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Abstract
A new MRI technique to map the oxygenation of venous blood is presented. The method uses
velocity-selective excitation and arterial nulling pulses, combined with phase sensitive signal
detection to isolate the venous blood signal. The T2 of this signal along with a T2-Y calibration
curve yields estimates of venous oxygenation in situ. Results from phantoms and healthy human
subjects under normoxic and hypoxic conditions are shown, and venous saturation levels
estimated from both sagittal sinus and grey matter based ROIs are compared to the related
techniques TRUST and QUIXOTIC. In addition, combined with an additional scan without
arterial nulling pulses, the oxygen saturation level on arterial side can also be estimated.
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Introduction
After stroke, in hypoperfused but potentially salvable regions referred as the ischemic
penumbra, the brain tissue is perfused at a level where its function is impaired but
morphological integrity remains (1). This hemodynamic state is characterized by reduced
cerebral blood flow with increased Oxygen Extraction Fraction (OEF) to maintain vital
oxygen metabolism (2). The penumbra was originally identified and defined as high OEF
regions by Positron Emission Tomography (PET) imaging in 1979 (3). The mismatched
regions from Diffusion Weighted Imaging (DWI) and Perfusion Weighted Imaging (PWI)
are widely used as a practical surrogate to identify the penumbra that may be amenable to
therapies in acute and ischemic stroke due to its relatively easy accessibility compared to
PET. However, recent studies comparing DWI/PWI with PET (4–7) suggest that the MRI
DWI-PWI mismatched regions cannot clearly differentiate true penumbra from oligemia,
and the amount of tissue at risk is often overestimated from DWI-PWI mismatch. This
provides motivation for returning to OEF as a better means of identifying the true penumbra.

In studies of brain function, the uncoupling of flow and oxygen metabolism gives rise to
Blood Oxygenation Level Dependent (BOLD) effect (8). However, due to the complex
dynamics of blood flow, blood volume, oxygen metabolism changes, etc., researchers are
looking into more direct ways of measuring cerebral metabolic rate of O2 (CMRO2)
noninvasively, such as calibrated (9) or quantitative BOLD (qBOLD) (10–12).
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CMRO2 can be calculated from OEF, CBF (cerebral blood flow) and arterial oxygen content
(CaO2): CMRO2 = CaO2*CBF*OEF, where OEF can be estimated from arterial and venous
blood oxygenation difference. Research focusing on measurement of blood oxygenation
with MRI includes: measuring the susceptibility caused by deoxygenated hemoglobin and
converting it into venous oxygenation (13–15); measuring R2′ (10,11) or ΔR2′ (12) and
estimating venous oxygenation through the qBOLD model (16,17); and measuring blood T2/
T2* and converting it into oxygenation level through a model or calibration curve (18–23).
These methods have their own challenges and limitations: methods based on susceptibility
are limited to relatively large and straight vessels that are fully resolved by the imaging
process; the qBOLD method is suitable for in situ measurement, but the model is
complicated with a large number of parameters to fit (10,11), and high signal-to-noise ratio
(SNR) is necessary to produce good fitting results (24), or it requires injection of
intravascular contrast agent (12); methods based on T2 measurement can be applied both in
situ or in large vessels, but a good separation of blood from surrounding tissues is critical to
avoid partial volume effects.

Among the T2-based methods, experiments were successfully carried out in large vessels
(18,21) and the partial volume effect was further reduced by using magnetization
preparation and subtraction methods such as in TRUST (25). However, spatial information
is largely lost in measurements from big vessels; and measurements from local draining
veins, or in situ are desired (19,20) where the partial volume effect is most challenging.

Recently the QUIXOTIC method introduced by Bolar et al (26,27) provides insight into
separating the blood and the tissue signal. It uses a velocity-selective (VS) spin labeling
technique to separate accelerating venous blood from decelerating arterial blood and static
tissue. However, since the flow-sensitive gradients are turned on in the tag condition but not
in the control condition, the signal difference from diffusion attenuation, especially that
from cerebrospinal fluid (CSF), may contaminate the venous signal of interest (27), and
there may be interference from eddy current effects. In addition, to suppress the arterial
signal, a global inversion pulse is applied which also attenuates the signal of venous blood
and brain tissue, from which the venous signal originates and the subtraction scheme has
relatively low temporal efficiency.

In this study, a new technique referred as Velocity-Selective Excitation with Arterial Nulling
(VSEAN) (28), is demonstrated to help address these issues with a focus on isolating the
venous blood signal and conducting T2 measurements. The modeling and calibration
involved in converting T2 values to blood oxygen saturation has been investigating by others
(23,29–31), and is outside of the scope of this study.

Theory
Nulling of arterial blood

To accurately estimate the venous oxygenation using T2 based methods, the venous blood
signal has to be separated clearly from other signal sources such as the brain tissue, CSF and
arterial blood. To remove the arterial blood signal, a slab-selective inversion pulse is applied
below the imaging plane, and a delay time TI, which is set to coincide with the null point of
blood longitudinal magnetization (Mz), allows for the inverted bolus of arterial blood to
travel to the imaging plane. At the null point, a portion of the bolus occupies the arterial side
of the vasculature and thus does not contribute to the observed signal. Another portion may
enter capillaries or exchange with tissue water, but would not be excited by the velocity-
selective excitation (VSE, see below). A third portion may enter the venous circulation, but
this portion is likely to be negligible due to fast exchange between blood and tissue water
pools (32,33), and the arterial and capillary transit times. Since the inversion pulse is slab-
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selective, the spins of tissue and venous blood in the imaging slice is unperturbed by the
inversion, providing stronger venous signal relative to that of QUIXOTIC (Figure 1).

Velocity-Selective Excitation (VSE)
At the null point of arterial blood, a VSE pulse module is applied to excite the moving spins,
without generating signal from static and slow flowing spins, including brain tissue, CSF,
and the blood in capillaries. Since the static tissue signal is usually much stronger than the
blood signal of interest, an efficient suppression of the static tissue is critical for in situ
measurements. With conventional VS pulses, the moving spins that accumulate nπ phase
are tipped back to the longitudinal axis, generating a cosine-shaped Mz response with
respect to velocity: Mz=M0cos(βv), referred as “cos” modulation (Figure 2), where β is the
flow moment controlled by flow-weighting gradients. With an extra ±π/2 phase added to the
last tip-up portion in VS module (34), the moving spins that accumulate 2nπ±π/2 phase are
tipped back to the longitudinal axis instead, leaving the spins that accumulate nπ phase,
including the static tissue, on the transverse plane to be destroyed by a strong gradient
spoiler, therefore a sine-shaped Mz profile is generated: Mz=M0sin(βv), referred as “sin”
modulation. This modification can be made on VS pulses using BIR4-based (34), dual-sech
(35) or hard pulses (36), in this study we chose BIR4-based pulses for both B0 and B1
insensitivity (37). The VSE pulse train and spin evolution process are illustrated in Figure 2.
We define the lowest velocity that generates π/2 phase shift as ve for convenience.

Note that spins moving in opposite directions will accumulate phases of 2nπ±π/2, and will
be tipped onto +Z or −Z axis accordingly, and their signals tend to cancel if they are in the
same voxel. In addition, the steep velocity dependency around zero velocity makes it
sensitive to slow motion. To avoid these problems, another VSE module can be applied to
generate a sine-squared profile: Mz= M0sin2(βv) which has a flat response around zero
velocity, and should therefore be robust against slow motion. In addition, the phases of spins
that are moving in opposite directions will have the same sign and thus avoid signal
cancellation. However, the “sin2”excitation signal is attenuated, given a uniform velocity
distribution, it generates π/4=0.785 of the signal with “sin” excitation.

Flow Signal Separation by Projection
Instead of applying the same “sin” modulated VSE pulse module twice, the second module
is incorporated into image acquisition by adding flow-weighting gradients with the same
flow moment as in the VSE preparation pulses. This reduces signal loss due to T2 decay as
well as RF power. More importantly, the π/2 phase difference between the static and
moving signals with desired velocity is preserved (shown in Figure 2), thereby allowing the
separation of the moving signal from residual static signal. First, a reference phase for static
tissue was estimated from a “cos” modulated signal where the static tissue signal is
dominant. The “sin” modulated signal is then projected onto this phase reference axis, and
separated into two components: the residual static tissue signal aligned with the reference
axis, a “real” component; and the flow signal of interest with a π/2 phase shift, the
“imaginary” component, which has a net sin2 dependence on velocity as described above. In
principle, the reference phase images can be acquired with no VSE preparation at all,
however, by using the “cos” modulated VSE pulse train, the gradients are exactly the same
as in the “sin” modulated VSE pulse train, and the method should be robust against eddy
current effects.

T2 measurement and Oxygenation Estimation
The T2 measurement of venous blood and translation to oxygen saturation is independent of
the venous signal separation process. There are several methods available: 1) T2 preparation;
2) multiple single-echo spin-echo (SE) acquisitions; and 3) multi-echo SE acquisition. The
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T2 preparation method is in principle insensitive to flow effect, but the temporal efficiency
and resolution is relatively low, and signal fluctuations across TR periods may introduce
errors. The multiple single-echo SE method has the same issues, and it could be affected by
flow effects. The multi-echo SE acquisition method provides better temporal efficiency and
robustness against fluctuations across TR’s, but it may be affected by flow effects and
stimulated echoes. In this study, we used T2 preparation method due to its simplicity and
robustness in presence of flow, but continue to explore multi-echo SE methods for their high
temporal efficiency. The measured T2 values were then translated to blood oxygen
saturation via a T2-Y calibration curve acquired from bovine blood sample in vitro at 3T
(29), where Y is the blood oxygen saturation.

Pulse sequence
The layout of the VSEAN sequence is shown in Figure 3.

Arterial nulling
A slab-selective hyperbolic secant pulse (38) is used to invert a bolus of arterial blood below
the imaging plane, followed by a gradient spoiler to destroy residual transverse
magnetization and a delay time TI. In this study we used PICORE-type (39) preparation: a
slab selective pulse is referred to as an Arterial-Nulling (AN) experiment; and a nonselective
off-resonance pulse (the PICORE control) is referred to as a non-Arterial-Nulling (non-AN)
experiment. The latter compensates for Magnetization Transfer (MT) and slice profile
effects, and allows for separation of arterial and venous components. If one wants to reduce
the contribution from the venous blood above the imaging slice, preparations such as
EPISTAR (40), or FAIR (41,42) can be used.

Velocity-selective excitation
A BIR4-based VSE pulse module (34) is applied at the null point of arterial blood, with
flow-weighting gradients between the RF pulses. The parameters (37) of the BIR-4 pulse
are: pulse length 6ms; ωmax=42.52KHz; zeta=43.58; tan(κ)=69.65; and two gaps of 1–8
milliseconds follow the gradients to reduce possible interference between eddy currents and
RF pulses. The last BIR1 subpulse has 0 or ±π/2 phase shift in addition to the original phase
to generate “cos” or “sin” modulation accordingly. In principle either +π/2 or −π/2 phase
shift should work. However, in our implementation, −π/2 phase shift gave better static spin
suppression and was used in this study.

T2 preparation (T2prep)
We modified the original BIR4-based T2 preparation pulses (43) by merging it into the VSE
module: two controllable gaps were inserted between the first and last BIR1 subpulses and
the flow-weighting gradient to generate desired T2-weightings without perturbing the flow-
weighting gradients. The excitation pulses are applied immediately after the spoilers at the
end of this VSE/T2prep module to minimize the T1 recovery of the static tissue signal. This
VSE/T2prep combined design also reduces RF power. The scan repetition time was fixed in
this study, so the spins experienced different T1 recovery times at different effective echo
times (eTE’s). The error from neglecting this effect was found by simulation to be less than
0.6%.

Image acquisition
A slice-selective excitation pulse is followed by refocusing pulses to generate spin echoes.
In this study, we used sinc and dual-sech refocusing pulses in different experiments, the
former for its short echo time and the latter for its B1 insensitivity and better slice profile
(44). The flow-weighting gradients are around the first refocusing pulse.
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Post-saturation pulses
After the image acquisition, a set of saturation pulses are applied to reset the spins for the
next TR, either locally or “globally”. In principle, a global non-selective saturation pulse
could reset the magnetization of all spins, thus ensuring a well-characterized spin history,
independent of inflow into the inversion slab. However, in a typical whole body scanner, the
transmit RF coil extends only to the upper part of the torso, and our measurements indicate
that after non-selective saturation, unperturbed blood reaches the brain in approximately 1s.
Thus, given the timing of our pulse sequence, the use of non-selective saturation would
confound the magnetization history of arterial blood due to mixing of saturated and fully-
relaxed blood, leaving the null point poorly-defined. In this study the saturation pulses were
applied locally, above the arterial inversion slab, including the imaging slice and the brain
tissue above. By applying the saturation pulses locally, fully-relaxed arterial blood flows
into the inversion slab. If the inversion slab is refreshed with relaxed blood prior to
inversion, this provides a well-defined null point, and also allows for the use of a longer TI,
in turn allowing more time for arterial filling by the inverted blood. This condition is met if
the inversion slab is refreshed in a time (TR-TI), which in our experiment is greater than
1.5s, and we believe that this condition is well met in our experiments. Figure 1B shows the
arterial magnetization for blood that is saturated (solid red) and relaxes (dashed red) prior to
inversion. Our experiment follows the dashed red curve, while for non-selective saturation
the net magnetization is somewhere between the red solid and dashed curves.

Experimental setup, data collection and processing
All experiments were performed on a GE Discovery MR750 3T system, using a commercial
8-channel RF coil. Images were complex-reconstructed offline with homemade software,
and processed in Matlab (Mathworks, Inc.). For VSEAN data, the signal projection
procedure was applied individually for each channel after complex-reconstruction and then
combined together: the phase associated with the coil itself is the same for “cos” and “sin”
modulated data, and is cancelled after the projection process, so the extracted signals from
different coils are in phase with signs, allowing directly summing up together weighted by
the coil sensitivities estimated from the “cos” modulated data, which has high SNR. The
noise is kept zero-mean since the sign of signal is preserved in combination, in contrast with
the Sum of Square (SOS) method. SOS reconstruction was used in QUIXOTIC and TRUST
data analysis, where the nonzero means of the noise were removed after subtraction.

When analyzing regions of interest (ROI’s), the T2 values were calculated pixel-wise. Noisy
pixels yielding T2<0, or T2>300ms in the flow phantom experiments, and T2<0 or
T2>150ms in human experiments were discarded. The mean and standard deviation (STD)
were then calculated from all the T2 values. This was referred as “ROI mean±STD” in Table
1 and used to calculate the mean ROI T2 values in Table 2. The oxygen saturation after T2-Y
conversion was also reported. In the flow phantom experiments, a single T2 value was also
fitted after averaging the signal intensities first in each ROI, for the sample should have
identical T2 value in each ROI. This is referred as “average and fit” in Table 1.

Experiments using a stationary phantom
The VSE pulse modules were first tested on a stationary gel phantom. The imaging
parameters were: FOV=200*200mm, slice thickness=8mm, resolution 64*64, single-slice
single SE with spatial-spectral excitation and a sinc 180° refocusing pulse, single-shot spiral
readout, ve set to 2cm/s in the slice-select direction, TE/TR= 18ms/1s, 2 dummy scans
followed by 10 acquisitions, the first 4 were “cos” modulated and the rest “sin” modulated,
scan time 12s. For comparison, QUIXOTIC data was also collected: the imaging and
preparation pulse parameters were the same, no global inversion pulse, only the VS2 module
(26) right before the imaging was applied.
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The images were averaged across TR’s first. For VSEAN data, the residual “static” and the
“moving” signals were extracted as “real” and “imaginary” components accordingly; for
QUIXOTIC data, the “moving” signal was calculated from subtraction between the
“control” and “tag” images.

Experiments using a rotating phantom
A spherical gel phantom was fixed in a cylindrical plastic case connected by a long rod to a
stepper motor in the console room, which can induce controlled rotation about the scanner
axis. After a localizer scan, the diameter (D) of the phantom was measured, and the
maximum velocity on the edge of the phantom to be vmax=8cm/s, giving an in-plane rotating
velocity at radius r of v(r)=2*vmax*r/D. The VSE pulse train was tested with global post-
saturation and imaging parameters: axial scan, FOV=200*200mm, 8mm slice thickness,
single-slice single SE with sinc 90° and 180° pulses, TE/TR=12ms/3s, 64*64 resolution,
single-shot spiral readout, flow-weighting gradients along the A/P direction with ve=2cm/s,
12 repetitions and 36s for each experiments. For the following 6 experiments, the phantom
was stationary in experiments 1 and 2, and rotating through experiments 3–6: 1) no VSE, no
flow-weighting gradients in imaging; 2) VSE with “cos” modulation, with flow-weighting
gradients in imaging; 3) no VSE, with flow-weighting gradients in imaging; 4) VSE with
“cos” modulation, no flow-weighting gradients in imaging; 5) VSE with “sin” modulation,
no flow-weighting gradients in imaging; 6) VSE with “sin” modulation, with flow-
weighting gradients in imaging.

The images in experiment 1 were used as a phase reference for experiment 3, and those in
experiment 2 for experiments 4–6. The magnitude of the images was normalized to their
reference scans, and the “static” and “moving” signals were extracted as “real” and
“imaginary” components. The data along a horizontal line passing through the center of the
phantom gave the VSE profile.

Experiments using a flow phantom
In this experiment, copper sulfate doped water was circulated through a set of plastic hoses
connected to a dialyzer (Optiflux F160NR, Fresenius Medical Care), with the flow rate
adjusted by a valve. A “U”-loop section of the hose was fixed on top of the dialyzer and a
syringe filled with the same solution without flow was also in the FOV. A cross-section
image is shown in Figure 6A, with ROI’s shown in Figure 6G: ROI 1 and 2 the big hose,
ROI 3 the small hose, ROI 4 the dialyzer, and ROI 5 the syringe. T2 maps of the phantom
were acquired using a BIR4 T2 preparation pulse under both stationary and circulating
conditions; and two sets of VSEAN data were also collected: 1) no flow with “cos”
modulated VSE/T2prep pulse as a reference scan, 6 repetitions and 12s each; and 2) flowing
water with “sin” modulated VSE/T2prep pulse, 18 repetitions and 36s each. The imaging
parameters were: FOV=100mm*100mm, slice thickness=8mm, single-slice single echo SE
with spatial-spectral excitation and a sinc 180° refocusing pulse, spiral readout with
resolution 64*64, TE/TR =18ms/2s, three eTE’s 10/30/70ms in BIR4 T2prep experiments,
30/50/90ms in VSE/T2prep experiments, ve=2cm/s in the slice-select direction. A velocity
map in the same plane was collected using a conventional phase contrast sequence with
VENC=8cm/s.

The velocity map of the phantom was calculated from the phase difference map and then
masked by the magnitude image. We noticed that the measured average velocity in the static
syringe was slightly non-zero, presumably due to gradient imperfections, and this value was
subtracted from the entire velocity map. Predicted maps of the real and imaginary
components of “sin” modulated signal were calculated as follows. The magnitude image of
the “cos” modulated signal (stationary) was oversampled and registered to the velocity map,
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then multiplied with the theoretical velocity excitation profile to give the “real” (sin(π*v/
4)cos(π*v/4)) and “imaginary” (sin2(π*v/4)) components. T2 maps of the flow phantom
were calculated by exponential fitting, and average T2 values were calculated for the ROI’s.

Healthy human volunteer experiments under normoxia
5 healthy human volunteers (4 males, 1 female, age 25–47) were scanned under an IRB-
approved protocol. The imaging parameters were: FOV=200mm*200mm, slice
thickness=8mm, single-slice SE with spatial-spectral excitation and two slice-selective
hyperbolic secant refocusing pulses, single-shot spiral readout with original resolution
32*32, re-gridded to 64*64, TR/TE =3s/28ms, VSE/T2prep with eTE’s 20/40/80ms,
ve=2cm/s in the slice-select direction, arterial inversion slab thickness 200mm, 25mm below
the imaging plane, TI=1150ms assuming T1b=1664ms (45), slice-selective post-saturation
pulses, 2 dummy scans followed by 126 acquisitions including 6 “cos” modulated reference
scans at the beginning, scan time 6min 18sec. VSEAN data with AN and non-AN were
collected on each subject. Grey Matter masks were acquired using double-inversion
prepared sequence with the same resolution except for subject 1, for whom this image was
not acquired, and a grey matter mask was calculated from non-AN VSEAN images.

Arterial components were extracted by subtracting the AN data from the non-AN data, and
T2 maps from arterial-only, arterial-and-venous, and venous-only data were calculated. Two
ROI’s were chosen to analyze: 1) Grey Matter (GM); and 2) sagittal sinus (SS), shown in
Figure 8C. T2 values in the ROI’s were converted into blood oxygenation levels via a T2-Y
calibration model at 3Tprovided in ref. (29): T2

−1(s−1) = 8.3+33.6*(1−Y)+71.9*(1−Y)2,
where a similar T2 measurement was performed by varying the echo times without changing
the number of RF pulses and a hematocrit (Hct) of 0.44 was assumed for all subjects.

For comparison, QUIXOTIC data was collected on subjects 1, 2, 3, and 4, and TRUST data
on subject 3 and 4. The imaging parameters were the same as in VSEAN unless noted
otherwise. The QUIXOTIC data acquired on subject 1 had initial resolution 48*48 instead of
32*32. Other tagging parameters are listed below.

QUIXOTIC—Two VS preparation modules were used, with vcut=2cm/s in the slice-select
direction. The first one was 722ms before image acquisition, followed by a global inversion
pulse 400ms later, and the second VS module was immediately before the imaging
excitation pulse (26,27). The second VS module was a VSE/T2prep module, the flow-
weighting gradients were turned on and off under tag and control conditions accordingly, the
same eTE’s were used as in VSEAN experiments, 120 acquisitions after 2 dummy scans,
scan time 6min 6sec.

TRUST—The thickness of inversion slab was set to 50mm, 25mm above the imaging plane,
with TI 1200ms (25). A BIR4-based T2 preparation module was used with the same eTE’s,
TR/TE=8s/26ms, and 36 repetitions were acquired without dummy acquisitions, scan time
4min 48sec.

QUIXOTIC and TRUST images were obtained by subtracting the “tag” and “control”
images after averaging. T2 values were then calculated the same way as in VSEAN. GM and
SS ROI analyses were performed on QUIXOTIC data, and SS on TRUST.

Venous T2 measurements under hypoxia
Subjects 2 and 5 were scanned using VSEAN during normoxia and during a hypoxia
challenge. Arterial O2 saturation levels were monitored by a pulse oximeter on subject’s
finger (MRI 3150 Physiological Monitor, Invivo Research) throughout the experiments.
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During the normoxia scans, normal air (20.9% O2, rest N2) was delivered to subjects
through a mask. The gas was switched to a hypoxic mixture (12.4% O2, rest N2) from a
rubber balloon during the hypoxia scans. The hypoxia VSEAN scans started 10–15 min’s
after switching the gas when the arterial O2 saturation level stabilized below 90%. A non-
AN scan was performed first, followed by AN scan. The imaging parameters were the same
as in other VSEAN scans, except that the repetitions were 96, 4min 48sec each, for subject
5, including 6 “cos” modulated repetitions.

Results
Experiments using a stationary phantom

As shown in Figure 4, the signal from stationary spins was suppressed after “sin” modulated
VSE. The residual static signal (“real” component) was neatly separated from the moving
signal (“imaginary” component) after projection, which was kept around the noise level. The
residual signal in QUIXOTIC (not shown here) after subtraction was well above noise level.
However, after increasing the gaps (~6–8ms) after the flow-weighting gradients, the
residuals were reduced to similar level as in the VSE experiment after T2 decay correction.
This suggested that the subtraction error observed in the QUIXOTIC experiment could be
mainly from eddy current effects. The error due to diffusion attenuation was not observed in
QUIXOTIC experiment on this phantom. In comparison, increasing the gaps in the VSE
pulse train only improved the residual static tissue signal suppression before projection; and
no effect was observed on the “imaginary” component after projection.

Experiments using a rotating phantom
Measured velocity excitation properties of different components in the VSE pulse train are
shown in Figure 5. Flow weighting in the imaging sequence alone (Figure 5A) and a VSE
module alone (Figure 5B) both gave sinusoidal and cosinusoidal components as expected. A
clear sin2-shaped velocity excitation profile was observed in the imaginary component using
“sin” modulated VSE and flow-weighting gradients in imaging, matched well with the
prediction (Figure 5C) and the excitation response was flat and close to zero at zero velocity
as expected.

Experiments using a flow phantom
A velocity map, VSEAN images, and T2 maps are shown in Figure 6. The maximal velocity
in ROI’s 1, 2, and 3 were 2.1cm/s, −2.1cm/s, and 7.5cm/s, and the averaged velocity in ROI
4 was −0.18cm/s. As shown in Figure 6E and F, the actually measured signal from static
spins in ROI 5 was almost completely suppressed by the “sin” modulated VSE pulse train,
while the fast, intermediate and slow flows were preserved, and they matched very well with
the predicted signal patterns shown in Figure 6B and C, which were calculated from the
magnitude image Figure 6A and the predicted velocity excitation profile generated from the
velocity map Figure 6D. These also matched well with the velocity excitation profile
measured in the rotating phantom experiment. The results of ROI analysis are summarized
in Table 1. The T2 values measured in high SNR ROI’s were similar, however, slightly
decreased T2 values (<10%) were observed in the fast flow ROI while circulating,
presumably due to unstable flow there. And the T2 fitting in ROI 4 was noisy due to low
SNR.

Healthy human volunteer experiments under normoxia
Figure 7 shows arterial-and-venous weighted, venous weighted and arterial weighted
VSEAN images acquired from subject 1 at different eTE’s, normalized by the averaged
brain tissue signal estimated from reference scans and expressed as percentage maps, as well
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as T2 maps calculated from each data set. VSEAN, QUIXOTIC and TRUST data at the
lowest eTE from subjects 1–4 are shown in Figure 8A, B and F. The representative ROI’s
are shown in Figure 8D, the ROI analysis of signal intensities and T2 values are summarized
in Table 2, and also shown in Figure 8E, and a pixel-wise comparison on the GM T2 values
measured by VSEAN and QUIXOTIC for each subject were shown as scatter plots in Figure
8C. For the VSEAN data, the arterial component was weaker than venous component on all
scanned volunteers. Given the velocity sensitivity range (ve=2cm/s) in this study, and the
fact that the arterial blood decelerates quickly from relatively high velocities while the
venous blood slowly accelerates to moderate velocities, it is possible that less arterial blood
distributes within this velocity range than the venous blood; another possibility could be that
some of the inverted arterial blood was replaced by fresh blood in this velocity range
therefore only a subset of available arterial signal was detected, or a combination of both.

As shown in Figure 8, the VSEAN signal was higher than the QUIXOTIC signal, especially
on subject 4. In addition to the higher SNR efficiency in theory (Figure 1), another reason
could be that QUIXOTIC and VSEAN measured different populations of venous blood:
QUIXOTIC assumes that the venous blood is accelerating, thus it detects only the portion
that accelerates above vcut (2cm/s), while VSEAN measures venous blood mainly in the
velocity range 0–4 cm/s. So it is possible that the QUIXOTIC sampled only a portion of the
venous blood that VSEAN captured.

It is notable that the VSEAN signals (arterial and venous) are related to but not proportional
to cerebral blood volumes (CBVs), because these signals are modulated by a sin2-shaped
velocity excitation profile. The arterial VSEAN signal may be further reduced by incomplete
inversion of the arterial blood pool. Nevertheless, these signals provide rough estimates of
the arterial, venous and total CBVs, and they are in the expected range, less than 3% in the
brain tissue (Figures 7, 8 and Table 2).

To quantitatively assess if the mean venous T2 values in SS across subjects are consistent
using VSEAN, QUIXOTIC and TRUST, a one-way ANOVA was performed. No significant
difference was found (p=0.61, F=0.52, doff=2, total sample size=10, post-hoc power>0.73
using the statistical software package G*power 3.1.3 (46)). However, the T2 values from
GM using QUIXOTIC were higher than all other measurements including QUIXOTIC in
SS, a same trend was found when comparing QUIXOTIC in GM and TRUST in SS in ref.
(27). A paired t-test was performed on the mean GM venous T2 values across subjects
measured by VSEAN and QUIXOTIC, and showed that T2 values measured by QUIXOTIC
were significantly higher than those by VSEAN (t(3)=7.87, p=0.004, post hoc power>0.78).
The higher T2 values in the GM ROI by QUIXOTIC could be due to CSF contamination
from diffusion attenuation, or subtraction error from eddy current effects for the reasons
discussed above.

For VSEAN measurement, the T2 values calculated from the arterial, arterial and venous,
venous components followed a descending trend as expected. The mean venous T2 values
measured in the SS were close to those measured in the GM ROI, except in subject 1 where
the mean T2 value in the SS ROI was higher.

The venous T2 value measured in the GM/whole brain was 35.3±1.6ms (mean±SD) and
37.6±2.8ms in the SS across subjects 1–4 under normal condition. Although the T2 fitting of
the arterial components was noisier than that of the venous components due to lower SNR,
higher arterial T2 values (55.7±9.6ms) were observed with a difference of 20.4ms on the
group means, except that on subject 3 where a lower than group mean arterial T2 value was
observed.
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The mean oxygenation levels measured in the SS were 67.2±2.5% (n=4) by VSEAN,
66.7±3.9% (n=4) by QUIXOTIC, and 64.0±1.1% (n=2) by TRUST, which are consistent
with another study using TRUST (64.8 ±6.3% (n=24) (25)). The mean oxygenation level
measured in the GM was 60.5±2.5% (n=4) by VSEAN, which is comparable with literature
values: 1) 61.7±5.3% using qBOLD (n=9, GM and WM, calculated using Ya=100% and
OEF=38.3±5.3%) (10); and 2) 62% using PET (n=24, GM, calculated from Ya=100% and
OEF=38%) (47). In contrast, the mean GM oxygenation level measured by QUIXOTIC
was76.9±2.8% (n=4), which is significantly higher (t(3)=6.50, p=0.007, post hoc
power>0.75) than VSEAN.

Venous T2 measurements under hypoxia
During the normoxia scans, the arterial O2 saturation levels were 98% for both subjects 2
and 5; in the hypoxia scans, the saturation levels on subject 2 were between 84–86% during
non-AN scan and 82–84% during AN scan; the saturation levels on subject 5 were between
86–88% in both AN and non-AN scans. The average changes of arterial O2 saturation were
14% for subject 2 and 11% for subject 5.

Abnormal signal variations near the center of the brain were observed in subjects 2 and 5
(images not shown), but the high SNR signals in SS ROI seemed not to be affected, so only
the SS ROI was used for both subjects 2 and 5 when comparing the normoxic and hypoxic
experimental results.

The results of SS ROI analysis are listed in Table 3. A change of T2 was detected,
corresponding to an oxygenation change. The smaller venous oxygenation change in subject
5 was also reflected in the VSEAN results. The O2 saturation changes measured by VSEAN
(on the venous side) was smaller than that measured by oximeter (on the arterial side), this
could be due to increased blood flow during acute hypoxia (48) which reduced the
oxygenation change.

On both subjects 2 and 5, decreased VSEAN signals were observed during the hypoxia
scans compared to the normoxia scans at the same eTE. This was mainly due to signal decay
with lowered T2 during hypoxia. Another factor that may affect the magnitude of the
VSEAN signal is that the blood flow change during hypoxia might shift its velocity
distribution, causing a change in the amount of flowing spins under observation. However, a
decreased VSEAN signal should not bias the T2 values, though its accuracy may be affected
by decreased SNR.

Discussion
The central features of the proposed VSEAN sequence were successfully demonstrated in
phantom and human volunteer experiments, including static tissue suppression, velocity-
selective excitation, arterial nulling and T2 and oxygenation estimation. With a strictly
positive sin2-shaped velocity excitation profile, VSEAN technique is immune to signal
cancellation from flows in opposite directions. Flow geometry will affect the amplitude of
the VSEAN signal, but in theory should not bias the T2 measurement. However, the flow
phantom studies indicated a minor trend of T2 value lowering when the sample was moving
and the VSEAN signal was very low. This may be caused by noise introduced by unstable
flows in the phantom, or because the eTE’s (10/30/70ms or 30/50/90ms) used here were not
optimal to measure the sample with such long T2 (~240ms), or flow effects. Fortunately, this
effect would be less significant when measuring the blood T2 (<120ms). Nevertheless, this
bias should be investigated more carefully in the future.
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The velocity sensitivity of VSE pulse train and the contribution of blood from different sizes
of vessels can be adjusted by changing the flow-weighting gradients. Analogous to the
consideration of vcut in VSASL experiment (49), lower ve will bring the measurement closer
to the tissue with improved localization but may cause signal reduction. In this study, the
chosen ve of 2cm/scorresponds to venules/veins of diameters ranging from 100μm to
200μm in human retina (50). However, one would expect the mean velocities in venules/
veins of the same size to be lower, as found by other studies on small animals, in the range
of 0.8–1.8cm/s (hamster) (51), 0.3–0.5cm/s (cat sartorius muscle) (52). These results from
small animals may not be directly applicable to the human brain. However, they suggest that
lower ve may be used in future experiments to optimize the SNR, which depends on the
velocity distribution of the venous or arterial population of interest, and also to improve the
localization of the VSEAN signal to tissue. The contribution from CSF was found to be
negligible since the T2 values were not biased towards that of CSF. However, lower ve may
generate a stronger signal from CSF, as the velocity of CSF on the surface of the brain is as
high as 1.26cm/s in the anterior cranial subarachnoid space (SAS) or 0.28cm/s in the
posterior cranial SAS within a cardiac cycle (53).

It is notable that in contrast to the VSASL experiment, there is not enough time between the
VSE pulse train and the image acquisition for the blood at various velocities to mix, thus the
sin2-shaped velocity excitation profile will largely remain, and higher harmonics (e.g.,
v=3ve, 5ve, …) will also contribute to the total signal (Figure 6). This provides the
opportunity to observe the VSEAN signals in large vessels at the same time (Figure 7 & 8).
In brain tissue, the contribution from higher harmonics may not be significant due to the
relatively narrow velocity distribution range on the venous side.

In order to eliminate the arterial contribution to the venous weighted signal, the nulled
arterial blood should occupy the vessels with the velocity range of interest. This requires that
at the time of imaging: 1) the leading edge of the inverted arterial bolus decelerates below
ve; and 2) the tail of the bolus has not yet entered the slice of interest. The former depends
on the arterial transit time (ATT), i.e., the time for the inverted arterial blood to travel to
arterioles or the arterial side of the capillaries, so that TI>ATT; while the latter depends on
both the arterial transit time and the temporal width of the inverted arterial bolus, τ, so that
TI<ATT+τ. A 20mm gap between the inversion slab and the imaging slab yields an ATT of
about 630ms (54). In this study, we estimated an ATT of about 700ms with the 25mm gap
used. With an inversion slab thickness of 200mm, τ should be above 800ms, since a typical
inversion slab thickness of 100mm yields a τ of 600ms (55), so the TI 1150mm in this study
should satisfy both TI>ATT and TI<ATT+τ. However, if the ATT increases significantly
such that it exceeds the null point of arterial blood, e.g., under diseased conditions, this
could bias the VSEAN measurement towards arterial side. On the other hand, ATT in
QUIXOTIC is short and less likely to change under diseased conditions, though it has lower
SNR and potential diffusion and eddy current issues as discussed before. Thus, combining
these two techniques together may provide a solution in the presence of prolonged ATT, i.e.,
combining the VS modules from QUIXOTIC for insensitivity to ATT with “cos/sin”
modulation and signal projection from VSEAN for venous signal isolation.

In this study, T2 preparation was used to measure the T2 values. Multi-echo SE
measurement provides higher temporal resolution and efficiency and is less sensitive to
fluctuations across TR’s. However, the accuracy of the T2 measurement may be
compromised by artifacts from flow through the multi-echo imaging gradients, even echo
refocusing effects (20,56), and wash-out effects across slice-selective refocusing pulses.
Nevertheless, because of the higher temporal and SNR efficiency, multi-echo approaches to
T2 measurement are an ongoing subject of study in our laboratory.
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It is notable that the measured arterial T2 values in this study were lower than those
measured in big vessels (23), but in good agreement with the trend found in ref. (32,33), that
the arterial T2 decreases as the arterial blood travels to smaller arteries and arterioles or even
in capillaries due to the fast water exchange with tissues. As for the venous-weighted signal,
when T2-prep pulses were applied, water traveled downstream in venules where the fast
water exchange was less likely to occur, possibly resulting in more reasonable T2 values.
Though lowered hematocrit in small vessels (57,58) is expected to raise the T2 values
(29,59), this was not observed in our experiments or was overwhelmed by the influence of
fast water exchange.

The T2 values measured with BIR4-based VSE/T2prep module with variable gaps (VG)
were lower than those measured using variable numbers (VN) of refocusing pulses (23,25).
There may be at least two reasons for this. First, according to the Luz-Meiboom model (60),
the apparent T2 depends on the repetition rate of refocusing pulses in the presence of proton
exchange between sites. With the VN method, the refocusing rate is kept constant, while
with the VG method the rate decreases. Second, in VN method, spins experience more T1ρ
relaxation and less T2 decay during the refocusing pulses in ΔeTE, while in the VG method,
spins experience pure T2 decay during ΔeTE. Among the available calibration models from
the literature, the one given in ref. (29) used the VG method, and was the most suitable for
this study. However, the sequence to acquire the T2 values in this study was not exactly the
same as in ref. (29), and may still result in inaccurate estimate of oxygenation level, as
suggested from the arterial T2-Y measurement in this study. Therefore a calibration curve
acquired using the same BIR4-based VSE/T2prep would be preferred to give a better
estimate of oxygenation measured by VSEAN, or a more careful study should be carried out
to characterize the behavior of the pulse when the flow signal is very low.

It is also notable that the arterial O2 saturation levels in GM were lower than one would
expect, especially in subject 3. Possible reasons include: 1) lower T2 due to fast water
exchange resulting in lower apparent O2 saturation levels; 2) actual oxygen loss along the
vascular tree might occur earlier in the arterioles (61,62), e.g., the maximum oxygen
saturation in arterioles could be as low as 89.6±6.0% (51), or the measurement was biased
toward the capillary side rather than to the arteriole side when the post-labeling delay was
long; 3) low SNR; and 4) possible bias to the O2 saturation introduced by errors in the T2-Y
calibration curve.

The detection and separation of venous and arterial signal in the GM and SS was
demonstrated in this study. As noted in Figure 8, the VSEAN technique can be applied on
other vessels or tissues, e.g., the vessels on the scalp to monitor the metabolic rate of the
scalp, or the vessels of the neck to simultaneously measure the arterial and venous
oxygenation, and thereby the metabolic rate of the whole brain.

Currently, the VSEAN technique is limited to single-slice acquisition due to the single
nulling point of arterial blood. To increase coverage, this technique is amenable to 3D
acquisition.

Conclusions
The new VSEAN technique was demonstrated to efficiently isolate flow signals from static
signals in phantoms, and venous-weighted signals from surrounding static tissue in both
small and big veins in human volunteers. T2 and oxygenation mapping of both venous and
arterial blood in the brain was shown, as well as successful detection of the change of T2 and
oxygenation during a hypoxia challenge. Compared to the QUIXOTIC technique, the SNR,
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temporal efficiency and insensitivity to slow motion are improved, and contamination from
diffusion attenuation is eliminated.
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FIG. 1.
Simulated magnetization evolution of venous signal using A) QUIXOTIC, B) VSEAN with
T1arterial=1664ms, T1venous=1500ms, T1tissue=1200ms and TR=3s. Magnetizations indicated
by purple brackets show the magnitude of the QUIXOTIC and VSEAN signals,
respectively.
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FIG. 2.
Illustration of the sequence (only VSE and imaging parts) and spin evolution diagram in
VSEAN. Red and green arrows depict spins that undergo ±π/2 phase shift due to flow
through velocity encoding gradients. Black arrows depict static spins. Note that for “sin”
modulation, flowing spins in both directions finish aligned along +X, while under “cos”
modulation, static spins are aligned along +Y.
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FIG. 3.
VSEAN sequence diagram and tagging scheme.
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FIG. 4.
VSE data collected on a stationary gel phantom (a.u.). A. “cos” modulated, magnitude
image; B. “sin” modulated, “real” component; C. “sin” modulated, “imaginary” component.
The root mean square (RMS) signal in the “sin” modulated imaginary component is 0.2% of
the fully relaxed signal.
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FIG. 5.
Velocity excitation profile measured in a rotating gel phantom. A. Real and imaginary
components with flow weighting in imaging only; B. Real components with only “cos”
modulation and only “sin” modulation, the imaginary components of both “cos” and “sin”
modulation were close to zero and are not shown here; C. Real and imaginary components
with “sin” modulation and flow weighting in imaging, resulting in a sin2 dependence for the
imaginary component, which closely matched an ideal sin2 curve (see text).
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FIG. 6.
A. “cos” modulated reference image (magnitude, a.u.); B. Predicted (from A and D) “sin”
modulated real components (a.u.); C. Predicted “sin” modulated, imaginary components
(a.u.); note that the noise outside the phantom was removed due to the mask used on
velocity map; D. Velocity map (cm/s); E. Measured “sin” modulated real components (a.u.);
F. Measured “sin” modulated, imaginary components (a.u.); note that this component is
rectified across positive and negative flow directions, as expected for a sin2 velocity
dependence, and both the real and imaginary components closely matched the predicted
signal pattern; G. T2 maps when the phantom was stationary (ms), ROI’s labeled; H. T2
maps when the phantom was circulating (ms); I. T2 maps measured with VSE (ms).
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FIG. 7.
A. non-AN VSEAN images at different eTE’s (arterial and venous, normalized and
windowed from −0.5% to 2.5%, see text); B. AN VSEAN images (venous, the display range
from −0.5% to 2.5%); C. difference images of A–B, (arterial, −0.5% to 1.1%); D. T2 map
calculated from A (arterial and venous, ms); E. T2 map calculated from B (venous, ms); F.
T2 map calculated from C (arterial, ms).
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FIG. 8.
A. VSEAN, B. QUIXOTIC, and F. TRUST images at eTE=20ms, acquired under normoxic
conditions on subjects 1–4 (top to bottom, TRUST data only on subjects 3 and 4); C. Scatter
plots showing the pixel-wise comparison of T2’s measured from Gray Matter ROI for each
subject; D. representative ROI’s of Gray Matter and Sagittal Sinus used in analysis; E.
comparison of means and STD’s of T2 values measured using VSEAN and QUIXOTIC
with the unity line shown diagonally, and the STD’s of VSEAN T2 shown horizontally and
QUIXOTIC vertically.
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