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Slab-Selective, BOLD-Corrected VASO at 7 Tesla
Provides Measures of Cerebral Blood Volume Reactivity
with High Signal-to-Noise Ratio

Laurentius Huber,1* Dimo Ivanov,1,2 Steffen N. Krieger,1,3 Markus N. Streicher,1

Toralf Mildner,1 Benedikt A. Poser,2,4,5 Harald E. M€oller,1 and Robert Turner1

Purpose: MRI methods sensitive to functional changes in
cerebral blood volume (CBV) may map neural activity with
better spatial specificity than standard functional MRI (fMRI)

methods based on blood oxygen level dependent (BOLD)
effect. The purpose of this study was to develop and inves-

tigate a vascular space occupancy (VASO) method with high
sensitivity to CBV changes for use in human brain at 7
Tesla (T).

Methods: To apply 7T VASO, several high-field-specific
obstacles must be overcome, e.g., low contrast-to-noise ratio
(CNR) due to convergence of blood and tissue T1, increased

functional BOLD signal change contamination, and radiofre-
quency field inhomogeneities. In the present method, CNR

was increased by keeping stationary tissue magnetization in a
steady-state different from flowing blood, using slice-selective
saturation pulses. Interleaved acquisition of BOLD and VASO

signals allowed correction for BOLD contamination.
Results: During visual stimulation, a relative CBV change of

28% 6 5% was measured, confined to gray matter in the occi-
pital lobe with high sensitivity.
Conclusion: By carefully considering all the challenges of

high-field VASO and filling behavior of the relevant vasculature,
the proposed method can detect and quantify CBV changes

with high CNR in human brain at 7T. Magn Reson Med
72:137–148, 2014. VC 2013 Wiley Periodicals, Inc.

Key words: vascular space occupancy; slab-selective VASO;
cerebral blood volume; 7 Tesla; fMRI acquisition techniques

INTRODUCTION

A local change in cerebral blood volume (CBV) provides
a quantitative physiological variable to detect neuronal
activation and may localize changes of neural activity
better than other variables accessible by functional MRI

(fMRI), such as cerebral blood flow (CBF) and blood oxy-

genation level. In particular, CBV-weighted fMRI has

shown higher local specificity for the distribution of neu-

ral activity across cortical layers (1,2) and location on

the cortical surface (3) than the commonly used blood

oxygen level dependent (BOLD) fMRI. However, the

widespread use of CBV-weighted fMRI in humans is

hampered due to the invasiveness of exogenous contrast-

based CBV measurements and the low signal-to-noise

ratio (SNR) of noninvasive CBV-weighted methods.

Vascular space occupancy (VASO) is an fMRI method

that measures CBV changes noninvasively through selec-

tive detection of signal changes in the extravascular com-

partment concurrent with changes in the nulled blood

compartment (4). The VASO contrast is based on the dif-

ference between longitudinal relaxation times (T1) of tis-

sue and blood. It is generated by applying an inversion

pulse before signal acquisition, so as to effectively null

the contribution of blood water magnetization at the time

of signal excitation (so-called “blood-nulling time”),

while keeping substantial tissue signal for detection. Rel-

ative changes of residual tissue signal are then associated

with changes in CBV. At high magnetic field strengths,

four confounding effects have hampered the implementa-

tion of VASO (5,6). First, the tissue signal at the blood-

nulling time is significantly reduced due to convergence

of tissue and blood T1 values at high fields (7). This

results in a contrast-to-noise ratio (CNR) for VASO that

is disappointingly small. Second, the positive BOLD sig-

nal change during neural activation increasingly counter-

acts the negative VASO signal change (8) with increasing

magnetic field strength. Third, inhomogeneities in the

radiofrequency (RF) fields and safety limits concerning

specific absorption rate of emitted energy hamper effi-

cient spin inversion, which is vital for blood-nulling in

VASO. The fourth issue of using VASO at high fields is

the higher susceptibility to blood inflow effects, resulting

from the conjunction of two characteristics of high field

MRI. On one hand, the inversion volume is reduced

when a head coil is used for RF transmission (which is

common at 7T). This increases the likelihood of inflow

of fresh blood during the blood-nulling time. On the

other hand, blood-nulling time is increased at high-fields

due to longer blood T1, which further increases the pos-

sibility of inflow effects.

Confounding BOLD signal contributions can be
avoided by using a very short echo time (TE) (4,9) or
estimating the signal at TE¼ 0, while acquiring images at
multiple TEs (8). Here, a new BOLD-correction
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mechanism is presented. To assess and eliminate BOLD
contributions, data without blood nulling (i.e., with sig-
nal changes entirely based on the BOLD effect) are
acquired, interleaved with BOLD-contaminated VASO
data. The almost simultaneously detected BOLD signal
thus permits straightforward correction of the VASO
signal.

Potential methods to increase tissue z-magnetization at
the time when blood water magnetization is nulled have
been proposed in several studies. Tissue signal can be
increased by up to a factor of 1.5 using an off-resonant
magnetization transfer pulse (6,10). The signal can also
be increased by manipulating the steady-state z-magnet-
ization with adaptations in the repetition time (TR) and
inversion time (TI) of the inversion recovery sequence
(5,11–13).

Jin and Kim showed that blood z-magnetization cannot
approach steady-state during TR at high fields, where
the blood nulling time is long and no body-coil is typi-
cally available (14). They suggested that the blood mag-

netization should be considered not to be in steady-state,

and to adjust the blood-nulling time accordingly. The
blood z-magnetization can be maintained in this non–

steady-state by inverting the blood only in a slab within

the volume included by the coil coverage. Simulations of
this slab-inversion VASO (SI-VASO) showed that the

resulting signal tissue can be significantly increased (5).

Corresponding measurements in anesthetized cats at
9.4T showed improved cortical-layer specificity com-

pared with spin-echo BOLD (5). To avoid inflow of fresh

blood in cat SI-VASO, however, blood signal is not
nulled, so that the SI-VASO sequence becomes like a

FAIR sequence (15) without a control condition and

with an TI few hundred ms before blood nulling. Quanti-
tative estimation of CBV changes and distinguishing

between blood flow and volume changes become

difficult.
Following the method of Jin and Kim (5), we imple-

mented a slab-selective inversion pulse and applied SI-
VASO in humans with potentially higher SNR compared
with original VASO. In human brain at 7T, the time for

blood to flow from the lower bound of the inversion slab

into the microvessels of the imaging slice (“arterial

arrival time”) is similar to the blood-nulling time. This

enables TI, the inversion efficiency, and the inversion

slab thickness to be mutually adjusted, so that all blood

in the microvasculature is nulled, thus reducing poten-

tial inflow contamination of the VASO contrast. To fur-

ther increase gray matter (GM) magnetization at the

blood-nulling time, the steady-state of stationary tissue

magnetization was arranged to be maximal at the nulling

time of nonsteady-state flowing blood. This could be

achieved by applying additional 90
�

RF pulses in the

imaging slice shortly before slab-selective inversion. The

low tissue z-magnetization at the time of inversion

results in a large z-magnetization at the subsequent

blood-nulling time TI. These 90
�

RF saturation pulses

are also used to flip the tissue magnetization into the

transverse plane within the BOLD signal acquisition

module. We describe this technique as slice-saturation

slab-inversion VASO or SS-SI-VASO.

The anticipated increase in functional CNR SS-SI-
VASO, despite the aforementioned obstacles of high-
field VASO, may be used to improve the spatial resolu-
tion of CBV change measurements in healthy human
brains.

THEORY

Sequence Design

The pulse sequence diagram and the associated relative
z-magnetization of once-inverted blood, GM, and cere-
brospinal fluid (CSF) are depicted in Figure 1. Tissue
signal increase in SS-SI-VASO is achieved by manipulat-
ing the z-magnetization of flowing blood differently from
that of stationary GM. As detailed below, inversion slab
thickness, inversion efficiency, inversion times TI1 and
TI2, and TR are adjusted such that two conditions are
fulfilled. These are (a) no noninverted blood should
enter the microvasculature of the imaging region during
TI1, and (b) microvasculature of the imaging slice should
be completely refreshed by spins outside the violet slice
of Figure 1c between TI2 of the previous TR and TI1 of
the of the present TR. The higher tissue signal in SS-SI-
VASO comes primarily from the fact that, due to the pre-
vious excitation pulse, the stationary GM z-magnetiza-
tion is very small at the time of inversion, thus it is
higher at the subsequent image acquisition. An addi-
tional signal increase comes from the fact that the blood
nulling time of once-inverted blood magnetization is
longer compared with steady-state blood, providing the
z-magnetization of the neighboring tissue more time to
undergo longitudinal relaxation.

Inflow of Noninverted Blood Magnetization

The nulling time of once-inverted blood magnetization is
given by TI1¼ (ln 2) T1,blood, which yields approximately
1450 ms at 7 Tesla (T) (T1,blood is the T1 of blood water),
assuming T1,blood¼ 2100 ms (16–19). The inversion slab
must be thick enough that no noninverted (“fresh”)
blood magnetization reaches the imaging slice during
that time. In humans, it takes approximately 1000–1400
ms until blood from the upper neck region reaches the
larger vessels of the occipital lobe (20,21). Furthermore,
it takes another 400–500 ms until fresh blood reaches the
small arterioles that dynamically change their diameter
during activation (21). These numbers suggest that the
blood-nulling time is shorter than the arterial arrival
time of fresh blood, and it takes longer than TI1 for non-
inverted blood magnetization to arrive in the microvas-
culature of the imaging slice.

The SS-SI-VASO technique can also be applied in
brain regions with significantly shorter arterial arrival
times, by reducing the blood-nulling time TI1. A conven-
ient way to make the blood-nulling TI1 shorter is to
reduce the inversion efficiency of the (adiabatic) prepara-
tion pulse. To achieve this, the concept of RF phase
modulation during the RF pulse was applied. Such
phase modulations are known from plane rotation pulses
for flip-angle variations (22) and are transferred to con-
ventional adiabatic pulses here. The reduction in inver-
sion efficiency is achieved here by introducing a phase
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skip of the RF field B1 during the inversion at the time
when the frequency of the adiabatic pulse is exactly on
resonance. This opens the “cone of precession” of the
magnetization that precesses around the effective mag-
netic field during inversion. After inversion, the cone of
precession points along the negative z-direction. The B1-
independent reduction in inversion efficiency is then
given by the transverse component of the magnetization,
which depends directly on the phase skip applied.

Outflow of Blood that Has Not Been Inverted Once

SS-SI-VASO captures blood that has been inverted only
once, and has not experienced the previous excitation
pulse. Therefore, two refilling conditions must be ful-
filled. First, the period between blood-not-nulled and
blood-nulled image acquisitions must be longer than the
refilling time of the vasculature of the imaging slice

(period I in Figure 1). Otherwise, blood magnetization
that had experienced the previous excitation pulse would
not be completely nulled. The macrovessels with high
blood flow velocities penetrating the imaging slice are
believed to be more quickly refilled than the microvascu-
lature. Therefore, the refilling time of the microvascula-
ture is considered in more detail. Blood velocity
measurements suggest that the microvasculature is
refilled in 1–1.5 s (23–25). Results of Nakagawa et al. sug-
gest that both plasma and red cell transit times through
the microvasculature are shorter than 0.5 s (26). Review-
ing seven studies, the microvascular transit time was esti-
mated to be 1.16 s (27). Therefore, it takes less than 1–2 s
until the microvasculature is refilled with fresh blood
that has not experienced the previous excitation pulse.
The second refilling condition refers to the inversion slab
(red area in Figure 1c) during period III and is discussed
in Jin and Kim (5). It states that there should be no twice-

FIG. 1. a: Sequence diagram and the corresponding steady-state z-magnetization of GM, CSF, and blood in SS-SI-VASO. The depicted
blood component refers to once-inverted blood z-magnetization. Therefore, blood z-magnetization is -M0 after inversion, independent of

the magnetization before inversion. b: Depicts the expected z-magnetization of blood and GM in original VASO. Due to similar T1, GM
z-magnetization is very small at the blood-nulling time. c: Depicts schematically the geometry of inversion slab and imaging slice. The

nulling condition requires that the (violet) imaging slice is refilled with nonsaturated blood during period I. Furthermore, it is required that
no blood outside of the (red) inversion slab flows into the microvasculature of the (violet) imaging slice during period II. Additionally to
the refilling condition of the imaging slice during period I, the inversion slab (red) should be refilled with fresh blood during period III. d:
Illustrates how the vasculature of the imaging slice is refilled during consecutive 90

�
pulses. Even though, it contains arterial, capillary,

and venous compartments, the refilling time can be much shorter that the refilling time of the total vascular tree.
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inverted blood magnetization in the imaging slice during
VASO image acquisition. Note that period III is longer
than TR. It can be explained with the different timing
between generation of the VASO contrast by means of
inversion and VASO image acquisition. Even if not all
inverted blood magnetization has left the imaging slice
during the next inversion pulse, it will not contribute to
the MR signal as long as no image is acquired. Only if the
blood magnetization still has not left the imaging slice
when the following image is acquired (after period III), it
is captured and contaminates the contrast.

BOLD Correction

Additional to the acquisition of BOLD-contaminated
VASO signal change, BOLD signal change without
VASO contamination is acquired by implementing the
inversion pulse only prior every second echo-planar
imaging (EPI) readout (see Figure 1a). When the BOLD
contrast contribution is known, the BOLD contamination
in the VASO image can be factored out.

We consider a simple model of the effect of the pro-
posed BOLD correction. The gradient-echo signal of a
voxel can be considered as the z-magnetization Mz in the
voxel at the time of excitation multiplied with an expo-
nential dephasing term: S � Mz exp(-TE/T2*), where Mz

depends on the relative proton density, the inversion
time TI1, and the relative volume distribution of the
compartments in the voxel. T2* denotes the transverse
relaxation time in gradient echo acquisitions. If a voxel
contains only blood and GM (no white matter and CSF),
the signal arising only from GM during the nulling con-
dition (nc) can be expressed as:

SGM ;nc � Mz;GM ;nc e
� TE

T�
2;GM : [1]

VASO is based on the idea that Mz,GM,nc changes dur-
ing activity and that this change is proportional to 1-
CBV. For more details about this proportionality see Lu
et al (4) Eq. [4] or Lu et al (28) Eq. [2]. To obtain
Mz,GM,nc, the dephasing term must be factored out,
because T2* also changes with activation. To do so, the
signal at the nulling condition is normalized to the sig-
nal that is acquired while blood is not nulled (nn). This
signal can be expressed analogously as:

Spar;nn � Mz;par; nne
� TE

T�
2;par [2]

where the z-magnetization of the parenchyma Mz,par,nn

contains both spins within GM and spins in blood. At
the time the blood-not-nulled image is acquired, the rela-
tive z-magnetizations of blood and GM, and the proton
densities of blood and tissue are very similar. Hence, the
Mz,par,nn term can be considered to be independent of
brain activation. In other words, blood volume sensitiv-
ity is obtained only when a VASO inversion preparation
is applied, and signal change in the BOLD image comes
only from changes in T2* and not from redistribution of
water magnetization between intravascular and extrava-
scular space. Thus, we can assume that Mz,par,nn� const.
Hence, after normalizing Snc with Snn, we obtain:

Snc

snn
¼ Mz;GM ;nc e

� TE
T�

2;GM

const e
� TE

T�
2;par

� Mz;GM ;nc

const
� 1� CBV : [3]

Here, it is assumed that at high field strengths the T2*
of the parenchyma, which includes blood and tissue, is
equal to the T2* of extravascular tissue. With this
assumption, the T2*-weighting cancels out upon division
of the signals from both acquisitions, and the resulting
signal is independent of BOLD-related changes. Hence, it
is assumed that the transverse relaxation is independent
of the inversion time. It must also be stressed that the
BOLD correction scheme can only correct for extravascu-
lar BOLD signal change, which at 7T accounts for
approximately 90% of the total BOLD signal change at
TE used in this study (29,30). To validate this approach
experimentally, it is compared with an alternative BOLD
correction method based on a multi-echo acquisition (8).
Equation [3] claims only proportionality between the
BOLD corrected VASO signal and CBV. According to
discussions in (28), this proportionality factor depends
strongly on partial voluming of CSF or WM and their T1

contrast. Because this proportionality factor is not meas-
ured, the proposed method can be used only to estimate
relative CBV changes, not to estimate absolute CBV.

METHODS

Image Acquisition

The slab-selective, BOLD-corrected pulse sequence was
implemented in the IDEA programming environment on
a Siemens MAGNETOM 7T scanner (Siemens Medical
Solutions, Erlangen, Germany). For RF transmission and
reception, a 24-channel receive and circularly polarized
single-channel transmit head coil (Nova Medical, Wil-
mington, MA) was used. Data were acquired in five axial
slices aligned along the sulcus calcarinus (thickness 1.5
mm, no slice gaps) with a two-dimensional single-shot
gradient-echo EPI readout. The imaging parameters were:
TE/TR¼ 19/3000 ms, nominal voxel size of 1.5 � 1.5 �
1.5 mm3, partial Fourier factor 5/8. A TR-FOCI inversion
pulse (31) was implemented to achieve efficient slab-
selective inversion despite B1-inhomogeneities and spe-
cific absorption rate constraints at high field. The inver-
sion pulse duration could be reduced from the typical
15–20 ms to 5 ms, which minimized the BOLD-
dependent T1r relaxation of venous blood, which might
reduce inversion efficiency. The slab-selective gradient
strength was adjusted to achieve an inversion slab thick-
ness of 14.28 cm. Pilot measurements ensured that no
fresh blood flows into the imaging slice during TI1
(period II in Figure 1). Because the inversion pulse is
only applied before every second image, the inversion-
pulse repetition time was 3 s.

Considering an inversion efficiency of 95%, as meas-
ured in pilot scans, leads to TI1¼1330 ms for the blood-
nulling time. The timing of the sequence was adjusted
such that the BOLD image acquisition was always right
between two consecutive VASO images. Therefore,
TI2¼TI1þTR/2 (see Figure 1a).

Further inversion recovery measurements with multi-
ple TI1s of 36/200/300/900/1100 ms were performed
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with acquisition parameters otherwise identical to the
functional scans. Following the methods of Shin et al
(32), these data were used to generate T1 estimates and
GM maps with distortions identical to the functional
data.

Ten healthy human volunteers (five female, 23 to 33
years old) were scanned with the scan parameters
described. A 6-min duration high-contrast moving star-
field paradigm (block design: 30 s rest followed by 30 s
stimulation) (33) was used to induce neural activation
throughout the visual cortex.

To evaluate inflow effects arising from noninverted
blood magnetization, three additional subjects (one
female, 27 to 32 years old) were scanned during a 12-
min duration hypercapnia task consisting of 2/5/5 min
of breathing air/5% CO2, 21% O2 and balance N2/air.
The tremendous decrease of arterial arrival time during
hypercapnia in the range of 10–20% (34) was used here

to show how effects of inflow of fresh (noninverted)
blood magnetization can be avoided by means of manip-
ulations of the blood-nulling time. To deal with the
reduced arterial arrival time during hypercapnia, the
blood-nulling time was varied (TI1¼1330/1120/765 ms)
by adjusting the adiabatic inversion pulse efficiency to
100%, 86% and 75% in a B1-independent way, as
described above. All other sequence parameters
remained unchanged.

To validate the BOLD correction method, seven addi-
tional volunteers (4 female, 22 to 30 years old) were
scanned with a multi-echo EPI readout. Acquisition param-
eters were TE¼12/32/52 ms, partial Fourier factor¼ 5/8,
and a nominal voxel size of 1.5 � 1.5 � 1.5 mm3. All other
sequence parameters remained unchanged.

To investigate the potential advantage of SS-SI-VASO
at 3T, the sequence was also implemented on a MedSpec
30/100 whole-body scanner (Bruker Biospin, Ettlingen,

FIG. 2. Evaluation procedure for calculating DCBV from the measured MR time series. To factor out the T2* dependence of activation,
motion-corrected time series of blood nulled images are normalized to motion corrected time series of images with not-nulled blood.
General linear model statistics is applied to these T2* corrected time series to define ROIs. Signal change within these ROIs is normal-

ized with blood volume fraction at rest, which is estimated from relative GM volume within each voxel, to calculate relative CBV change.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

FIG. 3. Single-shot EPI images obtained at 7T with nominal voxel size of 1.5 � 1.5 � 1.5 mm3, TR¼3 s, TI1 is 560 ms and 1330 ms for
original and SS-SI-VASO, respectively. Images are scaled identically. Gray values represent signal intensities in arbitrary units.
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Germany). A commercial birdcage head coil (Bruker Bio-
spin) was used for RF transmission and reception. Two
subjects were scanned with SS-SI-VASO parameters of
TR/TI1¼ 4000/1015 ms, TE¼14/30 ms, nominal voxel
size¼ 3 � 3 � 4 mm3. The TR-FOCI inversion pulse
duration was increased to 10 ms.

All procedures of this study had been approved by the
Ethics Committee of the University of Leipzig. Informed
written consent was given by all volunteers.

Data Analysis

The image-evaluation procedure is illustrated in Figure 2.
MR images were corrected for motion with SPM8 (Wel-

come Department, University College London, London,
UK). Statistical analysis was done using FSL Feat (Ver-
sion 5.98) (35). Activation areas were defined with the
VASO data as a cluster of voxels having Z-values above
2.3 and a significance level of P<0.05 (corrected for mul-
tiple comparisons). BOLD-correction, T1-fits and the
extrapolation of signal change were processed with in-
house algorithms written in Cþþ using ODIN-libraries
(36). To scale the relative VASO signal change to relative
change in CBV, blood volume at rest was estimated.
Therefore, the individual GM volume of every voxel was
estimated based on the T1-fit. As in previous VASO stud-
ies, blood volume at rest (CBVr) within this GM fraction
was assumed to be 5.5% (37,38). CBVr was assumed to be
evenly distributed within GM. The T1-maps were also
used to generate maps of CSF. Because the nominal reso-
lution of 1.5 mm is on the order of the cortical thickness,
voxels that contain the surface layers of the cortex could
be identified by the partial volume fraction of CSF.

RESULTS

Slab-selective VASO provides a larger GM signal than
original VASO at 7T (Fig. 3) and at 3T (Fig. 4a). This
increase results from the longer blood-nulling time (TI1)
for once-inverted blood water z-magnetization, compared
with steady-state blood water z-magnetization. From cal-
culations based on the Bloch equations, the z-magnetiza-
tion is expected to increase in GM by a factor of 8.7 at
7T (assuming TR/T1,blood/T1,GM¼ 3/2.1/1.9 s at 7T) and
3.6 for 3T (assuming TR/T1,blood/T1,GM¼4/1.6/1.2 s at
3T). This agrees well with signal increases by factors of
approximately 4 and 8 observed experimentally within
GM-regions at 3T and 7T, respectively.

Three slices of DCBV maps obtained during visual
stimulation of all 10 subjects are shown in Figure 5.
Widespread DCBV increases can be seen in GM in the
visual cortex corresponding to the central visual field.
The measured relative CBV changes upon visual stimula-
tion of the depicted regions are summarized in Table 1.
Figure 4b depicts results from two subjects at 3T. Similar
to the 7T results, CBV increases confined to GM in the
visual cortex can be seen.

Signal time courses of BOLD and VASO of the ROIs
depicted in Figure 5 are shown in Figure 6. Both time
courses are very similar in their dynamics. The return to
baseline after stimulus cessation is on a similar time
scale in BOLD and in VASO. The intersubject stability is
slightly greater in VASO compared with BOLD signal, as
indicated by the smaller error bars. This finding holds
true independent of whether the ROIs were defined from
the BOLD or VASO time courses.

The echo time dependence of BOLD and VASO signal
from the multi-echo experiments is depicted in Figure 7.
VASO signal time courses are shown for the two differ-
ent BOLD correction methods: BOLD correction with
dynamic division for two echo times and the BOLD cor-
rection from exponential extrapolation to TE¼ 0 ms. The
latter correction method results in a larger intertrial vari-
ation associated with larger error bars, presumably due
to the low SNR of the images during the later echoes.
There is no significant difference in amplitude and

FIG. 4. Results from the two subjects at 3T. a: Depicts tSNR
maps of original VASO with TR/TI1¼4000/625 ms and SS-SI-
VASO with TR/TI1¼4000/1015 ms of one subject. tSNR in GM

regions is 9 and 32 for original VASO and SS-SI-VASO, respec-
tively. b: Depicts maps of relative CBV change in both subjects

within ROIs of significant signal change. c: Depicts VASO signal
time courses of the two subjects for different BOLD correction
schemes. Error bars refer to the standard deviation between con-

secutive activation-rest periods. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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temporal dynamics between the two BOLD correction
methods. The amplitude of the BOLD signal change on
the other hand is highly dependent on TE, as expected.

BOLD-corrected VASO signal time courses acquired at
3T (Fig. 4c) are indistinguishable from 7T results with
regard both to amplitude and temporal characteristics.
VASO time courses without BOLD correction signifi-
cantly underestimate CBV changes even at 3T. VASO
signal time courses are independent of whether the
BOLD correction was performed with dynamic division
(for TE¼ 14 and 30 ms) or whether BOLD correction was
based on exponential T2*-extrapolation. Intertrial vari-
ability (error bars in Figure 4c) are highest for a BOLD
correction assuming a mono-exponential T2*-decay.
VASO signal time course with TE¼14 ms and corrected
for BOLD with dynamic division shows smallest inter-
trial variability.

In GM voxels containing more than 10% partial vol-
ume of CSF, the BOLD signal change is larger compared
with GM voxels that do not have partial volume of CSF
(P< 0.001) (Fig. 8). On the other hand, VASO signal
change is significantly (P< 0.05) smaller in such voxels.

The effect of inflow of fresh blood on VASO is exam-
ined in three subjects with different TI1¼ 760/1120/1330
ms during hypercapnia induced by breathing a gas mix-
ture containing 5% CO2 (Fig. 9). These results demon-
strate the effect of inflow of fresh blood during the
blood-nulling time and how these inflow effects can be
minimized. With a long blood-nulling time of 1330 ms,
the majority of GM voxels show VASO signal increase,
suggesting inflow of fresh, noninverted, blood magnetiza-
tion (blue voxels in Figure 9). The number of these vox-
els is minimized by decreasing TI1, when the arterial
arrival time is shorter than the blood-nulling time.

FIG. 5. Three slices of every subject scanned at 7T are shown. The change in CBV is located in the visual cortex as expected. The

mean change in CBV is 28% 6 5%.
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DISCUSSION

CBV Changes

The measured average change in CBV of 28% 6 5% for
visual stimulation is in good agreement with values
reported in the literature of human studies using differ-
ent CBV-sensitive modalities, such as paramagnetic con-
trast agents, a multi-exponential T2 model, or positron-
emission tomography (39–41) (32% 6 10%, 21% 6 5%
and 30% 6 7%).

Intersubject Stability

Despite the fact that VASO CNR is approximately only
60% of BOLD CNR, intersubject variability appears to be
smaller in VASO time courses as compared to BOLD
time courses, which results in smaller intersubject vari-
ability in average VASO signal as shown in Figure 6.
The measured coefficients of variation (mean standard
deviation of signal at one time point during activity
divided by the signal change) are 26.9% and 33.3% for
VASO and BOLD, respectively. The greater intersubject
stability might be explained by considering that BOLD
contrast depends on multiple physiological variables,
while VASO depends on CBV change alone. For exam-
ple, variations in venous baseline oxygenation level
affect BOLD signal stability, but do not affect vasculature
(42–44). It must be pointed out that the echo time of 19
ms used here is close to the tissue T2*, which provides
optimal sensitivity to BOLD signal change at 7T. The
mean T2* from the GM in the occipital lobe measured in
our multi-echo data is 22 ms 6 5 ms. Therefore, it seems
unlikely that inferior intersubject stability in the BOLD
results is due to suboptimal choice of the acquisition
parameters.

Activation Time Courses

Both VASO and BOLD signals return to baseline after a
similar time (Fig. 6), contrasting with Mandeville et al.
(45), but in agreement with Dechent et al (46), Poser and
Norris (47), and the results reviewed in van Zijl et al
(48). VASO signal change reflects DCBV mostly of arteri-

olar, capillary blood compartments as long as they are
nulled, independent of their oxygenation level. The
BOLD effect, on the other hand, is dominated by the
most deoxygenated part of the vasculature. Therefore,
the fast return to baseline of VASO data does not neces-
sarily contradict predictions made by the balloon or
windkessel model (45,49), with the corresponding expla-
nation of BOLD poststimulus undershoot. The fast time
scale of CBV change might result from the smallness or
indeed absence of changes in venous CBV with short
stimulus durations (25).

Dynamic Changes of CSF Volume

Assuming the skull as a container of a fixed volume,
increase of one compartment, e.g., CBV, must be com-
pensated by volume decrease in another compartment,
e.g., GM or CSF (50). VASO signal change is based on
the idea that CBV increase is compensated by GM vol-
ume decrease only. However, dependent on the brain
region stimulated, a small dynamic change in CSF vol-
ume in the range of 0.5% to 10% has been experimen-
tally observed (40,51,52). Such stimulus-dependent
variations in CSF volume could cause an incorrect calcu-
lation of DCBV from the VASO signal change
(40,51,53,54).

Table 1
Results of All 10 Subjects that Were Scanned at 7Ta

Subject Sex DCBV
CBV rest

Activated

volume in cm3
GM

fraction

1 m 30.6% 8.5 61%

2 m 27.9% 4.8 61%
3 w 28.5% 9.5 61%
4 m 20.8% 5.9 51%

5 m 23.6% 6.0 64%
6 m 33.3% 7.0 57%

7 w 31.7% 9.7 55%
8 w 22.8% 7.7 65%
9 w 33.9% 10.1 55%

10 w 29.2% 9.1 49%
All 28.2% 6 4.5% 7.8 6 1.8 58% 6 5%
Women 29.2% 6 3.7% 9.2 6 0.8 57% 6 6%

Men 27.2% 6 4.5% 6.5 6 1.2 59% 6 5%
aRelative CBV changes refer to all voxels within the activation

maps.

FIG. 6. BOLD and VASO signal time courses. a: Normalized signal

changes. b: Scaled BOLD and VASO signal time courses. Note
the similar time scale of the recurrence to baseline in VASO and in

BOLD. Note also the smaller intersubject variability in VASO com-
pared with BOLD. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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In SS-SI-VASO, manipulations of the stationary CSF z-
magnetization can be used to minimize sensitivity to
such dynamic changes in CSF volume. In SS-SI-VASO,
blood z-magnetization is not considered to be in steady-
state; hence, the blood-nulling time is independent of TR.
Therefore, TR can be adjusted as a free parameter to
manipulate the relative signal weighting of GM and CSF.
For TR in the order of 3–4 s, the MRI signal intensities of
GM and CSF are similar, and the VASO signal change cor-
responds to changes in both of these compartments, that
is, a CBV increase compensated by a GM volume decrease
as well as a CBV increase that is compensated with a
decrease in CSF volume. If TR is approximately 7 s, both
compartments, once-inverted blood and steady-state CSF
magnetization, are nulled simultaneously. In this case,
VASO signal change reflects only the CBV increase that is
compensated by GM decrease, and it is insensitive to
CBV increase that is compensated by CSF decrease. Thus,
the sensitivity of VASO to dynamic changes in CSF can
be modulated in SS-SI-VASO simply by adapting TR,
whereas in the original VASO (4), implementations based
on more time-inefficient methods like VASO FLAIR (53)
or ACDC VASO (51) need to be applied.

Signal Change at the Cortical Surface

The observation that VASO is smaller in GM voxels
with significant partial-volume contributions from CSF

(see Fig. 8) is consistent with results showing that DCBV
is smaller in voxels closer to the pial surface, in contrast
to BOLD (1,5,55). It suggests that changes in CBV are
independent of pial veins, which are known often to
dominate the BOLD effect. In fact, such comparisons
between CBV (MION and SI-VASO) and BOLD (gradient
echo and spin echo) were performed by Jin, Kim, and
coworkers (5,55–57) in cats at 9.4T with ultra-high reso-
lution, and the results in Figure 8 can be understood as
a low-resolution replication of part of their findings.
Note that surface voxels can have different partial-
volume characteristics from more typical voxels. This
means, independent of the underlying layer-dependency
of VASO and BOLD, surface voxels are expected to
show smaller signal changes corresponding to the
smaller GM volume they contain. However, because
BOLD signal changes are investigated in the same subset
of voxels, partial-volume biases are identical in BOLD
and VASO signal change. Therefore, differences between
BOLD and VASO can be considered independent of
such biases.

BOLD Correction Mechanism

The proposed BOLD correction scheme based on a
dynamic division of images with and without blood nul-
ling is compared with an alternative previously estab-
lished BOLD correction based on a mono-exponential
T2* decay in a multi-echo EPI readout (see Figure 7 for
7T data). The concordance in amplitude and temporal
characteristics suggests that BOLD correction with
dynamic division can account for BOLD contamination
as accurately as BOLD correction with multi-echo acqui-
sition. It is further validated by a comparison of results
obtained at 3T with different echo times of 14 and 30
ms, where BOLD contaminations are expected to be
smaller (8) (Fig. 4c).

Inflow of Noninverted Blood Magnetization During TI1 into
Arterial Vessels

Inflow of noninverted blood can introduce a CBF-
weighting that counteracts the SS-SI-VASO contrast (see
Figure 9 with long TI1). However, if TI1 is made smaller
than the arterial arrival time, this effect can be avoided
(see Figure 9 at short TI1).

Blood Magnetization in Venous Vessels

Due to the finite permeability of capillary walls, down-
stream vascular compartments can be filled with a mix-
ture of arterial water and tissue water. Hence venous
blood magnetization might not be completely nulled and
its contribution to the functional VASO contrast is
underestimated (4,5). In case the refilling condition of
SS-SI-VASO is violated and steady-state blood in the
microvasculature has not been completely replaced by
fresh once-inverted blood, the blood magnetization of
the corresponding downstream vessels would not be
completely nulled. Due to both of these effects, the con-
tribution of venous CBV change can be underestimated
even though the venous CBV change is expected to be
small (5,58,59).

FIG. 7. VASO and BOLD signal responses for different TEs. VASO

signal time courses are depicted for different BOLD correction meth-
ods. The green line corresponds to BOLD correction with a multi-

echo readout. The black/yellow lines correspond to the BOLD correc-
tion mechanism that is based on dynamic division of blood-nulled and
blood-not-nulled images at TE¼12/32 ms. Error bars refer to stand-

ard deviation across subjects. Signal time courses refer to the same
stimulation paradigms, but different TEs. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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Magnetization Exchange Between Intra- and
Extravascular Spaces

Similar to the original VASO, SS-SI-VASO is based on a
model of two nonexchanging compartments. However,
magnetization exchange between intra- and extravascular
spaces due to finite permeability of the capillary wall
can result in CBF-dependent reduction of the GM signal
(4,60). In SS-SI-VASO, the magnetization within the slice
is kept at a low value during inversion. Hence, during
the entire period III inverted blood magnetization will

enter the slice and exchange with tissue magnetization

that is close to zero. The large difference between blood
and tissue magnetization is a unique feature of SS-SI-

VASO. Due to this difference, the absolute exchange of

magnetic moment (i.e., in units of A m2) between intra-
vascular and extravascular space will be larger than in

original VASO. The increase in sensitivity of SS-SI-

VASO compared with original VASO, hence, appears to

come at the price of increased sensitivity to perfusion.
However, the tissue signal in SS-SI-VASO still exceeds
that of original VASO by approximately an order of mag-
nitude. So, we consider it likely that the relative perfu-
sion contribution (in percent of the SS-SI-VASO signal)
will be comparable to the relative perfusion contribution
in original VASO (60). Detailed studies, including multi-
compartment simulations, will be required to estimate
the magnitudes of absolute and relative perfusion contri-
butions in SS-SI-VASO.

Extensibility to a Three-Dimensional Method

VASO has been extended to a multi-slice method with
several advanced readout strategies (6,47,54,61–63), or

FIG. 8. VASO and BOLD signal changes in gray matter surface voxels compared with signal change in voxels representing deeper corti-
cal layers of the visual cortex. The BOLD signal change is dominated from surface voxels and VASO signal change is smaller in surface

voxels compared with deeper voxels. Error bars refer to the standard error of mean across 10 subjects. This discrepancy might reflect
the different vascular origin of BOLD and VASO. A representative map of such surface voxels across a slice through the brain is
depicted on the right. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

FIG. 9. Maps of VASO signal change in three different subjects with TI1¼760/1120/1330 ms during hypercapnia. Voxels with significant
VASO signal increase due to inflow of fresh blood magnetization during hypercapnia are depicted in blue. The number of these voxels
decreases with shorter blood-nulling times, as inflow effects of fresh blood are reduced. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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by means of advanced modeling (64). In SS-SI-VASO,
these methods can be used to increase the number of
imaging slices, analogously. The additional requirements
of the SS-SI-VASO regarding the vasculature dynamics
must be considered in adjusting the sequence parameters
when it is applied with a three-dimensional acquisition.
For example, if more imaging slices have to be acquired,
TR must increase to give blood sufficient time to refill
the vasculature between consecutive image acquisitions,
and of course both the imaging slab thickness and the
inversion slab thickness must be increased. Alterna-
tively, the blood nulling time could be reduced, by
means of smaller inversion efficiency, to prevent inflow
effects of fresh blood into the imaging slab. The funda-
mental limitations of the imaging slab thickness in slab-
selective VASO are comparable to limitations of pulsed
arterial spin labeling (PASL) methods (65), which are
also given by refilling behavior of the vasculature within
a slab.

CONCLUSIONS

We have shown that the proposed SS-SI-VASO yields
reliable and consistent detection of CBV changes in
humans at 7T. Here, blood arrival and transit times of
healthy subjects are comparable to the blood-nulling time
after inversion, which is used in a slab-selective approach
to increase the functional CNR. With these improve-
ments, SS-SI-VASO may be a useful tool for high-
resolution functional brain mapping in humans at high
fields. Furthermore, the high sensitivity of the proposed
method can play an important role in neuroscientific
research, where experiments are limited by low SNR, e.g.,
investigating neurovascular coupling in negative BOLD
regions (66,67), or in calibrated BOLD fMRI (68).
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