the maximum MRI signal after excita-
tion (the TE) was kept as short as possible.

Theory of VASO Signal Changes

The vascular-space-occupancy of a particular microvessel,
	i is defined as:

	i � CBVi/Vpar � CBVi� �Vtissue � �
i

CBVi�
i � arteriole, capillary or venule [2]

in which Vpar indicates parenchymal volume (ml tissue/g
tissue) and CBV is the cerebral blood volume (ml blood/g
tissue). Thus, the units of 	 are ml blood/ml parenchyma.
Notice that CBV is the parenchymal blood volume and not
the cerebrovascular volume (CVV), in which the large ves-
sels and parenchyma are included (15). For pure brain
parenchyma (perfused tissue), the MRI signal (S) is pro-
portional to the sum of the magnetization (M) contribu-

tions of the microvessels (i � arterioles, capillaries, and
venules) and pure tissue. For a spatially nonselective in-
version recovery experiment followed, at time TI, by slice-
selective excitation and gradient-echo detection, we have

Spar � Sblood � Stissue � ��
i

	iCblood� � Mblood,i�TI� � e�TE/T*2,blood,i

� �Cpar � �
i

	iCblood� � Mtissue�TI� � e�TE/T*2,tissue [3]

in which C is the water density of microvascular blood (or
tissue) in ml water/ml blood (or tissue), as defined in our
previous paper (16), T*2,blood,i and T*2,tissue are the effective
transverse relaxation times of blood and tissue, respec-
tively. For flow-independent inversion and proper blood
nulling independent of oxygenation (i.e., Mblood,i(TI) � 0),
Eq. [3] can be rewritten as:

Spar � �Cpar � �
i

	iCblood� � Mtissue�TI� � e�TE/T*2,tissue. [4]

Defining 	 � ¥i 	i as the total microvascular space occu-
pancy, the fractional parenchymal signal change during
neuronal activity can then be derived to be:


S
S

�
Spar

act � Spar
rest

Spar
rest

�
�Cpar � 	actCblood�e�TE/T *2,tissue

,act

� �Cpar � 	restCblood�e�TE/T*2,tissue
,rest

�Cpar � 	restCblood�e�TE/T*2,tissue
,rest .

[5]

Thus, the VASO signal change includes the effect of extravas-
cular BOLD changes (signal increase upon activation). Re-
writing e�TE/T*2,tissue

,act

� e�TE/T *2,tissue
,rest

� e�
�1/T *2,tissue�TE and assuming
that, at the short TE and low field strength used, the effect of
the extravascular BOLD T*2 change in tissue can be neglected,
the fractional signal change then simplifies to:


S
S

�
�	rest � 	act�Cblood

�Cpar � 	restCblood�
�

�
	 � Cblood

�Cpar � 	restCblood�
. [6]

Neuronal activity causes microvascular vasodilatation, re-
sulting in increased VASO, i.e., 	act � 	rest. Therefore, in
contrast to the BOLD effect, a negative signal change is
expected in VASO fMRI (Fig. 2d).

Calibration for Blood Signal Nulling

The main requirement to be fulfilled for successful VASO-
fMRI is that signal nulling can be achieved independently
of differences in oxygenation between arteries, capillaries,
and veins. To determine an accurate TI for blood nulling,
we measured blood T1 values at 1.5 Tesla for arterial and
venous blood under physiological conditions in a perfu-
sion phantom (17,18). Blood temperature was maintained
at 37°C and was kept circulating at 3.1 ml/min to prevent
coagulation. The oxygenation saturation fraction (Y) of
blood was manipulated by gas mixture (N2 and O2) and
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FIG. 1. Principle of VASO-fMRI. a: MRI experiment timing. After
flow-independent inversion, the magnetization (M) returns to equi-
librium with the longitudinal relaxation time T1. At a time TI, when
the blood signal is nulled, the remaining tissue magnetization is
excited and signal is acquired. At time TR, a new MRI scan is
started. b: Longitudinal magnetization for blood (red circles) and
gray matter (black triangles) as a function of time during the
experiment. For TR � 5920 ms and TI � 920 ms at 1.5 Tesla, the
residual M(TI) is negligible for blood and is about 21% of its
equilibrium value for gray matter (see Eq. [1]). c: Detectable (trans-
verse) magnetization as a function of time.

FIG. 2. Visual activation maps (P � 0.005) for BOLD-fMRI (a) and VASO-fMRI (b). Color bar indicates amplitude of fractional signal changes
(positive for BOLD and negative for VASO). Activation data are overlaid on a high-resolution anatomical image. Spatially similar activation patterns
are detected by both fMRI methods, although BOLD has more activated voxels than VASO. c and d: Average time-courses (N � 5) of the
activated voxels for BOLD- and VASO-fMRI, respectively. Solid bars below the plots denote the timing of the stimulus paradigm. At this low spatial
resolution (4  4  10 mm3), a 1.5% signal increase and a 0.7% signal decrease are seen for BOLD and VASO, respectively.
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monitored with a blood analyzer (Radiometer America
Inc., Westlake, OH). For convenience, we used bovine
blood, which is known to have hemoglobin content, eryth-
rocyte size, and diffusional permeability comparable to
human blood (19). For T1 measurements, an inversion
recovery spin-echo imaging sequence was used with the
following parameters: field of view (FOV) � 20  20 mm2,
TE � 9 ms, slice thickness � 10 mm, matrix � 64 
64. Nine inversion times (TIs) were used (10, 50, 100, 250,
500, 1000, 2000, 3000, 5000 ms) with TR adjusted accord-
ingly to maintain the same recovery time after excitation
(5 s). When assuming perfect inversion efficiency (body
coil, adiabatic inversion), the magnetization at the end of
TI is described by M(TI) in Eq. [1]. For each voxel, a
three-parameter fit of the signal intensities as a function of
TI was performed. The measured T1 values were 1355 �
38 ms (SD) and 1390 � 44 ms for fully oxygenated and
deoxygenated blood (47% oxygenated), respectively, the
magnitudes of which are indistinguishable within experi-
mental error. To confirm this range for humans, we also
determined T1 in the sagittal sinus, giving 1389 � 35 ms,
in close agreement with the deoxygenated phantom blood
results. Since arteriolar and precapillary vessels are ex-
pected to be the main contributors to vascular expansion
(11), we used T1 � 1350 ms to calculate the TI values for
blood nulling under our experimental MRI conditions. For
a typical parenchymal gray matter voxel with about 95%
tissue and 5% blood, the residual arterial, capillary, and
venous contributions can then be calculated to be 0.008%,
0.072%, and 0.183%, respectively, of the total signal.

Functional Studies

All subjects (N � 17 (eight females and nine males)) gave
informed consent before participating in the study. The
experiments were performed on a 1.5 T whole-body scan-
ner (Philips Medical System, Best, The Netherlands). A
body coil was used for RF transmission in all scans. Sin-
gle-shot, gradient-echo echo-planar imaging (GE-EPI) with
a flip angle (FA) of 90° was used for data acquisition. A
high-resolution (FOV � 240  240 mm2, matrix � 256 
256) scan was also obtained for anatomical reference. For
VASO-fMRI, flow-velocity-insensitive blood nulling was
achieved by using the body coil for non-slice-selective
inversion, followed by TI values of 920 ms and 665 ms for
experiments with repetition times (TRs) of 5920 ms and
2000 ms, respectively. TE was shortened as much as pos-
sible to minimize BOLD contamination. When a 60–65%
half scan was used (20), TE values of 10–11 ms, respec-
tively, could be achieved. For BOLD fMRI, the TE was
50 ms to maximize the signal contrast. The pulsed arterial
spin labeling (PASL) method used for CBF-fMRI was the
transfer insensitive labeling technique (TILT) approach
(21). The principles used in this sequence are similar to
those of the EPI-STAR (signal targeting with alternating
radio frequency) technique (22), but there is less contam-
ination from magnetization transfer effects. An inversion
delay of 1200 ms was used to reduce contributions from
vascular water. The labeling slab thickness was 10 cm, and
the gap between the labeling slab and imaging slice was
5 mm. TE was 11 ms.

fMRI experiments were performed during the following
physiological manipulations:

Visual Stimulation

A blue-yellow flashing checkerboard (frequency � 8 Hz,
visual angle � 25°), was projected onto a screen in the back
of the magnet (LCD projector: Epson America, Long Beach,
CA). An oblique axial slice covering the primary visual
cortex was chosen. Several protocols were performed, as
follows:

1. A series of low- and high-resolution VASO and BOLD
experiments were conducted to test the spatial char-
acteristics of VASO. Block paradigms were used with
29.6-s ON periods interleaved with 29.6-s OFF peri-
ods. At the beginning of each scan, an extra OFF
period (�1.5 min) was used to obtain more baseline
points. Each functional scan contained five stimuli
blocks. TR was 5920 ms, and 64 images were ac-
quired. For low-resolution (voxel size � 4  4 
10 mm3) fMRI (five subjects (three females and two
males), age range 20–32), a quadrature head coil was
used for reception. Spatial Gaussian filters with full
width at half maximum (FWHM) � 5 mm were ap-
plied. For high-resolution experiments (two subjects
(one male and one female)) a surface coil was applied
for reception and voxel sizes of 4  4  5 mm3 and
2  2  5 mm3 were used. T1 maps corresponding to
the two spatial resolutions were acquired using an
inversion recovery pulse sequence. To preserve the
high-resolution character of the data, no spatial filter-
ing was applied.

2. A series of VASO, BOLD, and ASL experiments to
compare the CNR and the temporal characteristics of
the hemodynamic responses of the three methods
(eight subjects (four males and four females, age range
20–39). The stimulation duration was 30 s, followed
by a resting period of 50 s to allow complete settling
of the hemodynamic response before the next trial.
Each experiment consisted of three trials. Extra rest-
ing time (�30 s) was used at the beginning of each
experiment. The parameters for the VASO, BOLD,
and ASL experiments were identical: head coil recep-
tion, slice thickness � 5 mm, FOV � 240  240 mm2,
matrix � 64  64, TR � 2 s, and number of images
acquired � 146. Spatial Gaussian filters (FWHM �
5 mm) were applied to improve the SNR.

Breath-Holding and Hyperventilation

Two male subjects (ages 32 and 46) were instructed to
perform breath-holding (hypercapnia) or voluntary hyper-
ventilation (hypocapnia) in two separate scans. The
breath-holding/hyperventilation paradigm consisted of
20/40 s of task interleaved with 40/40 s of free breathing,
and 6/4 repetitions. The scan parameters were: head coil
reception, slice thickness � 5 mm, FOV � 240  240 mm2,
matrix � 64  64, TR � 2 s, and number of images �
201 (breath-holding) and 181 (hyperventilation). Spatial
Gaussian filters (FWHM � 5 mm) were applied.

Data Processing

Complex images were reconstructed on the scanner and
transferred to a Sun Enterprise server (SUN Microsystem,
Mountain View, CA), where they were converted to mag-
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nitude images. The images were realigned using the Auto-
mated Image Registration (AIR) algorithm (23). Images
from the first �25 s were discarded to allow the subject to
get used to the scanner noise and reach a hemodynamic
steady state. For each voxel time-course, a multilinear
correction was performed to remove any baseline drift. For
activation detection, the time-courses were correlated with
a box-car function representing the stimulus paradigm. A
statistical significance of P � 0.005 was used for all exper-
iments, corresponding to the following thresholds: Visual
stimulation protocol 1 used a cross-correlation coefficient
(c.c.) for activation of �0.22 (“�” for BOLD, “–” for
VASO), cluster size 4, and SNR threshold 20. Protocol
2 had c.c. of �0.18, cluster size 3, and SNR threshold
10 (protocol 2 has three times the number of points per
unit measurement time than protocol 1, corresponding to a
comparable SNR cutoff of 10 (10 � �3 � 20)); Breath-
holding and hyperventilation paradigms used a c.c. of
�0.12, cluster size 3, and SNR threshold 10 (24). Signal
time-courses were generated by averaging over all acti-
vated voxels and normalizing to the baseline signal. Note
that because the stimulus onset was synchronized with the
RF excitation pulse (not start of the sequence), the exact
timing comparison of the ASL curves with the BOLD and
VASO curves is not trivial. For BOLD and VASO, signal is
based on what is present at the time of excitation, allowing
a straightforward comparison to be made. For ASL (label-
ing, followed by 1.2 s of delay, followed by excitation and
0.8 s of recovery time), the flow image reflects the average
blood flow during the two labeling periods. Thus, the
point of comparison is at 1.6 s from the start of the first
labeling, or 0.4 s after the start of the first excitation.

RESULTS

BOLD-fMRI and VASO-fMRI activation maps obtained
during visual stimulation are shown in Fig. 2a and b. For
both methods, clear activation can be seen in the part of
the primary visual cortex corresponding to the central
visual field. The BOLD data show a larger nmber of acti-
vated voxels than VASO-fMRI (p � 0.005), namely an
average (N � 5) of 118 � 16 vs. 57 � 22, respectively. This
difference is partly attributed to the lower SNR in the
VASO case. Also, large venous vessels are known to cause
extra activation areas in BOLD fMRI, which should not
occur for the microvascular-based VASO-fMRI. The time-
courses of the activated voxels are shown in Fig. 2c
(BOLD) and d (VASO). At this low resolution of 4  4 
10 mm3, the BOLD signal increases by 1.5% during stim-
ulation, while the VASO fMRI signal decreases by 0.7%.

In order to further validate the VASO method, experi-
ments were performed using other physiological manipu-
lations—breath-holding and hyperventilation, which are
known to cause vasodilatation and vasoconstriction, re-
spectively. As expected based on the VASO principles,
breath-hold (hypercapnia) showed a negative signal
change (Fig. 3a), while the response was positive during
hyperventilation (hypocapnia) (Fig. 3b).

Figure 4a–c shows activation maps and hemodynamic
responses acquired during visual activation using BOLD,
VASO, and ASL, respectively. Similar activation regions
can be seen in all techniques. VASO (68 � 7 voxels) has
lower sensitivity than BOLD (126 � 11), but is comparable

to ASL (61 � 10). Since each technique reflects different
physiological parameters (i.e., CBV for VASO, blood oxy-
genation for BOLD, and CBF for ASL), a comparison of
their temporal characteristics provides insight into the
dynamics of brain physiology during neuronal activation.
Figure 4d shows the averaged hemodynamic responses
(N � 8) of VASO (red), BOLD (blue), and ASL (black) fMRI.
Note that the VASO signal time-course was inverted in
display for easier comparison with the other two curves.
VASO and ASL signals start to increase before the BOLD
signal (Fig. 4d, brown arrow, P � 0.005), in agreement with
previous reports of a BOLD onset latency of 2–3 s (25), and
also indicating a significant arteriolar contribution to the
total blood volume change. When the stimulus is stopped,
the BOLD time-course rapidly drops to baseline, followed
by a post-stimulus undershoot. The ASL curve drops si-
multaneously with BOLD, but does not show an under-
shoot. The VASO curve returns to baseline at a substan-
tially slower pace (Fig. 4d, green arrow), in agreement with
results from contrast-agent CBV studies on animals
(26,27). These temporal characteristics (fast rise and slow
decay) are consistent with the expected arteriolar and
venular contributions in the VASO method.

To compare the spatial localization of VASO and BOLD,
we performed fMRI and T1 scans at a higher spatial reso-
lution: voxel size � 2  2  5 mm3 (N � 2). Activation
maps, overlaid on a VASO image, are shown in Fig. 5a and
b for BOLD and VASO, respectively. The averaged signal
change for BOLD (262 voxels) was 2.70 � 2.64(SD)%,
whereas it was –2.15 � 1.16(SD)% for the VASO experi-
ments (146 voxels). Interestingly, the VASO effects (Fig.
5b) appear to be well localized to gray matter, while the
BOLD effects (Fig. 5a) are still wide-spread, with the larg-
est changes being close to the sagittal sinus. However, this
difference in spatial distributions may simply be due to
lower sensitivity in the VASO method. To separate the
question of spatial specificy from effects of SNR, we con-
structed BOLD activation maps for the same number of
activated voxels as in VASO (i.e., by increasing the thresh-
old for BOLD to find the most activated 146 voxels), the
results of which are shown in Fig. 5c. It can be seen that
many BOLD voxels still overlap with the sulci. Since a
VASO image (background images in Fig. 5a–c) displays
clear contrast between gray matter, white matter, and
blood, it can be used to identify voxel locations and tissue
type. In the VASO image, the intensity of gray matter (in
arbitrary units) was measured to be 3041 � 699 (SD), while
blood intensity was negligible (�200). When we analyzed
the number-matched VASO- and BOLD-activated voxels,
we found that only 1.4% of the VASO voxels had intensi-
ties that are 2 SD below gray matter (i.e., intensity � 1463),
whereas this fraction was 13.7% for BOLD. An alternative
way to distinguish gray matter voxels from blood vessels is
to study the absolute T1 image (Fig. 5d), in which each
tissue type has a characteristic T1value: 700 ms for white
matter, 1000 ms for gray matter, 1350 ms for blood, and
4300 ms for CSF. Thus, by measuring the T1 of the acti-
vated voxels, we can estimate the type of brain tissue it
contains. The averaged T1 values for BOLD- and VASO-
activated voxels (Fig. 5b and c, with equal number of
voxels) were 1103 � 23 (SEM) ms and 1031 � 20 (SEM)
ms, respectively. The fact that the T1 of the VASO-acti-
vated voxels was close to the nominal value for gray matter
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(1000 ms) indicates a majority of gray matter as source of
VASO fMRI signal, whereas BOLD voxels have larger T1

values (P � 0.03), presumably due to partial voluming
with large blood vessels.

Table 1 compares the CNR for all of the visual activation
experiments. It can be seen that the VASO-CNR is lowest
at low resolution (five times lower than BOLD), but im-
proves at higher resolution (three times lower than BOLD,
and comparable to ASL). This latter phenomenon is prob-
ably a result of reduced partial voluming with nonacti-
vated brain tissue, and is consistent with the hypothesis of
a higher spatial specificity for the VASO method.

DISCUSSION

The data in Figs. 2–5 and Table 1 show that the VASO
method is a viable fMRI approach. During visual stimula-
tion and breath-hold, the VASO signal is characterized by
a signal decrease upon activation, excluding the possibil-
ity that the detected effect is an artifact due to residual
BOLD-fMRI or vascular inflow effects, which would result
in a signal increase. During hyperventilation the response

is reversed, in agreement with the expectation of vasocon-
striction. The VASO hemodynamic response (Fig. 4d) has
a rapid rise, comparable to that of ASL methods, indicating
an arteriolar contribution. The response decay, on the
other hand, is delayed, which is comparable to results
from animal CBV experiments with long-halflife blood
tracers (26,27). These data are consistent with the hypoth-
esis of a delayed postactivation venular compliance as
described by Buxton et al. (25) and Mandeville et al. (28),
which has been argued to be the source of the post-stim-
ulus undershoot in the BOLD effect (e.g., Fig. 4d, blue
curve). Thus, VASO has both arteriolar and venular com-
ponents, in agreement with its presumed origin in the
microvasculature. The CNR for VASO at a resolution of
3.75  3.75  5 mm3 and a TR value of 2 s is about three
times smaller than that for BOLD, but is slightly higher
than that for PASL approaches, as also reflected in the
number of activated voxels.

VASO-fMRI complements BOLD-fMRI in the sense that
it provides contrast depending on a single physiological
parameter (CBV), while BOLD-fMRI signal reports on mul-
tiple parameters, including CBV and CBF (4,6,9,16). Based

FIG. 3. VASO activation maps (P � 0.005) and hemodynamic response curves for breath-hold (hypercapnia) and hyperventilation
(hypocapnia) experiments. Clear activation of gray matter relative to white matter can be seen, as expected based on the difference in CBV
between these two tissues. In analogy to visual stimulation, VASO effects are negative during hypercapnia. During hypocapnia, the sign of
the effect is reversed, consistent with a vasoconstriction. Dark lines indicate the period of activation.
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on the literature for local vascular regulation (11,29),
VASO-fMRI is expected to be sensitive to vessels smaller
than 150–200 �m. For instance, it is well established that
microvessels smaller than 200 � are equipped with vascu-
lar smooth muscle cells and thus are able to constrict and
dilate (30,31). This has been substantiated by scanning
electron microscopy studies (29) showing that the only
blood vessels capable of expanding or contracting are the
smaller arterioles (diameter � �80 �m), the capillaries,
and only some of the smallest venules (diameter � �100
�m). Recently, using in vivo videomicroscopy, Lee et al.
(32) measured changes in diameter of vessels with initial
calibers of 20, 30, and 40 �m under hypercapnia. Their
results showed that the diameter of the arterioles increased
more (58%, 44%, 29%, respectively) than that of the ve-
nous vessels (11%, 7%, 4%, respectively). If we extrapo-
late their data to higher diameters, assuming exponential
scaling, arterial vessels larger than 135 �m would have a
diameter increase of �1%, which corresponds to a volume
increase of 2%. Assuming a typical microvascular CBV of
about 5% in gray matter (15), the measured 2.15% de-
crease in tissue volume would be translated to an increase
in CBV of 46% (at a voxel size of 2  2  5 mm3). This
corresponds to a diameter increase of about 20%, which is
not unreasonable in view of the measured size changes
quoted above. Our estimation of a CBV increase of 46% is

somewhat higher than previous results using paramag-
netic contrast agent (33) (�30%), probably because of the
higher spatial resolution used in the current study (2  2 
5). A similar observation has been made in high-resolution
CBF measurements (34). Thus, within the limits of current
typical fMRI spatial resolution (several mm), and based on
its vascular size base, the VASO-fMRI changes are ex-
pected to be well localized to the region of neuronal activ-
ity.

Unfortunately, it is not easy to provide a “gold standard”
showing that VASO localization is specific to the paren-
chyma. However, the results of this study provide several
supporting arguments. First, when the numbers of acti-
vated VASO and BOLD voxels are matched in an fMRI
experiment (i.e., a higher BOLD threshold is chosen to
compensate for BOLD’s higher sensitivity (Fig. 5c)), the
VASO approach shows excellent localization in gray mat-
ter (�98.6%), while BOLD still shows many voxels
(13.7%) in the sulci (dark regions in the background VASO
image), where the large vessels reside. Second, when the
T1 values are analyzed for these activated voxels, a longer
T1 is found for the BOLD voxels compared to the VASO
voxels, in agreement with the longer T1 values for venous
blood known to contribute to the BOLD voxels at 1.5T.
Third, when going from low to high resolution, the signal
change increases drastically in VASO (from 0.7% to 2.2%),

FIG. 4. Activation maps (P � 0.005) using VASO (a), BOLD (b), and ASL (c) fMRI during visual stimulation, and averaged (N � 8)
hemodynamic responses (d). Color bar indicates the magnitude of the cross-correlation coefficient. Maps are overlaid on VASO-EPI images
(64  64). Vertical gray lines indicate the start (0 s) and end (30 s) of the stimulus presentation. The VASO and ASL signals start to increase
before the BOLD signal, while the VASO signal returns to baseline at a slower rate than the ASL signal. BOLD returns to baseline as fast
as ASL, but continues with a post-stimulus undershoot.
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but not in BOLD. We attribute this to severe partial vol-
uming with nonactivated regions at lower resolution in
VASO. Such an increase does not occur in BOLD, because
many regions remain activated at low resolution due to
partial voluming with draining veins, where the oxygen-
ation effects upon activation are much larger than in the
tissue. A similar pattern (i.e., a dramatic increase in signal
change when going to high resolution) was also seen in a
recent study on CBF fMRI (34), which is also thought to be

a parenchyma-specific method. At high resolution, paren-
chyma and veins can be studied separately, since they
show very large BOLD effects in the large vessels and
smaller effects in parenchyma. The size distribution for
VASO is more homogeneous (Fig. 5e), with all effects
being �6%, while BOLD effects as large as 22.5% are
found.

Physiological Considerations

These first VASO-fMRI data provide new insights into
fundamental questions concerning vascular regulation
during functional stimulation. A first point relates to the
longstanding question of how parenchymal water redis-
tributes between tissue and vasculature during local CBV
increase, an issue that cannot be addressed by present
blood volume imaging approaches (26,33,35). Assuming
equal perfusion of all microvessels, the two possible ex-
treme situations are: 1) tissue volume decreases, but tissue
water volume remains the same due to compliance of the
tissue; and 2) tissue water volume decreases proportion-
ally to the tissue volume decrease, by relocating tissue
water to the blood compartment. In the first situation, zero
VASO signal change is expected upon activation, while in
the second situation, a negative VASO effect is predicted.

FIG. 5. Comparison of spatial
localizations between BOLD (a
and c) and VASO (b) activation
maps. Absolute T1 maps show-
ing gray matter (gray), white
matter (dark), and CSF regions
(sulci, bright) are given for com-
parison (d). Scatter plots of frac-
tional signal changes vs. T1 are
also shown in e. Resolution: 2 
2  5 mm3. Using the same c.c.
threshold, the number of acti-
vated voxels in BOLD (a) is
larger than in VASO (b), which
does not necessarily prove a
higher spatial specificity for
VASO. Therefore, in c, the num-
ber of BOLD voxels was
matched to the VASO number
by choosing a higher threshold
for activation. Under these
matched conditions, the VASO
approach shows excellent lo-
calization in gray matter
(�98.6%), while BOLD still
shows many voxels (13.7%) in
the sulci (dark regions in the
background VASO image).

Table 1
Contrast-to-Noise Ratio (CNR)* Comparison Between
Oxygenation-Based (BOLD), CBV-Based (VASO), and CBF-Based
(TILT, Pulsed Arterial Spin Labeling) fMRI for Visual Stimulation
Experiments at Different Temporal and Spatial Resolutions at
1.5 T

TR (s) Resolution (mm3) BOLD VASO TILT

5.92 2  2  5a 30.4 9.7 –
4  4  5a 51.9 11.8 –
4  4  10b 44.3 8.7 –

2.00 3.75  3.75  5b 21.4 7.0 6.5

*CNR � SNR  signal change (%)  �number of images.
aSurface coil used for reception.
bQuadrature head coil used for reception.
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Thus, our new approach can be used to directly investigate
the basic principles of water distribution during functional
activation. The negative signal change measured with
VASO-fMRI is consistent with a relocation of water from
the tissue to the vasculature during visual stimulation.

A second point relates to a number of reports (36,37) that
some, but not all, capillaries are perfused with whole
blood, and that about 10% of capillaries are perfused with
plasma alone or not at all. According to these reports,
activation or hypercapnia causes erythrocytes to be re-
cruited to these parts of the microcirculation, leading to a
more homogeneous flow pattern. This capillary recruit-
ment theory would lead to only very small changes in
CBV, and is therefore not consistent with our findings in
the VASO experiment.

Technical Considerations

While VASO-fMRI has certain potential advantages com-
pared to BOLD-fMRI (e.g., a simple relation between the
signal and a physiological parameter (CBV), fast initial
response, and expected better spatial localization), it also
has several disadvantages. The most obvious one is a lim-
itation in SNR, which is 2–2.5 times lower than in BOLD.
Although some SNR is gained back by the use of short TEs,
we found a CNR loss by a factor of about 3 at the common
fMRI resolution (3.75  3.75  5 mm3). However, signifi-
cant activations were detected in all VASO experiments.
Potential approaches to increase the SNR include the use
of a phased-array head coil, spiral acquisition for shorter
TE, and higher field strength.

The data interpretation of the VASO experiments is
based on the assumption that the extravascular BOLD ef-
fect does not contribute significantly at short TE, and that
there is negligible contamination of CSF in the voxel. In
order to verify the minimal effects of BOLD at the short TE
used, we performed some VASO-fMRI experiments as a
function of TE (TE � 10, 30, 50, 70, 90, and 100 ms) and
calculated the residual extravascular BOLD effect on the
relaxation time of the tissue. For the activation threshold
range used (c.c � 0.20–0.25), T*2 of tissue increased by
0.26–0.30 ms going from a resting to an activated state. In
terms of magnitude of signal change ([1/T*2par

,act �
1/T*2par

,rest]TE), this corresponds 0.066–0.075% at TE �
11 ms, which is much smaller than the –1.7% of the VASO
signal change. A second potential problem may be that the
long echo trains could have BOLD contributions at the
higher TE locations. The echo train lengths for each reso-

lution were: 23 ms for 4  4  10, 24 ms for 3.75  3.75 
5, 15 ms for 4  4  5, and 47 ms for 2  2  5. Using the
above T*2 change for an effective TE of 50 ms, the maximal
residual BOLD effect is still only 0.3%, which is still much
less than the VASO signal. Also, as the higher phase en-
codings contribute less signal, the contribution is expected
to be less than this maximum. However, this situation may
have to be reevaluated at higher fields, where the BOLD
effect is stronger.

As far as the second assumption is concerned, partial
voluming with CSF will complicate the quantification of
CBV changes, in that the presence of CSF in the voxel will
result in an overestimation of the relative CBV change. At
the time of image acquisition, the tissue signal is positive,
blood signal is zero, and CSF signal is negative. If the CBV
increase were at the cost of CSF space, this would lead to
an increase in VASO signal. In our VASO experiments,
negative signal changes were consistently observed. Thus
it is not likely that CSF space changes caused the VASO
signal. In order to understand the effects under different
possible conditions, we performed simulations using three
starting conditions: 1) no CSF in voxel; 2) 5% CSF in
voxel, and CSF space does not change; and 3) 5% CSF in
the voxel, and CSF space decreases instead of tissue space.
These conditions led to signal changes of –1.59%, –1.82%,
and �2.83%, respectively. The second condition could
increase the VASO effect, while the third could reduce it.
In our high-resolution data, we found that the VASO-
activated voxels had smaller T1 values than the BOLD
voxels. Considering that CSF has a relatively long T1

(4300 ms), we do not expect a major contribution from CSF
in the VASO signal.

It may be a matter of concern that, as a consequence of
proton exchange between the tissue and capillary com-
partments, the nulling of blood spins may not be perfect in
the capillaries and initial part of venules, resulting in a
residual signal in the blood compartment. To verify
whether such exchange would influence the VASO exper-
iment, we constructed a parenchymal model containing
four pools: 1) spins that were originally in blood but later
entered tissue, 2) spins that were originally in tissue and
later entered blood, and spins that remained in 3) tissue
and 4) blood during the total period TI. The details of this
model are presented in the Appendix, along with numer-
ical simulations performed using literature values (Table
2) for the physiological constants and relaxation times.
When increases in extraction fraction in proportion to the

Table 2
Parameters Used for the Numerical Simulations in the Appendix

Physiological state P (ml/100g/min) E Cblood (g/ml) Ctissue (g/ml) Dpar (g/ml) T1,blood (ms) T1,tissue (ms) 	 (%) L

Resting state 60a 0.5c 0.87e 0.89e 1.06f 1400e 1000e 4.59e 1h

Activated state 102b 0.85d 0.87e 0.89e 1.06f 1400e 1000e 6.20g 1h

aFrom Ref. 11.
bBased on 70% of CBF change.
cFrom Ref. 39.
dProportional to CBF increase.
eFrom Ref. 16.
fFrom Ref. 40.
gBased on 35% of CBV change.
hAssume homogeneous capillary distribution.
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measured increases in CBF during activation are assumed,
the VASO signal changes with and without the effect of
increased exchange are –1.77% and –1.79%, respectively,
suggesting that the capillary exchange rate has negligible
effects on the overall VASO signal.

Finally, functional imaging generally requires the acqui-
sition of multiple slices, and therefore VASO methods
must be developed in which blood signal can remain neg-
ligible over a prolonged period of time.

Comparison With Current CBV-Based fMRI Methods

Previous CBV-based fMRI studies (26,28,33,38) used exog-
enous contrast agents. The VASO technique is completely
noninvasive and can be performed repetitively on awake
humans. Most of the recent contrast agent-based CBV-fMRI
studies were conducted on anesthetized animals and used
long halflife paramagnetic particles for blood labeling
(26,28,38). Similar to deoxyhemoglobin in BOLD, para-
magnetic vascular agents have extravascular T*2 effects,
and localization of activation is not straightforward. How-
ever, VASO uses the T1 characteristics of blood, and its
labeling effect at short TE is limited to intravascular spins.

CONCLUSIONS

The spatial specificity of BOLD fMRI is confounded by
signal changes in and around large venous vessels. In the
search for an MRI brain mapping technique with better
localization, VASO-fMRI is a prospective candidate. The
new technology can be easily implemented on standard
clinical systems, and its signal reflects changes of a single
physiological parameter (CBV). Furthermore, VASO-fMRI
data acquisition can be done at short TE and with all
possible image schemes (e.g., spin echoes can be used
instead of gradient echoes, thus avoiding magnetic suscep-
tibility-based image distortions, such as those occurring
close to the sinuses and in the temporal lobe). This will be
especially important at higher fields and when this new
technology is applied to other organs. One disadvantage of
VASO-fMRI is the limited SNR. However, improved sen-
sitivity is expected from the use of higher magnetic field
strengths and multi-array coils. The simplicity of the con-
trast mechanism and the expectation of better spatial lo-
calization may make VASO a useful alternative for fMRI
studies. In addition to providing a new approach for fMRI,
the VASO-MRI technique also has potential as a noninva-
sive alternative for blood volume MRI studies, as it allows
such studies to be repeated within the same MRI session
(such as when studying time-dependent CBV changes).
For example, CBV studies would be useful for imaging of
acute stroke, cardiac ischemia, and tumor angiogenesis.
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APPENDIX
VASO Model Considering Proton Exchange

To consider proton exchange in VASO experiments, a
two-pool model is insufficient, and the parenchymal pro-

tons must be divided into four different pools. These con-
sist of 1) spins originally in blood but exchanged to tissue,
2) spins originally in tissue but exchanged to blood, 3)
spins remaining in tissue during the total length of TI, and
4) spins remaining in blood. The total parenchymal signal
is the sum of the signal contributions from these pools.
Each individual pool is evaluated below.

1. Spins Originally in Blood but Exchanged to Tissue

The general solution to the Bloch equation without B1

contribution is given by:

M�t� � 1 � K � exp��t/T1� [A1]

where M(t) is the magnetization as a function of time t, T1

is the longitudinal relaxation time, and K is a constant
determined by initial conditions. All spins are assumed to
be in steady state before the inversion pulse. Assuming
perfect inversion efficiency (we used a hyperbolic-secant
adiabatic pulse), the initial condition is given by M(0) �
�(1 � exp(�(TR � TI)/T1)). Thus, K � exp(�(TR �
TI)/T1) � 2.

The longitudinal recovery after inversion depends on
the environment in which the spin resides, namely, the
tissue compartment or blood compartment. For a spin
exchanging from blood to tissue at time t, the magnetiza-
tion at the time of exchange is given by M(t) � 1 �
(exp(�(TR � TI)/T1,blood) � 2) � exp(�t/T1,blood). The
magnetization at excitation can then be calculated to be:

M�TI� � 1 � �exp���TR � TI�/T1,blood� � 2�

� exp��t/T1,blood� � exp���TI � t�/T1,tissue� [A2]

The signal from this spin pool can be obtained by integrat-
ing over all exchanged spins from time 0 to the end of TI:

S1 � �
0

TI

�1 � �exp���TR � TI�/T1,blood� � 2�

� exp��t/T1,blood� � exp���TI � t�/T1,tissue��

� P � E � Cblood � Dpar � dt [A3]

where P is the perfusion of the parenchyma in ml of
blood/g parenchyma/ms, E is the fraction of spins ex-
changed into tissue, and Dpar is the density of parenchyma
in g/ml.

2. Spins Originally in Tissue but Exchanged to Blood

This calculation is similar to the spins exchanging the
opposite way. However, once they enter the blood com-
partment, the spins may flow out of the imaging slice, and
a probability-based outflow factor must be considered in
the model. Because spins entering the blood compartment
at the beginning of TI have a greater chance to leave the
imaging slice, we modeled the time-dependent probability
for a blood spin to leave the slice as l(t) � L � (L/TI) � t
(Fig. 6), where L is the maximum probability for a spin to
leave the imaging slice. The signal is then given by:
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S2 � �
0

TI

�1 � �exp���TR � TI�/T1,tissue� � 2�

� exp��t/T1,tissue� � exp���TI � t�/T1,blood��

� P � E � Cblood � Dpar � �1 � L �
L
TI

t� � dt [A4]

3. Spins Remaining in the Tissue During TI

The magnetization of the static spins at TI is similar to Eq.
[A2], except that T1,blood should be replaced by T1,tissue,
which leads to:

M�TI� � 1 � �exp���TR � TI�/T1,tissue� � 2�

� exp��TI/T1,tissue�. [A5]

The signal is then given by:

M�TI� � �1 � �exp���TR � TI�/T1,tissue� � 2�

� exp��TI/T1,tissue�� � ��Cpar � 	 � Cblood�

� P � E � Cblood � Dpar � TI� [A6]

where 	 is the total vascular space occupancy of the voxel
(see Theory).

4. Spins Remaining in Blood During TI

When spins flowing into the slice to replace the exchanged
spins that leave the imaging slice (see pool 2) are taken
into account, the signal from the blood spins that remain
in the blood during TI is:

S4 � �1 � �exp���TR � TI�/T1,blood� � 2� � exp��TI/T1,blood��

� �	 � Cblood � P � E � Cblood � Dpar � TI �
2 � L

2 � [A7]

The total signal in the voxel is given by:

Stotal � S1 � S2 � S3 � S4 [A8]

Using parameter values from the literature (Table 2), the
expected signal changes during activation with (E � 0) and
without (E � 0) proton exchange can be calculated. Using
changes in E in proportion to the measured changes in
CBF, the signal changes with and without the effect of
increased exchange are –1.77% and –1.79%, respectively,
which suggests that the capillary exchange rate has negli-
gible effects on the overall VASO signal.
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