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Abstract

Purpose—Measurement of venous oxygenation () is a critical step toward quantitative
assessment of brain oxygen metabolism, a key index in many brain disorders. The present study
aims to develop a non-invasive, rapid, and reproducible method to measure Y, in a vessel-specific
manner.

Theory—The method, T2-Relaxation-Under-Phase-Contrast (TRU-PC) MRI, utilizes complex
subtraction of phase-contrast to isolate pure blood signal, applies non-slice-selective T2-
preparation to measure T, and converts T, to oxygenation using a calibration plot.

Methods—~Following feasibility demonstration, several technical aspects were examined,
including validation with an established global Y, technique, test-retest reproducibility, sensitivity
to detect oxygenation changes due to hypoxia and caffeine challenges, applicability of EPI
acquisition to shorten scan duration, and ability to study veins with a caliber of 1-2 mm.

Results—TRU-PC was able to simultaneously measure Y, in all major veins in the brain,
including sagittal sinus, straight sinus, great vein, and internal cerebral vein. TRU-PC results
showed an excellent agreement with the reference technique, high sensitivity to oxygenation
changes, and test-retest variability of 3.5+1.0%. The use of segmented-EPI was able to reduce the
scan duration to 1.5 minutes. It was also feasible to study pial veins and deep veins.

Conclusion—TRU-PC MRI is a promising technique for vessel-specific oxygenation

measurement.
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Introduction

Measurement of human brain metabolism is of great importance in brain disorders and in
functional brain imaging, but for decades it has been a niche market of Positron Emission
Tomography (PET) (1-3). Recent advances in MR technologies have allowed the
quantification of cerebral metabolic rate of oxygen (CMRO>) on a whole-brain level (4-7).
However, regional measurement of CMROs is still difficult (8). This is because methods
that are able to evaluate venous blood oxygenation () on a regional basis are largely
absent. To this end, several potential approaches have been proposed: quantitative Blood
Oxygenation Level Dependent (qBOLD) contrast (9-13), susceptibility phase based
techniques (4,5,14,15), quantitative susceptibility mapping (QSM) methods (16,17), and
intravascular blood T, measurements (6,18-20). Traditionally, the gBOLD method was the
only regional CMRO, measure, though the drawback was the complicated modeling and the
high SNR required to fit for Y. Phase based techniques such as the Phase-based Regional
Oxygen Metabolism (PROM) method (15) can image certain small vessels, but requires the
assumption of vessel orientation, and is relatively sensitive to field inhomogeneity. The
QSM method is a promising approach based on deconvolution of the field map, although
theoretical considerations are still being made to improve the solution to the inverse problem
(16,17).

Intravascular To-based methods rely on a simple and calibratable relationship between blood
T, and oxygenation, thus representing a relatively straightforward approach to quantify Y.
Insofar, the greatest challenge that this method is faced with is to isolate pure blood signal
from the surrounding tissue. This problem was partly addressed by the development of T2-
Relaxation-Under-Spin-Tagging (TRUST) MRI (6), which applies a spin-tagging principle
like Arterial-Spin-Labeling (ASL) (21), but on the venous side. By subtraction of control
and label images, pure venous blood signal is isolated. Due to its simplicity and robustness,
TRUST has been increasingly used in several neurodegenerative diseases that involve the
whole brain including Alzheimer’s disease and multiple sclerosis (22) for evaluation of
oxygen metabolism. However, its most resounding critique is the lack of spatial information
since it solely measures Y, at a single point of the brain, providing only a global value.

Two other spin-tagging based Y,, methods, QUantitative Imaging of eXtraction of oxygen
and Tlssue Consumption (QUIXOTIC) (23) and Velocity-Selective Excitation and Arterial
Nulling (VSEAN) (24), have since been proposed to provide the separation of blood from
tissue signal in the microvasculature. Though these techniques are elegant in many aspects,
QUIXOTIC is plagued by residual errors from eddy currents, and VSEAN may contain
contributions from arterial and capillary blood (24). Thus, regional measure of Y, using the
spin-tagging techniques remains challenging.

We therefore sought to identify a new approach to separate blood signal from static tissue.
This approach employs a phase-contrast principle to isolate pure blood signal in specific
veins, measures the T, value of the blood signal using To-prepration modules, and converts
the estimated T, to oxygenation via a calibration plot. We dubbed this technique To-
Relaxation-Under-Phase-Contrast (TRU-PC) MRI.
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We conducted a series of experimental studies on the TRU-PC sequence. We first
demonstrated the feasibility of the proposed method in estimating regional Y, values and
investigated the reproducibility of the measure. The TRU-PC results were also compared to
a validated whole-brain method, TRUST MRI (6). Furthermore, TRU-PC’s sensitivity in
detecting changes in blood oxygenation was studied using hypoxic gas breathing challenge
and caffeine ingestion. Sequence parameter optimization was conducted to reduce scan
duration while maintaining measurement reliability. Finally, the capability of this technique
to measure blood oxygen content in small vessels (1-2 mm in diameter) was demonstrated.
A preliminary form of this report has been presented in abstract format (25).

The TRU-PC pulse sequence and the relevant magnetization vectors are shown in Figure 1.
As seen in Figure 1a, the key principle of TRU-PC is the combination of a T,-preparation
(red box) with phase-contrast MRI (green box). The phase-contrast module serves to isolate
pure venous blood signal, and the T,-preparation modulates T,-weighting of the signal. A
post-saturation pulse is applied following the signal acquisition to remove spin history (blue
box), so that the magnetization can be accurately modeled regardless of the previous RF
pulses experienced.

The principle of phase-contrast in isolating blood signal is well established (26—29). Briefly,
let us consider a voxel containing both static tissue and flowing blood. The total
magnetization of the voxel will be the vector summation of both compartments. The TRU-
PC sequence uses a bipolar gradient (green box) to modulate the phase of the magnetization
such that spins moving at a velocity (blue vectors in Figure 1b) will accumulate a phase,
d=ym1v, whereas static spins (yellow vectors in Figure 1b) will not accumulate any phase
(27). Here v is the gyromagnetic ratio, my is the first moment of the gradient waveform, and
v is the velocity. In the next scan (denoted as “~" in Figure 1), by flipping the polarity of the
gradients (shown as gray trapezoids in Figure 1a), the phase of the moving spins will be —®.
The complex difference, CD (bottom row, Figure 1b), of these two signals will then cancel
out the static tissue signal (26,29). Thus, only the moving blood signal is measured, the
signal intensity of which is 2Mpjggglsin(®)|. In practice, one often defines a maximum
encoding velocity, Venc, such that ymqVenc=7/2. The complex difference signal can then be

written as (27):
. T
o <2Vm) .

The term, Mp)oqq, follows magnetization evolution as determined by the other components
in the pulse sequence and the simulation results are shown in Figure 1c. At the time when
the excitation RF pulse is applied, Myjq0q is given by:

CD=2Mpjo0d

_ _RT _eTE
Miiood(eTE)=Mo - foiood - (1—8 Tl’“"“) v Tableed 7]
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where My is the equilibrium magnetization, fyjo0q is the partial volume fraction of blood in
the voxel, Recovery Time (RT) is the time gap between post-saturation RF pulse and the
beginning of the next TR (Figure 1a), and effective TE (eTE) is the duration of the T-
preparation (Figure 1a). Replacing the term Myooq in Eq. [1] with Eq. [2], the TRU-PC
complex difference signal can be written as:

) v - RT - eTE
sin |l 1—e 1,blood .e 2,blood | [3]
2-‘/C’ﬂc

One can therefore acquire the signals at a range of eTE values to obtain a fitting for T pjoog.-
To ensure that the other terms in Eq. [3] do not change with eTE, the repetition time (TR) is
adjusted for every eTE so that the RT is constant throughout the experiment (Note: RT=TR

—eTE-Tacq)-

CD=2Mpy - friood -

In order for Eqg. [3] to be valid for both static spins and fresh spins flowing into the imaging
volume, a non-slice-selective saturation RF pulse is applied after each acquisition. This
pulse is termed post-saturation (blue box, Figure 1a), and is applied to reset the
magnetization of all spins to be zero. Use of a post-saturation pulse has been employed in
other techniques to reset either the arterial or whole brain-signal (30-33).

Experiments were performed on a total of 36 healthy subjects (age 33 £ 10 years, range 20—
59, 20 Males, 16 Females) using a 3 Tesla MRI scanner (Philips Medical Systems, Best, The
Netherlands). The protocol was approved by the University of Texas Southwestern Medical
Center’s Institutional Review Board. The body coil was used for RF transmission, and a 32-
channel head coil was used for receiving. The subjects were instructed not to fall asleep
(verified after the scan) and to remain motionless. Foam padding was placed around the
head to minimize motion. To facilitate a waking state during the scan session, the subjects
were allowed to watch a movie using an fMRI video projector.

Feasibility Study

In an initial sub-group of 8 subjects, we tested the feasibility of the proposed TRU-PC
sequence and identified a protocol that can yield robust results in all subjects. Given the
abundant and well-known venous structures in the mid-sagittal plane, we have focused the
TRU-PC acquisition in this slice. The imaging parameters of our working protocol are as
follows: single 2D slice, FOV=200x200 mm?, Acquisition matrix = 276 (foot-to-head,
readout direction) x 83 (anterior-to-posterior, phase-encoding direction), in-plane
acquisition voxel size=0.72x2.41 mm?, slice thickness = 5 mm, RT=668 ms, single k-line
acquisition per TR, TE=4.9 ms, T2-preparation module used composite block pulses with a
Tcpmc=10ms and employed a MLEV-16 phase-cycling scheme; three effective TEs, 40 ms,
80 ms, 120ms, were used; scan duration= 7 minutes and 13 seconds. The value of Vg
should be chosen to be close to the flow velocity of the targeted vessel. For our experiment
which aims to assess multiple vessels (i.e. various locations on the superior sagittal sinus,
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straight sinus, great vein, internal cerebral vein) simultaneously, a pilot study was performed
by using a range of Venc values (80, 60, 40, 20, 15, 5 cm/s in the anterior-to-posterior
direction) in a plain phase-contrast sequence and it was found that Vgn=15 cm/s provided
the highest signal for most of the target vessels. This Vgn vValue was therefore used in all
later experiments. It should be pointed out, however, that this is an empirical choice and the
true optimal value could be subject-specific and vessel-specific. One can certainly use a
“survey” phase-contrast scan to make refinement for each individual.

Validation Study

In a sub-group of 7 subjects, Y, measured with TRU-PC was compared to a validated global
Y, technique, TRUST MRI (6), in the sagittal sinus. The optimized protocol and imaging
parameters for TRUST MRI were used (34). Both TRU-PC and TRUST sequences were
repeated multiple times to improve the measurement precision (which will be investigated in
a later section). The TRUST technique can only measure Y\, in the posterior terminal of the
superior sagittal sinus. Thus, the ROI selection for TRU-PC was chosen in the same region
to facilitate the comparison. Comparison between results of the two methods was conducted
using scatter plot, paired Student t test, and Pearson correlation coefficient. This allows the
evaluation of measurement accuracy of TRU-PC when applied to the posterior superior
sagittal sinus, although its accuracy in other locations is not assessed.

Vascular Reactivity Study

A sub-group of 5 subjects underwent a hypoxia maneuver to investigate the ability of TRU-
PC in detecting the expected change in Y,,. The subjects breathed through a mouthpiece that
was connected either to room air or to a bag containing 13% O via a 3-way valve as
described previously (35). TRU-PC MRI was performed before and during the breathing of
13% O, and subsequently compared. Vital signs including arterial oxygen saturation (Y3),
and end-tidal O, were recorded throughout the session.

Caffeine is known to modulate the venous blood oxygenation via blockage of adenosine
receptors in the brain (36). We therefore studied an additional sub-group of 5 subjects using
a caffeine challenge. The subjects were scanned before, and 1 hour after the ingestion of a
200 mg caffeine tablet (equivalent to two cups of regular coffee). During the 1 hour waiting
period, the subjects were removed from the scanner, and repositioned after 50 minutes for
the post-ingestion scan.

Reproducibility and EPIl-acquisition Study

In an additional sub-group of 5 subjects, the reproducibility of TRU-PC was investigated
while also testing the viability of reducing the scan duration. Three types of acquisition
strategies were tested: the standard TRU-PC described above, a segmented-EPI acquisition
with EPI-factor 3 (acquisition of 3 k-lines following each excitation), and a segmented-EPI
acquisition with EPI-factor of 5. This set of scans was repeated four times during the session
in an interleaved fashion. The imaging parameters for the multi-shot acquisitions were
identical to the standard non-EPI TRU-PC, except for the following: (1) The scan with EPI-
factor 3 used TE=6.7 ms, scan duration= 2 minutes and 24 seconds, (2) The scan with EPI-
factor 5 used TE=7.7 ms, scan duration= 1 minute and 27 seconds. Reproducibility of each
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acquisition strategy was evaluated by the intra-session coefficient of variation (CoV),
defined as the standard deviation across repetitions divided by the mean (34). The Y, values
across different acquisition strategies were also compared to examine any systematic
differences due to the EPI factor.

Feasibility of Small Vessel TRU-PC

We also wanted to extend the TRU-PC technique beyond the mid-sagittal major veins to
evaluate oxygenation in smaller veins such as pial veins or deep veins. Thus, in a final
subset of 6 subjects, we examined the feasibility of measuring the Y, in small vessels. We
first performed a Susceptibility-Weighted-Imaging (SWI) (37) to visualize veins in the slice
of interest. The imaging parameters for SWI were: 3D gradient echo readout, read-out
BW=80Hz, FOV=230%164mm2, matrix=480x480, 48 slices, slice thickness = 2mm, slice
gap = 0Omm, TR=40ms, TE=25ms, FA=20°, scan duration=4.3 min. Then, TRU-PC was
performed to estimate the blood oxygenation of the targeted veins. Given that the smaller
vessels have smaller size and lower flow velocity, we made two adjustments to our protocol:
voxel size in the phase-encoding direction was reduced from 2.4 mm to 1.2mm; Vgnc Was
reduced from 15 cm/s to 5 cm/s. These changes resulted in an increase in scan duration to 14
minutes and 20 seconds (no EPI was applied in these scans yet). Both axial and sagittal
acquisition planes were evaluated.

Data Analysis

The data was processed with in-house MATLAB (Mathworks, Natick, MA) scripts. Motion
correction between the three eTE images was performed with the software FSL (University
of Oxford, UK). Before the data was fit for T, the noise level of each image was determined
by manually drawing a region-of-interest (ROI) in the static tissue region (e.g. green boxes
in Figure 2). The noise level was computed according to the Rayleigh noise equation (38):

mean (Spoise)
/2 '

O noise=

(4]

The Rayleigh noise can skew the distribution of the signals in the image, forcing it to a non-
Gaussian function. This is particularly relevant for low intensity signals (e.g. the signal of
long eTE), and should be corrected. The signal correction followed a standard method (39):

_ 2 2
Scorrected— | Sblood —Ohoise ’ . [5]

The corrected blood signal was then fit to a mono-exponential function of eTE to obtain
T2 blood (.. Eq. [3]). The fitting was performed on a voxel-by-voxel level as well as on
ROls. For ROI analysis, a preliminary mask was manually placed on the eTE 40 image
(typically containing about 200 voxels) and the top 100 voxels by signal intensity were
included in the final mask. The mono-exponential fitting for the ROI data was conducted
such that each voxel in the ROl was allowed to have independent signal intensity, Sg, but
with the constraint of a common T pjooq. By assuming Hct=41% for all subjects, the blood
T, was converted to Yy, using a previously established calibration plot (40). For the small
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vessel data, only ROI analysis was performed. The venous vessel was first identified on the
SWI image and a preliminary mask on the eTE-40 TRU-PC image was drawn to encompass
this vessel. A visual inspection on all eTE images, in particular eTE of 120ms, was
conducted to ensure that the vessel signal is clearly above background noise before the
fitting was carried out. This step of visual inspection was not needed for the large vessel data
as their signals were clearly above noise.

Feasibility Study

TRU-PC MRI results in three types of images: a complex average (CA) image between the
“+” and “~” scans, a complex difference (CD) image, and a velocity image based on phase
differences between the “+” and “-" scans. Figure 2a shows the three types of images at
each eTE. The CA image contains both tissue and blood signal with discernible anatomical
structures, and decays appreciably with increasing T, weighting. The CD images also decay
with eTE. Importantly, the decay rate in CD is only dependent on the T, of blood, but not
tissue, due to the isolation of pure blood signal. Note that the pulsation of arterial vessels did
not yield a clear ghosting in this sequence. This is because the TR is relatively long and
there is not a simple pattern of cardiac-phase-related periodicity in the k space data. The
velocity images do not depend on eTE as it is related to the phase, not magnitude, of the
magnetization. Note, however, that the velocity image is susceptible to tissue partial
voluming, unlike the CD image.

A sample decay of the CD signal as a function of eTE is shown in Figure 2b. The resulting
T, was extracted using a monoexponential model, and converted to Y, using a calibration
curve measured previously using identical To-preparation pulses (40) (Figure 3c).

The ROI can be drawn on any of the vessels seen in the CD image. For quantification in this
study, we defined 8 main vascular regions based on a brain vein atlas (41). Figure 3a shows
the chosen ROIs, where the Superior Sagittal Sinus (SSS) has been partitioned into five
sections (denoted as ROI #1-5, respectively), and the remaining ROIs are centered on the
Straight Sinus (SS, ROI #6), Great Vein (GV, ROI #7), and Internal Cerebral Vein (ICV,
ROI #8). In this designation scheme, ROIs #1-5 drain the cortex and ROIs #6-8 drain the
deep brain regions. The path of the venous flow is also labeled in Figure 3c.

Figure 3c shows group-averaged Y,, values for each ROI (N=22 including 7 subjects from
validation study, 5 subjects from O2 study’s baseline scan, 5 subjects from caffeine study’s
baseline scan, 5 from reproducibility study). Comparison across ROIs was only carried out
for consecutive regions due to their physical adjacency. Significant differences were
observed in four neighboring ROI pairs (paired t test, Bonferroni-corrected P<0.05) (see
Figure 3c). The Y, difference between ROI #5 and 6 have been reported previously by Jain
et al (42).

Figure 3b shows a map of Y,, based on voxel-wise T fitting (only voxels with CD intensity
> 4 times the noise level were used). It is apparent that the T fitting is stable across the
entire path of the venous structure. Interestingly, the mid-sagittal slice also includes a
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feeding artery, i.e. basilar artery, and Y, in the artery was found to be close to 100% (Figure
3b), as expected.

Validation Study

Y, values measured with TRU-PC were compared to Y, determined by TRUST MRI. ROI
#4 was used for the comparison because it is the location that the TRUST measure is based
upon. The average TRU-PC Y,, value of 61.3 + 6.7% (mean + SD, N=7) showed no
difference (P=0.90) from the TRUST average Y, of 61.4 + 8.3%. Figure 4 shows the scatter
plot between the TRU-PC and TRUST measured Y\, values. A linear relationship close to
the unit line was observed between them (N=7, P=0.001).

Vascular Reactivity Study

To test if TRU-PC could detect a change in blood oxygen saturation, two physiologic
challenge experiments were performed. In a subgroup of five subjects, a hypoxia maneuver
was performed. A summary of the fraction of inhaled oxygen (FiO5), end-tidal O, (EtO,),
and Y, during the normoxic and hypoxic conditions are listed in Table 1. Y, values in the 8
ROls are plotted in Figure 5a. Y,, during hypoxia was lower than that during normoxia in all
ROIs, consistent with the expected effects of this type of challenge. The average decrease in
Y, was 6.6 = 3.8%.

Furthermore, a caffeine challenge was tested on 5 subjects. Caffeine is known to reduce
cerebral blood flow and venous oxygenation (36). Figure 5b shows Y\, in the 8 ROIs
evaluated by TRU-PC. A decrease in Y,, was observed in all ROlIs with an average reduction
of 9.1 £ 2.6%.

Reproducibility and EPIl-acquisition Study

Reproducibility of the TRU-PC technique was evaluated by performing four repetitions in
the same session with a 12-minute interval between measures (N=5). The coefficient of
variation (CoV) averaged over all ROIs was 3.5 + 1.0%, which is larger than the TRUST
CoV of 1.9 + 0.6% as reported in the literature (34), but can still be considered acceptable.
Figure 6a (blue curve) shows CoV of individual ROI.

Given that all TRU-PC data presented so far were acquired with a relatively long scan
duration of 7.2 minutes, we also tested the feasibility of segmented-EPI acquisition to reduce
the scan duration. A representative map of Y,, acquired with non-EPI, EPI-factor 3 (scan
duration 2.4 min), and EPI-factor 5 (scan duration 1.5 min) is shown in Figure 6b.
Quantitative comparison of CoV across the three acquisition strategies is shown in Figure 6a
(N=5). It appears that the use of segmented-EPI did not significantly impact the
reproducibility of the measures. The values of Y, measured with the three strategies were
also comparable, and no significant difference was identified. Thus, segmented EPI may
provide a rapid method for TRU-PC acquisition.

Feasibility of Small Vessel TRU-PC

We measured Y, in smaller veins (1-2 mm in diameter as determined from SWI images) in
six subjects. The cut-off velocity and spatial resolution were adjusted accordingly as
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described in Methods. In three subjects, we applied a sagittal planning to measure pial veins
that drain cortical gray matter. Figure 7 shows results from individual subjects. CD images
from TRU-PC are displayed as a function of eTE. Y\, values of representative veins are also
displayed (note: these veins do not have designated names). In another three subjects, we
applied an axial planning to measure Y, of deep veins that drain deep gray matter (e.g. basal
ganglia, thalamus). The resulting TRU-PC images and the corresponding oxygen saturations
are shown in Figure 8.

Discussion

This study presented a novel TRU-PC MRI technique that uses completely non-invasive
procedures and a relatively simple analysis method to quantify blood oxygenation in
cerebral veins. We have demonstrated that this technique is capable of measuring
oxygenation in major cerebral veins as well as pial and deep veins. The accuracy of TRU-
PC was verified by showing an excellent agreement with a validated global method, TRUST
MRI. The technique was also found to be highly reproducible with a CoV of 3.5% among
repeated measures. Finally, using two separate physiologic challenges, the sensitivity of
TRU-PC MRI in detecting changes in oxygenation was demonstrated.

Clinical potentials

The brain represents about 2% of the total body weight, but consumes about 20% of the total
energy. Therefore, the rate of energy utilization and oxygen consumption is an important
index of tissue viability and brain function. Abnormal levels of oxygen metabolism have
been documented in vascular dementia (43), multiple sclerosis (MS) (22,44,45), brain
tumors (46), head injury (47,48), and a variety of metabolic disorders (e.g. diabetes) (49—
52). It is well known that the cerebral metabolic rate of oxygen (CMRO>) can be quantified
by the arterio-venous difference in oxygen content (53). However, while the arterial
oxygenation can be measured easily from the periphery (since all arterial blood comes from
the heart and has the same oxygenation), the venous oxygenation must be measured in the
brain itself and has presented major technical challenges. Therefore, the development of
TRU-PC MRI to quantify venous oxygenation could potentially fill this gap and make it
feasible to measure CMRO> on a routine basis.

It should also be noted that recent advances in MRI technologies have allowed measurement
of global venous oxygenation. An example of such a method is the TRUST MRI technique
that our group has previously developed (6). We, however, emphasize that a regional
oxygenation and CMRO> technique will have additional important clinical applications.
First, a better characterization of variations in venous oxygenation across brain regions may
improve our understanding of spatial patterns of oxygen extraction reserve and allow the
identification of regions with greater risk for ischemia attack or stroke. Second, the ability to
measure oxygenation in a specific vein may be used in task-activation studies to understand
physiology during brain activation, which is usually region-specific. Third, many brain
disorders are known to affect a specific brain region, thus venous oxygenation measurement
of the whole-brain may not be able to detect the abnormality. In particular, knowledge of
oxygenation and metabolism in the deep gray matter (e.g. basal ganglia, thalamus) has
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unique significance in understanding pathophysiology of several diseases including
Parkinson’s disease in which dopaminergic neurons in basal ganglia suffer from increased
cell death (54), Huntington’s disease in which caudate and putamen are particularly
vulnerable to the toxic mHtt protein (55), and Wilson’s disease in which the abnormal metal
ion accumulation is especially pronounced in subcortical nuclei (56). Using 1°0O-PET,
Wolfson and colleagues demonstrated an elevated oxygen extraction fraction (OEF) in
Parkinsonism, which would correspond to a reduction in venous oxygenation (57).
Evaluating glucose metabolism, a number of researchers have shown that patients with
Parkinson’s disease have a greater metabolic rate in the deep brain regions when compared
to healthy controls, whereas the patients’ cortical metabolic rate was suppressed (58). In
Huntington’s disease, the basal ganglia showed a decrease in metabolism whereas the
thalamus showed an increase (58). In Wilson’s disease, Kuwert and colleagues found that
thalamic glucose metabolism was significantly lower than that in control subjects (59).
Therefore, the ability of TRU-PC to measure deep vein oxygenation may find immediate
applications in these clinical conditions.

Comparison with other techniques

The PET method is the current gold-standard for Y\, and CMRO, measurements. It uses
three radiolabel tracers, H,1°0, C1°0, 150,, and a kinetic model to estimate the parameters.
However, since these tracers have a very short half-life (about 2 minutes), these
measurements require an onsite cyclotron at the imaging facility, equipment that is available
to only approximately 10% of the PET facilities in the United States. Additionally, the
procedures associated with the use of three different tracers are rather complex and,
furthermore, an arterial line is needed during the imaging session to sample the arterial input
function. For these reasons, the PET Y, measurement has not been routinely used in clinical
or research practice. For MRI methods, the gBOLD technique uses a MR signal model
accounting for multiple tissue compartments and hemodynamic parameters such as blood
volume and venous oxygenation, and performs model fitting to estimate Y\, (9). A potential
limitation of this method is the complexity of the model and its high sensitivity to magnetic
field inhomogeneity (e.g. quality of shimming). The PROM method (15) uses a
susceptibility phase difference between the venous blood and the surrounding tissue to
quantify Y. But this technique requires assumptions on vessel orientation, is sensitive to
field inhomogeneity, and requires the selection of a reference tissue (which is not always
trivial). Two newer techniques, QUXOTIC (23) and VSEAN (24), use velocity-selective
spin tagging to isolate pure blood signal and estimate blood T, and have shown promising
preliminary data. However, reproducibility of these two techniques has not been fully
evaluated and there remain several technical issues related to the potential contributions
from capillary/CSF/static tissue as well as the hematocrit differences between microvascular
and macrovascular vessels, which can affect the To-oxygenation relationship. Two recent
studies have also proposed to use concomitant hypercapnia and hyperoxia challenges to
estimate Y, (60,61). The practicality of the challenges and the validity of certain
assumptions require further verification.

The TRU-PC technique proposed in this study uses a simple data processing approach of
mono-exponential fitting with few assumptions, since the theoretical framework of the
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method is relatively straightforward. The technique also does not require the selection of a
reference tissue. Signals in TRU-PC are expected to have minimal, if any, contributions
from CSF or capillary signal due to the large Venc Used. Furthermore, uncertainty in the
hematocrit value is not an issue since the blood signal is of macrovascular origin.

Our method is also in contrast to the technique developed by Jain et al (42), which is a
global measure and devoid of spatial information. Their method, however, possesses the
clear advantage of high temporal resolution (~30 sec) that TRU-PC lacks.

The use of flow-selective magnetization preparation within a T, module has previously been
used in angiogram studies for suppression of large-vessel signals (62-66). The sequence
design rationale was, however, different from that of the present study in that the previous
studies used T, preparation as a “wrapper” to embed the flow-suppressing gradients, rather
than for the purpose of modulating the T, weighting as used in the present design. In fact,
the T, decay in the previous studies was an undesired effect. Additionally, the T»
preparation and flow-encoding were applied in different sequence modules in our study,
whereas they were applied in the same module in the earlier studies. Furthermore, our
sequence used varying To weightings and provides an estimation of T, value, which the
previous sequence did not measure (65,66). Finally, our sequence used a CPMG-T2-prep
rather than the spin-echo T2-prep used in the previous literature (65,66). Compared to spin-
echo Ty, CPMG-T,, is less sensitive to macroscopic field inhomogeneity due to shimming
imperfection and is more widely used in studies of blood oxygenation estimation (6,18,23).

The present study observed that venous oxygenation across major vessel branches is within
the general range of 50-75%, consistent with previous reports (67). However, we also
observed that the deep veins have a slightly higher Y, compared to cortical veins (Figure 3).
This finding is in agreement with previous literature that deep brain tends to have a lower
oxygen extraction fraction (OEF) (Note that OEF=1-Y,,) (68-71). Within the cortical
venous path, the anterior locations tend to have a greater Y,, compared to posterior locations
(Figure 3). This is consistent with PET findings that OEF is lower in frontal cortex
compared to parietal cortex, which is again lower than occipital cortex (68). Similar profile
was observed in the deep vein path in our data. This could be because the beginning
segments of the deep veins (ROI #8 internal cerebral vein and ROI #7 great vein) primarily
drain deep gray matter which has lower OEF as described above, whereas the later segment
(ROI #6, straight sinus) also contains blood from the inferior sagittal sinus which drains
cortical tissue. The reason for a lower OEF in deep gray matter appears to be related to
greater blood flow to these regions, as shown by previous PET results (68).

Technical considerations

Scan duration is an important factor in evaluating the practicality of a technique. The proof-
of-principle scans performed in the present study used a conservative acquisition approach
of non-EPI gradient-echo, which resulted in a relatively long scan duration of 7.2 minutes.
We later employed segmented-EPI acquisition with an EPI factor of 5, allowing us to reduce
the time to 1.5 minutes. This duration is more desirable for future clinical applications. The
reproducibility data of the segmented-EPI sequences further showed that the use of EPI did
not negatively impact the reliability of the results. Although it is expected that segmented-
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EPI would result in lower SNR compared to conventional gradient-echo acquisition (due to
T2* decay), the shortening of scan duration may have reduced the motion-related noise in
the data. Thus, the overall data stability is comparable.

In the TRU-PC sequence, we included a non-slice-selective post-saturation to reset the
magnetization of all spins to zero. Since the TRU-PC technique measures flowing spins, it is
conceivable that different spins may have experienced a different number of RF pulses
during previous periods. For example, spins traveling through the imaging slice will have
experienced all of the T,-preparation and excitation pulses, whereas fresh blood spins
entering the brain may not have experienced any RF pulses. Therefore, the use of a global
post-saturation pulse ensures that all spins follow the saturation recovery evolution as
modeled by the theory.

Conventional phase-contrast MRI usually uses a smaller flip angle (e.g. 15°) and a shorter
TR, which is helpful in reducing scan duration. In TRU-PC MRI, regardless of the flip angle
of the excitation pulse, the magnetization needs to recover from zero (after the post-
saturation pulse). Thus, an excitation flip angle of 90° is used to maximize the signal. For
similar reasons, a relatively long RT (668ms) is needed to allow sufficient recovery of the
longitudinal magnetization. The minimal TR is also constrained by the SAR of the sequence.

The T,-preparation of the TRU-PC sequence used three different eTE values: 40 ms, 80 ms,
and 120 ms. Given that our tcppmg=10 ms, this corresponded to 4, 8 and 12 refocusing
pulses. Since we are using MLEV-16 phase cycling on the composite pulses of the To-
preparation, a multiple of 4 refocusing pulses can minimize the effect of RF imperfection
(72). We did not include an eTE of zero (i.e. tip down and immediately tip up) in our TRU-
PC acquisition because the phase of the transverse magnetization may change slightly
between tip-down and tip-up, resulting in imperfect tip-up and the under-estimation of signal
at eTE 0 ms. This effect can be sizable in regions where resonance offset (i.e. field
inhomogeneity) is severe.

One of the limitations is that the TRU-PC technique as presented can only measure
oxygenation in macrovessels but not microvessels. In other words, at present TRU-PC can
only study veins that one can visualize in an anatomic (e.g. SWI in Figure 7) image. Based
on our data, these veins typically have a diameter of 1 mm or above. For veins smaller than
this caliber, the sensitivity of the signal will be questionable. In addition, if the voxel
contains two or more small vessels, their phase-contrast CD signals may cancel out instead
of summing up. The ability of TRU-PC in quantifying microvascular Y, is further
complicated by the fact that hematocrit is known to progressively decrease in microvessels
(73). Since hematocrit can significantly modulate the blood T»-Y relationship, this
uncertainty is expected to compromise the accuracy of the estimation, a limitation suffered
by all T,-based regional Y, techniques.
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We presented a novel technique, TRU-PC MRI, to non-invasively quantify cerebral
oxygenation in regional draining veins with a diameter of 1 mm or greater. Methodological
evaluations revealed that this technique is accurate when compared to established
approaches, is reproducible, and has sufficient sensitivity in detecting oxygenation changes
due to typical physiologic challenges. Thus, this simple technique may provide a critical step
toward region-specific measurement of oxygenation and metabolism in the brain.
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Figurel.
Pulse sequence of TRU-PC MRI. (a) The pulse sequence of TRU-PC, made up of a

combination of three components: a T2-preperation module (red box), a Phase-Contrast
module (green box), and a Post-saturation module (blue box). The phase-contrast module
allows for the separation of blood and tissue via the bipolar gradient applied in *+’ or ‘=’
orders. Here, ‘+” means positive lobe first. ‘=" means negative lobe first (see green box).
The T2-preperation with length eTE provides the T2 weighting. Three different T2-prep
schemes (40, 80, and 120 ms) are played out. The post-saturation pulse resets the
magnetization. (b) Magnetization vectors for blood (blue) and tissue (yellow) compartments,
and their summation (black dashed arrows). @ is the phase shift of the flowing spins. The
complex difference (CD) between “+’ and ‘-’ schemes is represented by the solid black
arrow, and decreases in magnitude with each eTE. (c) Evolution of magnetization during
one TR period. Only the magnetization component relevant for TRU-PC signal is plotted.
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This corresponds to transverse magnetization during the T2-preparation period and
longitudinal magnetization during the phase-contrast and post-saturation periods. PC =
phase-contrast.
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Figure2.
Representative results of TRU-PC MRI. (a) TRU-PC images acquired with eTE=40, 80, and

120 ms. The complex average (CA) image contains both blood and tissue signal and decays
appreciably with eTE. The complex difference (CD) is weighted by the amount of blood in
the voxel as well as the velocity component along the encoding direction (anterior-posterior
in this study). For voxels with flow velocity perpendicular to the encoding direction, the CD
signal is relatively low even with high blood volume. The velocity map is obtained from the
phase difference between ‘+’ or ‘=’ gradient-encoding schemes and does not vary with eTE.
Vessels flowing from anterior to posterior show a positive (bright) velocity; those flowing
from posterior to anterior show a negative (dark) velocity. Vessels whose flow is
perpendicular to anterior-to-posterior direction will have 0 (gray) velocity in this image. The
green dashed box indicates a region where the noise level is typically assessed from. (b) A
representative plot of CD signal as a function of eTE. Blue symbols indicate experimental
data. Red curve indicates the fitting curve. The fitted equation is shown in the inset. (c) The
extracted blood T is converted to blood oxygen saturation using a calibration plot, shown
here for Hct=41%.
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Figure 3.
Summary of TRU-PC results. (a) lllustration of eight ROIs on a mid-sagittal anatomic

image. The major venous vessels are pseudo-colored in blue. The Superior Sagittal Sinus
(SSS) is partitioned into 5 areas, where the direction of flow is from 1 to 5. ROI 6 represents
the Straight Sinus (SS), ROI 7 covers the Great Vein (GV), and ROI 8 describes the Internal
Cerebral Vein (ICV). The direction of flow through the deep veins is from ROI 8 to ROI 6,
and takes a parallel trajectory to the SSS. (b) An oxygen saturation map acquired with TRU-
PC MRI. The color bar describes the oxygen saturation from 50 to 100%. (c) Average Yy in
ROI 1-8 (N=22). Error bar = standard deviation. Red asterisks indicate significant (P<0.05)
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differences between adjacent ROIs. The mean Y,, values are also listed at the bottom. The
long arrows indicate flow directions.
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Scatter plot between TRU-PC and TRUST Y,, values. Each symbol represents data from one
subject. The linear fitting curve and the R of the fitting are also shown.
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Results of TRU-PC during physiologic challenges. (a) Yy during normoxia and hypoxia in
the 8 ROIs (see inset). N=5. (b) Y, before and after caffeine ingestion in the 8 ROIls. N=5.
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Figure®6.
Reproducibility of TRU-PC MRI. (a) Coefficient of Variation (CoV) for 8 regions (see

inset). Data using different acquisition schemes are shown. The blue curve represents the
standard (no EPI, or EPI factor 1) TRU-PC, the red curve represents the EPI-factor 3 TRU-
PC, and the green curve represents the EPI-factor 5 TRU-PC. There is no significant
difference between the CoV values for different acquisition schemes. (b) Representative
TRU-PC Y, maps obtained using different acquisition scheme. From Left to Right: standard
(no EPI) TRU-PC, EPI-factor 3 TRU-PC, and EPI-factor 5 TRU-PC. The color bar
describes the oxygen saturation from 50 to 100%.
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Figure?7.
TRU-PC applied to pial veins. Three healthy subjects were studied and the data are

individually shown in Panels a through c. Left-hand image in each panel: A sagittal SWI
image showing dark veins in contrast to bright tissue signal. The SWI image was used for
localization of veins in the TRU-PC image. The red box indicates the region chosen for the
subsequent TRU-PC analysis. The zoomed TRU-PC images for eTE 40, 80, and 120 ms
show appreciable decay in the pial veins draining into the SSS. Estimated Y\, of discernible
pial veins are listed in the image.
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Figure8.
TRU-PC applied to deep veins. Three healthy subjects were studied and the data are

individually shown in Panels a through c. Left-hand image in each panel: An axial SWI
image showing the deep veins of the brain. The red box indicates the region chosen for the
subsequent TRU-PC analysis. The zoomed TRU-PC images for eTE 40, 80, and 120 ms
show appreciable decay in all vessels specified. Estimated Y,, of discernible veins are listed
in the image.

Magn Reson Med. Author manuscript; available in PMC 2014 October 08.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Krishnamurthy et al.

Table 1

Physiologic responses to hypoxia challenge (Mean + SD).

FiO, EtO, (mmHg) | Ya@) | Y, (@)

21% 138+3 9+1 61.7+5.9

13% 81+3 90+4 55.1+5.0
Difference 564 78+38 | 66+38

FiO2 — Fraction of O2 in inhaled air. EtO2 — end-tidal O2. Y3 — arterial oxygenation. Yy, — venous oxygenation.
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