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NOTE

Simultaneous Acquisition of Cerebral Blood Volume-,
Blood Flow-, and Blood Oxygenation-Weighted MRI
Signals at Ultra-High Magnetic Field

Steffen N. Krieger,1,2* Laurentius Huber,1 Benedikt A. Poser,3 Robert Turner,1

and Gary F. Egan2

Purpose: Yang et al. proposed an MRI technique for the

simultaneous acquisition of cerebral blood volume (CBV), cere-
bral blood flow (CBF), and blood oxygenation level-dependent

(BOLD)-weighted MRI signals (9). The purpose of this study
was to develop modified version of the Yang sequence, which
utilizes the advantages of 7 Tesla, leading to a robust and reli-

able MRI sequence.
Methods: The inversion recovery-based MR pulse sequence

introduced here involves slice-saturation slab-inversion vascu-
lar space occupancy (SI-SS-VASO) MRI, double echo planar
imaging readouts for arterial spin labeling, and VASO in order

to correct for BOLD contamination, and a separate BOLD
acquisition to minimize inversion effects on the BOLD signal. A
standard visual stimulus block design was used to evaluate

the spatial and temporal characteristics of CBV-, CBF-, and
BOLD-weighted images.

Results: The high signal-to-noise ratio and spatial resolution
of this method leads to robust activation maps. This technique
enables the investigation of the differential spatial specificity

and temporal characteristics of the different modalities.
Conclusion: The pulse sequence could be a powerful tool for

studies of neurovascular coupling, hemodynamic response,
or calibrated BOLD. Magn Reson Med 74:513–517, 2015. VC

2014 Wiley Periodicals, Inc.
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INTRODUCTION

Today, several MRI techniques are used to map spatial
and temporal patterns of functional activation. The blood
oxygenation level-dependent (BOLD) contrast is the clas-
sic approach used in functional MRI (fMRI) at all field
strengths (1). Cerebral neuronal activity is robustly
detectable with high sensitivity, which makes fMRI
available for a broad area of scientific research. The

major drawback of BOLD contrast, however, is its poor
spatial specificity. The BOLD signal is directly coupled
to the concentration in deoxyhemoglobin of blood.
Therefore, downstream draining veins can show large
BOLD signal changes during neuronal activation, even
when relatively far from the area of activation (2). Addi-
tionally, the fact that BOLD signal emerges from a combi-
nation of changes in cerebral blood flow (CBF), cerebral
blood volume (CBV), and cerebral oxygen metabolism
(CMRO2) makes this contrast difficult to interpret. Fur-
thermore, BOLD signal sensitivity to variations in base-
line physiology limits its reproducibility and hampers
fully quantitative analysis (3).

Alternative fMRI techniques use single physiological
quantities as a marker of neuronal activity rather than a
combination of many. Arterial spin labeling (ASL) is a
noninvasive technique to measure CBF, and various
approaches have been introduced to provide optimal MR
signal quality (4–6). ASL uses magnetically labeled blood
water as an endogenous tracer; and in contrast with
BOLD, it has a strong arteriolar and capillary signal-
weighting, which gives this technique an improved
spatial specificity (7). The major problem, however, is its
low signal-to-noise ratio (SNR). ASL relies on the MR
signal coming from the blood, which typically contrib-
utes less than 5% to the total signal arising from each
voxel (7). Vascular space occupancy (VASO) has been
used to measure functionally induced changes in CBV
(8). VASO also relies on the inversion of blood water
spins, but in contrast with ASL, the MR signals are
acquired at the blood nulling time point.

BOLD, ASL, and VASO show different signal charac-
teristics with regard to spatial and temporal sensitivity
and specificity. Simultaneous detection of multiple MRI
signals could thus be useful to combine the advantages
of each technique. Yang et al. recently introduced an
MRI technique to simultaneously map BOLD-, CBF-, and
CBV-weighted MRI signals at 3 Tesla (9). This technique
has already found a series of applications (10–12), and
several technical developments have followed the origi-
nal proposal (13–16). Based on Yang et al., we have
developed a new method to simultaneously measure
CBV-, CBF-, and BOLD-weighted MRI signals optimized
for ultra-high static magnetic field strength. The purpose
of this study was to develop an MR sequence that over-
comes several potential drawbacks of Yang et al. while
utilizing the advantages of ultra-high magnetic fields.

The key modifications compared to the original tech-
nique developed by Yang et al. include the application
of slice-saturation slab-inversion VASO (SS-SI-VASO),
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providing increased SNR in the CBV-weighted images
(17). Furthermore, multiple echo planar imaging (EPI)
readouts are used to correct for BOLD signal contamina-
tion of the VASO and ASL images. High inversion effi-
ciencies and sharp inversion profiles were achieved via
an adiabatic inversion radio frequency (RF) pulse specifi-
cally designed for 7 Tesla (18). Additionally, a separate
BOLD acquisition at the end of the sequence minimizes
inversion effects on the BOLD signal. This technique can
be used to study neurovascular coupling, quantification
of oxygen metabolism, and to investigate biophysical
models of the BOLD signal.

METHODS

SS-SI VASO Signal Acquisition

In order to obtain robust and uniform slab-selective inver-
sion despite B1 inhomogeneities and substantial specific
absorption rate (SAR) constraints, a slab-inversion time
resampled frequency offset corrected inversion (Tr-FOCI)
pulse (18) was used to magnetically label blood water spins
(pulse duration¼ 5.5 ms, pulse amplitude¼400 V, slab
thickness¼ 142.8 mm), as suggested by Huber et al. (17). At
inversion time (TI)1¼ 1330 ms, a single slice positioned
across the visual cortex was excited, followed by two EPI
readouts providing two VASO images at two different echo
times (TEVASO,1¼ 14 ms, TEVASO,2¼ 37 ms). Imaging
parameters for all acquisitions were: field of view¼192 �
192 mm, nominal isotropic resolution¼ 1.5 mm, general-
ized autocalibrating partially parallel acquisitions
(GRAPPA) factor¼ 3, partial Fourier factor¼ 6/8, repetition
time (TR)¼ 3 seconds.

ASL and BOLD Signal Acquisition

The second excitation was performed at TI2¼ 1650 ms,
followed by two consecutive EPI readouts (TEASL,1¼14
ms, TEASL,2¼37 ms) giving CBF-weighted MRI images.
No additional inversion pulse was applied between
VASO and ASL readout. However, the delayed acquisi-
tion of the CBF-weighted image provided enough time to
have nonexcited blood flowing into the imaging slice,
and thus avoid saturation effects due to earlier excitation
RF pulses.

BOLD signals were acquired at TI3¼2250 ms in order
to minimize the influence of earlier inversion pulses on

the BOLD contrast. The echo time used for the BOLD
image was TEBOLD¼22 ms, which provides optimal con-
trast with minimal susceptibility-induced void artifacts.
The sequence diagram can be found in Figure 1.

EXPERIMENTAL DESIGN

The data were acquired in five healthy participants on a
Siemens Magnetom 7 Tesla whole body MRI scanner
(Siemens Healthcare, Erlangen, Germany) equipped with
a 24-channel head coil (NOVA Medical Inc, Wilmington,
MA). All participants gave written informed consent for
participation in this study. Ethics approval was obtained
from the local review board (Ethics Commission, Leipzig
University). Visual stimulation with an 8-Hz black-and-
white radial checkerboard was presented on a screen
inside the magnet with a standard block design of 30
seconds of rest, followed by 30 activation periods. The
complete procedure took 8 minutes.

Data Analysis

VASO and ASL images were extrapolated to TE¼ 0 ms
using a single compartment model (19). Extrapolated
VASO and ASL images and the BOLD images were then
corrected for in-plane motion using the fMRI expert anal-
ysis tool v. 5.98 (Functional MRI of the Brain Software
Library, Oxford University, UK) using no smoothing ker-
nel. SNR and temporal SNR (tSNR) was calculated in
gray matter for all subjects based on the extrapolated
SS-SI-VASO and ASL images at TE¼ 0 ms. Cluster-
thresholded activation maps (P< 0.05, multiple compari-
son corrected) for VASO, ASL, and BOLD signals were
calculated using the same software. Time courses of sig-
nificantly activated voxels were averaged in time using
in-house analysis tools based on MATLAB (v. 8.0.0.783
[R2012b]; MathWorks, Natick, MA).

RESULTS

The average SNR in gray matter of the SS-SI-VASO and
ASL images acquired via the simultaneous acquisition
technique was 9.3 6 1.2 and 14.3 6 3.0, respectively. The
corresponding tSNR of SS-SI-VASO and ASL in gray
matter was 12.0 6 1.4 and 18.5 6 2.1, respectively. Statis-
tical activation maps of CBV, CBF, and BOLD from all
subjects are shown in Figure 2. The relatively high

FIG. 1. Sequence diagram of simultaneous

slice-saturation slab-inversion vascular
space occupancy (after TI1), arterial spin
labeling (after TI2), and blood oxygenation

level-dependent (after TI3) signal acquisi-
tion at 7 Tesla. EPI, echo planar imaging.
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spatial resolution used in this study enables the investi-
gation of the differential spatial specificity of the differ-
ent modalities. Whereas BOLD contrast shows significant
activation at the cortical surface, VASO and ASL signal
changes appear to peak only within gray matter, as
expected. The CBV and CBF activation maps were based
on the VASO and ASL MRI images, when extrapolated
to TE¼0 ms. Single-subject time courses of VASO, ASL,
and BOLD signals averaged across all significantly acti-
vated voxels can be found in Figures 3 A, B, and C,
respectively. Group averages of each quantity are plotted
in the same graphs. The time courses have been normal-
ized to the baseline of each quantity, respectively.

DISCUSSION

Based on the technique developed by Yang et al. (9), we
have introduced an imaging technique to simultaneously
acquire CBV-, CBF-, and BOLD-weighted MRI signals at
ultra-high static magnetic field strength. The spatial and
temporal SNR characteristics achieved in this study are
comparable to those obtained in studies using the acqui-
sition of a single quantity only at comparable spatial
resolutions and field strengths (17,20,21). As expected,
BOLD-weighted signals showed larger areas of significant
functional activation than did CBF- and CBV-weighted
signals. BOLD signal changes were observed to occur not
only at the site of neuronal activity but also in down-
stream venules and veins, consistent with the reliance of
the BOLD signal on changes in oxy-deoxyhemoglobin
ratio, which occur mainly on the venous vessel side
(2,22). In contrast, VASO and ASL signal changes origi-
nate mainly from arteries and capillaries because the
highest fractional changes in cerebral blood volume and
flow occur in these compartments. Presumably due to
differences in the compartmental weighting of the VASO
and the ASL signal, spatial differences in CBV and CBF
activation maps are observable in Figure 2. Reduced par-
tial volume effects because of the relatively high spatial
resolution used in this study might highlight this effect.
Furthermore, differences of blood T1 across subjects
might also lead to variations in the extent and amplitude
of regional brain activation in ASL and VASO statistical
activation maps.

VASO and ASL suffer from an intrinsically lower sen-
sitivity but provide increased spatial specificity as com-

pared to BOLD contrast (23,24). When sequentially
acquired MR signals are compared and interpreted,
motion and image artifacts are major concerns. Further-
more, attention and habituation effects have to be taken
into account when comparing MR signals that are not
acquired simultaneously because these may affect the
neuronal and hemodynamic response to functional stim-
uli. The pulse sequence introduced in this article thus
enables the study of brain function with combined high
sensitivity and high specificity, which may provide
insight into the biophysics of the neurovascular
response—a major practical advantage compared with
sequential signal acquisition.

Despite the advantage of providing increased MR sig-
nals compared to lower static magnetic field strengths, 7
Tesla MRI entails several challenges when an inversion
recovery sequence is used. For example, a reduced dif-
ference in longitudinal relaxation times T1 of blood and
tissue leads to small contrast-to-noise (CNR) of classic
VASO (20), and positive BOLD signal changes

FIG. 2. Statistical activation maps of cerebral blood volume-, cerebral

blood flow-, and BOLD-weighted MRI images of all subjects.ASL,
arterial spin labeling; BOLD, blood oxygenation level-dependent;
VASO, vascular space occupancy.

FIG. 3. Time courses of VASO (A), ASL (B), and BOLD (C) from all
five subjects were normalized to baseline and plotted in dashed lines.
The averaged time courses across subjects of VASO, ASL, and

BOLD are plotted as bold solid lines in A, B, and C, respectively.
ASL, arterial spin labeling; BOLD, blood oxygenation level-dependent;

VASO, vascular space occupancy.
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increasingly counteract the negative VASO signal change
(19). Furthermore, RF field inhomogeneities and SAR
limits hamper efficient spin inversion. Use of a tr-FOCI
pulse with SS-SI VASO was found to overcome these
obstacles (18) and increases SNR and CNR compared to
classic VASO approaches. Slab-selective inversion ena-
bles labeled blood to be refreshed between each inver-
sion pulse, which leads to a steady-state tissue signal,
but a blood signal that has experienced only one inver-
sion. The increased blood T1 at higher field strengths
provides higher SNR due to the slower decay of the
labeled blood spins. A potential problem of the current
implementation of this technique is the inflow of fresh
blood into the imaging slice before the VASO and the
ASL signal have been acquired. Inflow of noninverted
spins could introduce a CBF-weighting in the SS-SI-
VASO contrast. In future studies, a partial inversion
technique could be applied to reduce the blood nulling
time and therefore reduce the vulnerability to inflow
effects (17). Furthermore, multislice acquisition could
make this technique more robust against head motion
because standard motion correction algorithms could be
applied properly. In this study, only experienced sub-
jects that are known to show little movement during the
scanning sessions have been selected in order to avoid
deviations resulting from head motion. A multislice
extension of this technique would, however, be limited
by the total acquisition time, especially with regard to
the VASO blood nulling condition. In addition, energy
deposition restrictions and effects on the ASL signal due
to prior excitations would have to be assessed. Another
potential drawback of the simultaneous acquisition of
three physiological quantities is that advanced ASL tech-
niques such as the application of saturation pulses to
actively control the temporal width of the labeled bolus
(25) and background suppression (26,27) cannot be
applied.

The technique introduced in this article involves three
excitation pulses applied on one slice within one TR.
Previous RF pulses might affect the ASL and the BOLD
signal acquired at a later time point. Therefore, it is cru-
cial to maximize the time between the acquisition of the
three contrasts to allow the blood inside the excited slice
to refresh before the next acquisition takes place and to
avoid detrimental effects on the next acquisition. Longer
TI reduces the ASL signal, however, due to T1 decay.
We found optimal results for TI2¼ 1650 ms and
TI3¼ 2250 ms while taking into account a fixed VASO
inversion time. In order to minimize T1- weighting asso-
ciated with flow, the BOLD signal acquisition is per-
formed at the end of the pulse sequence using a single
RF excitation followed by a single EPI readout. This fea-
ture is especially necessary at high magnetic field
strengths due to the increased longitudinal relaxation
times of blood compared to lower field strengths.

The comparison and interpretation of simultaneously
acquired signal time courses of CBV, CBF, and BOLD may
become a powerful strategy for future studies of brain
function. The spatiotemporal characteristics of VASO,
ASL, and BOLD MRI signals have been found to rely on
various parameters such as type of functional task, brain
area, task duration, age, sleep, and awareness (28–32).

Simultaneous acquisition of multiple physiological
parameters could help investigating and quantifying these
dependencies. The time courses obtained in this study
show the expected characteristics of VASO, ASL, and
BOLD (see Figure 3) (9). The increased CBV-weighted sig-
nal changes occurring during functional activation can be
explained by the increased SNR of SS-SI-VASO at ultra-
high field compared to classic VASO, as well as reduced
partial volume effects as a result of the high spatial reso-
lution used (17,33). However, comparable changes in
VASO signal have already been found in earlier studies,
even at lower field strengths (20,34). The VASO signal is
acquired at blood nulling time and therefore reflects the
amount of gray matter signal in each voxel. During func-
tional activation of a specific brain area, the blood vessels
dilate and therefore reduce the remaining gray matter sig-
nal in these voxels, leading to a negative VASO signal.
BOLD and ASL signal changes are positive, as expected.
The signal time courses of all three quantities are as
expected for single subject and group analysis.

CONCLUSION

In this study, we have introduced a modified version of the
MRI sequence introduced by Yang et al. (9) that enables
simultaneous acquisition of CBV-, CBF-, and BOLD-
weighted MR signals at 7 Tesla. The MR pulse sequence
used in this study was optimized for use at ultra-high field,
but with appropriate adjustment of the timing parameters
is equally applicable at clinical field strengths, albeit with
lower SNR. Functional activation maps and time courses of
CBV-, CBF-, and BOLD-weighted MRI signals obtained
through this technique demonstrated the applicability of
this novel approach. Simultaneous acquisition of VASO,
ASL, and BOLD-based MRI signals can be a powerful tool
for functional studies of brain function and a time efficient
alternative for cognitive studies. Future studies could use
our technique to investigate neurovascular coupling and its
changes across diseases, age, and pharmacology. Further-
more, calibrated BOLD studies are expected to benefit from
additional information about changes in CBV and over-
come uncertainties related to the flow-volume coupling
coefficient.
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