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Abstract

Purpose—Cerebral venous oxygenation () is an important biomarker for brain diseases. This
study aims to develop an R;-based MR oximetry that can measure cerebral Yy in 3D.

Methods—This technique separates blood signal from tissue by velocity-encoding phase contrast
and measures the R’ of pure blood by multi-gradient-echo acquisition. The blood R’ was
converted to Y\, using an R;-vs-oxygenation (Y) calibration curve, which was obtained by in vitro
bovine blood experiments. Reproducibility, sensitivity, validity, and resolution dependence of the
technique were evaluated.

Results—In vitro r3-Y calibration plot revealed a strong dependence of blood Ry* on
oxygenation, with additional dependence on hematocrit. In vivo results demonstrated that the
technique can provide a 3D venous oxygenation map that depicts both large sinuses and smaller
cortical veins, with venous oxygenation ranging from 57% to 72%. Intra-session coefficient-of-
variation of the measurement was 3.0%. The technique detected an average Y\, increase of 10.8%
due to hyperoxia, which was validated by global oxygenation measurement from TRUST. Two
spatial resolutions, one with an isotropic voxel dimension and the other with a non-isotropic
dimension, were tested for full brain coverage.

Conclusion—This study demonstrated the feasibility of 3D brain oxygenation mapping without

using contrast agent.
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Introduction

Cerebral venous oxygenation () is closely associated with the brain's oxygen extraction,
metabolism, and to some extent neural activity, and is a promising biomarker in several
major neurological diseases including stroke (1,2), tumor (3) and Alzheimer's disease (4-6).
However, measurement of cerebral venous oxygenation in humans has proven difficult. 150
positron emission tomography (PET) was one of the first methods developed to measure Y\,
but this method requires inhalation of radioactive gas, arterial blood sampling, and an onsite
cyclotron to produce the short half-life 150 tracer (7). As a result, only a small number of
laboratories are still performing such experiments in recent years.

An active research topic in the MRI field is, therefore, the development of new techniques to
non-invasively measure Y\, in humans. To this end, measurement of global, whole-brain
venous oxygenation is now relatively well-established. One can either use the T,-
Relaxation-Under-Spin-Tagging (TRUST) (8) or phase susceptometry method (9) to
determine cerebral Y, within approximately one minute. In contrast, considerable technical
development is still needed for MRI techniques of regional Y, quantification, which would
have a greater potential for clinical applications. While all such techniques are based on the
paramagnetic property of deoxyhemoglobin, different types of methods have focused on
magnitude (10-12) or phase (13,14) manifestations of these effects. One particular line of
techniques is based on a calibratable relationship between blood A, (or r3) and oxygenation
(Y) (15-17). By designing advanced MR pulse sequences to accurately measure blood
transverse relaxation in vivo, one can obtain a quantitative assessment of cerebral
oxygenation without using any contrast agent or physiological challenge. Although several
efforts have demonstrated promising results (18-20), the spatial coverage of these prior
works has been limited to a single slice. Therefore, in order to have a practical utility in
clinical settings, expansion of these techniques to 3D, ideally with whole-brain coverage, is
highly desirable.

The goal of this study is to develop 3D acquisition and analysis schemes to measure blood
oxygenation in human cerebral veins after accounting for partial voluming between blood
and tissue. The proposed method employs velocity-encoded phase contrast imaging to
differentiate flowing blood signal from static tissue, and applies flow-compensated multi-
gradient-echo acquisition to rapidly map blood R;. In vivo experiments were performed to
demonstrate the feasibility and reproducibility of this method. Sensitivity of the method to
known effect of oxygenation change was tested by hyperoxia physiological challenge. In
vitro experiments were performed to establish the R3-Y calibration plot, from which the in
vivo R} values could be converted to physiological value of venous oxygen saturation
fraction. Validation was performed by comparing the Y, measured with this new sequence to
an established method of global Yy, (21). Finally, tradeoff between in-plane and through-
plane resolution in 3D acquisition was investigated.
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Methods

Pulse sequence

As shown in Figure 1, the proposed sequence is a multi-gradient echo phase contrast
sequence. Using the phase contrast principle, a complex difference (CD) image can be
obtained by the complex subtraction of two images acquired with opposite gradient polarity
(green gradients in Figure 1). Only the flowing blood signal is present in the CD image,
thereby isolating pure blood signal in the presence of tissue partial voluming. The multi-
gradient echo acquisition then allows the measurement of blood R} (or 75). Flow
compensation was employed in both y and z directions for the first echo. Additional flow
compensation in the y-direction was applied for all later echoes using schemes developed by
Xu et al. (14). These strategies are important in minimizing mis-match in spatial coordinates
of the measured signal, so-called oblique flow artifacts (22). Fly-back gradients are applied
in the readout direction to ensure identical geometric distortion along x-direction across all
echoes (23). Compared to a previous sequence which was based on a similar principle but
used CPMG-T, preparation pulses (19), the present sequence is more time efficient in three
ways. First, the multiple echoes are acquired in one TR, rather than in separate TRs. Second,
the CPMG-T, sequence is associated with higher RF power deposition, thus a relatively long
TR (e.g. 668 ms) is needed to accommodate the SAR limits. Third, since 73 is considerably
shorter than CPMG-T», a shorter echo time can be used for the same amount of signal
attenuation, which reduces TR. These improvements add up to approximately 40 times
reduction in scan time compared to the previous method (19), and allow the extension of the
technique from 2D to 3D without drastically increasing the scan duration. To be consistent
with the naming convention of the previous method (19), we referred to the present sequence
as T,-Relaxation-Under-Phase-Contrast 3D version (TRU-PC 3D).

Theory

The blood signal as measured in the CD image is related to flow velocity and cutoff velocity
of the sequence, Vg, by:

nz
CD:Q]ublood

)

sin(

(1]

2 enc

where Mp)go4 iS the magnetization of the blood at given TE and v is the velocity of the blood
along the encoding direction (typically anterior-posterior, foot-head, or left-right). Mpjgoq iS
related to TE, TR, and flip angle of the sequence as well as its volume fraction in the voxel,
and can be written as:
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where My is the total equilibrium magnetization in the voxel, fyj00q is the fraction of blood,
and a is the flip angle. When we combine Egs. [1] and [2], the CD signal at the given TE
can be written as:

'z

) sina - (1 — G*TR'RLblood) _TRER
2Venc

2,blood
1 — coso - efTR‘RL,blood [3]

CD (TE) =2Mpy - fblood *

sin(

In this equation, if we combine the TE-independent terms into a Sy, the signal becomes:

CD(TE):S()(??TE'R:.NO(M [4]

The R3 1,004 Can then be estimated from a mono-exponential fitting of the multi-TE data.

In vivo experiment

The MRI experiment was carried out in a total of 13 young and healthy subjects (age, 27+7
years; range, 21-35, 3 males) using a 3 Tesla MRI scanner (Philips Healthcare, Best, The
Netherlands). The protocol was approved by local Institutional Review Board. All subjects
gave informed written consent before participating in the study. The RF transmission used
the body coil, and the receiving coil was a 32-channel head coil. Three sub-studies were
conducted to characterize different aspects of the technique, which are described separately
in the following sections.

Feasibility and reproducibility study

Four subjects participated in this sub-study. Each participant underwent two TRU-PC 3D
scans and a time-of-flight (TOF) angiogram scan, which was used in data analysis (see
below) to differentiate veins from arteries in the TRU-PC 3D al orientation, anterior-
posterior phase encoding, FOV=200x200x85image. The imaging parameters for TRU-PC
3D were as follows: 3D gradient echo readout, sagitt mm3, acquisition matrix=288x284x17,
voxel size=0.7x0.7x5 mm3, bandwidth=217 Hz, V=9 cm/s in anterior-posterior direction,
flip angle/TE/ATE/TR= 15.6°/13 ms/14 ms/60 ms, 4 echoes were acquired for each TR. In
choosing echo time parameters, our goal was to use the shortest possible TE and ATE for
given gradient amplitude and slew rate while maintaining flow compensation. The number
of echoes was determined based on considerations of sufficient signal decay while
minimizing TR (thereby scan duration). The scan time of each TRU-PC 3D was 9.8 min.
The imaging parameters for TOF MRI were as follows: 3D gradient echo readout, axial slice
orientation divided into 10 chunks, FOV=170x170x150 mm3, acquisition
matrix=356x226x300, voxel size=0.48x0.75x1 mms3, flip angle/TE/TR=20°/3.5 ms/25 ms,
Sensitivity encoding (SENSE) factor=2, scan duration=10.2 min. Note that the FOVs of the
TRU-PC 3D and TOF scans are not matched because they are acquired in different
orientations. In post-processing, however, these images are resliced to match each other.
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Hyperoxia study

A hyperoxia study was performed to test the sensitivity of TRU-PC 3D to expected venous
oxygenation change when the subject inhales high oxygen content gas. Four subjects
participated in this sub-study. During the experiment, the subjects were instructed to inhale
room air and high oxygen content gas sequentially (95% O,) through mouth piece as
described previously (24). The gas type the subject inhaled was controlled though a three
way valve. During the room air period, a TRU-PC 3D and global oxygenation sequence,
TRUST MRI (8), were performed. The TRU-PC 3D protocol was identical to that used in
the feasibility study described above. The TRUST sequence was described in previous
literature (8) and had a duration of 1.2 minutes. A TOF angiogram scan was then started.
Half way (approximately 5 minutes) into the TOF scan, the gas valve was switched to allow
the participant to start breathing the hyperoxic gas. By the time the TOF scan is completed,
the participant would have breathed the hyperoxic gas for about 5 minutes and is expected to
have reached a new steady state. Then TRU-PC 3D and TRUST MRI were performed again
under the hyperoxic state.

Resolution-dependence study

We studied the tradeoff between in-plane and through-plane resolution in a full-brain
coverage scan. Two TRU-PC 3D protocols were compared in 5 subjects. The first protocol
used a high in-plane resolution and a low through-plane resolution with a voxel size of
0.7x0.7x5 mm3, a matrix of 288x284x31, and a scan duration of 17.9 min. The other
protocol used a more isotropic voxel size of 1.5x1.5x2 mm3, acquisition matrix of
133x132x77, and a scan time of 20.6 min. A TOF angiogram was also performed.

In vivo data analysis

The TRU-PC 3D images were reconstructed and corrected for eddy-current induced phase
artifact as described in (25). To focus our analysis on voxels containing measurable blood
vessels, the complex difference images from all TEs were averaged and a threshold (10
times the standard deviation of the noise sampled from a non-vessel control region) was
applied to obtain a preliminary vessel mask. Further analysis of blood oxygenation was only
conducted on voxels within the mask.

Blood oxygenation was quantified on two spatial levels, region-of-interest (ROI) level and
voxel-wise level. In the ROI analysis, nine ROIs were drawn on the vessel mask to
encompass five mid-sagittal and four cortical veins: anterior and posterior superior sagittal
sinus, internal cerebral veins, straight sinus, left transverse sinus, bilateral anterior and
posterior cortical veins. The complex difference signal inside the ROl was averaged for each
TE and fitted monoexponentially for r%. The R} was further converted to oxygenation
according the R3-Y calibration plot, which is discussed in the next section.

For voxel-wise analysis, an isotropic Gaussian smoothing (6mm full-width-half-maximum,
FWHM) was applied to the masked complex difference images. Voxel-wise R; fitting was
performed to voxels within the vessel mask. To avoid arterial vessels and to remove voxels
with low signal stability, the following four steps were performed to refine the mask used for
final display. First, an artery mask was obtained by analyzing the time-of-flight angiogram
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using the Amira software (FEI Visualization Sciences Group, Hillsboro, Oregon) and voxels
in the arterial mask were eliminated from the blood r; map. Second, 95% confidence
interval of the R; estimation was evaluated and voxels that have a confidence interval of
greater than the estimated R? value were discarded. Third, the Sq value from the g7 fitting,
which denotes the intensity of blood signal without any R weighting, was evaluated and
voxels with an S of less than a threshold (1x10° A.U. for voxel size 0.7x0.7x5 mm3 and
3x10° A.U. for voxel size 1.5x1.5x2 mm3) were discarded. Note that we used a group-level
threshold for Sy. An alternative approach would be to use an individual threshold based on
each data's SNR. We did not use an SNR-based threshold because the estimation of noise in
So is not trivial as it is a fitted parameter rather than experimental measure. Finally, small
clusters with a volume of less than 135 mm3 were removed. The final R} map was converted
to oxygenation map using the calibration plot. For 3D display purposes, we employed the
Amira software to convert the oxygenation map to a 3D model. The oxygenation value was
then displayed on Paraview (26) in vtk format.

In vitro blood experiment and analysis

To allow the conversion of blood R} value to oxygen saturation fraction, we conducted a set
of calibration experiments using bovine blood, which has physiological and MR properties
comparable to human blood (27). Note that the calibration experiment does not need to be
done for every subject or every study. Once a calibration plot is established, it can be used
for all future scans using an equivalent pulse sequence. Fresh Bovine blood was obtained
from a local slaughtering house in the morning of each experimental day. Sodium citrate was
added to the blood for 25 mM concentration to avoid coagulation. The experiments were
completed within 8 h after collection to minimize the effect of degradation. Adjustment of
hematocrit (Hct) level was achieved by centrifuging the blood and adding or removing
plasma. Four Hct levels (36%, 39%, 45% and 53%) were studied in 3 batches of blood.
Adjustment of blood oxygenation was achieved by exposure to room air (to increase
oxygenation) or nitrogen gas (to decrease oxygenation). For blood MR measurements, 10 ml
of blood was placed in a 27 mm-diameter plastic tube and kept at 37 °C with water bath to
match the physiological condition. The blood oxygenation and hematocrit levels were
measured by a blood gas analyzer (ABL830m, Radiometer America Inc., Westlake, OH)
immediately before and after the MR session and their averaged value was used in the
analysis. The imaging protocol was the same as the in vivo protocol used in the
reproducibility study, except that the FOV was reduced to 90x90 mm? to shorten the scan
time to 4.4 min. The MR session for one oxygenation and Hct level was completed within 6
min. According to our previous experience (15,28), blood cell precipitation is minimal
within this short time.

For data analysis, ROIs were drawn in the center of three consecutive slices encompassing
the blood sample. The signals in the ROIs were averaged and fitted to a mono-exponential
equation:

S=Sge TEH:

Magn Reson Med. Author manuscript; available in PMC 2019 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mao et al.

Results

Page 7

The resulting R} values were then fitted to a quadratic function of blood oxygenation, Y
(16,29):

Ry=A*+C*(1 -Y)?

This fitting was performed for each Hct level. Linear interpolation of the R3-Y curves across
Hct then yields a 3D calibration plane for all physiological Hct levels.

The calibration plot was used to convert in vivo R values to oxygenation. In this study, we
assumed an Hct of 0.42 for male and 0.40 for female. Because human scans tend to have

more macroscopic inhomogeneities due to imperfect shimming, this will increase r3. Thus,
a fixed correction factor R; ., was subtracted from in vivo g3 before the conversion. In this
study, R5 ., was assumed to be 8.8 s'1 based on the literature (30). Note that since a fixed

R copy I8 Used, this assumption will not change any inter-subject or inter-regional differences
of the oxygenation results.

Blood R; and its dependence on oxygenation and Hct

The fitting of in vitro blood signal as a function of TE was reliable, and g7 could be
estimated from all blood samples. Figure 2a shows the dependence of blood R on
oxygenation for a range of Hct values. As expected, blood R} is strongly dependent on Y.
For a typical Hct level of 39%, Rk} of a venous blood sample with oxygenation of 60% was
28.9 51, while R; of a fully oxygenated blood sample was 12.7 s'1. In contrast, blood R}is
less affected by Hct. Fitting the R value to a quadratic equation of Y yielded coefficients A
and C, which are listed in Table 1 for each Hct value. The Hct-specific 2D curves were
extended to a 3D surface plot, by interpolating the curves along the Hct dimension, so that

one can obtain an R3-Y plot for any Hct value within the physiological range (Figure 2b).

Feasibility study of TRU-PC 3D

An example of complex difference images from a TRU-PC 3D scan are shown in Figure 3a.
Multiple slices along the left-right direction have been combined (via maximum intensity
projection) for display purposes. Large venous vessels such as internal cerebral veins
(arrows) and superior sagittal sinus (arrows heads) are discernible in the images.
Furthermore, small cortical and sub-cortical vessels that do not have designated names are
also visible, which is an advantage of the 3D method in comparison with previous single-
slice technique. As echo time increases (Figure 3b), the signal intensity decreases, the rate of

which is blood R

ROI results of 9 different venous structures (Figure 4), of which five were major veins and
four were cortical veins, are listed in Table 2. The venous oxygenation ranged from 57% to
72%, which is in agreement with reported Y\, values in the literature (31-33). Results of
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intra-session test-retest reproducibility are also shown in Table 2. The average coefficient-of-
variation (CoV) across runs is 3.0%.

3D oxygenation maps of veins and arteries (separated based on TOF angiogram) as well as
their combination are displayed in Figure 5a. It can be seen that, in the venous oxygenation
map, most of the voxels have blue color, consistent with the expected lower oxygenation
range. In contrast, the arterial oxygenation map largely shows red color, indicative of higher
oxygenation values. Histograms of all voxels of all subjects (N=13, 3M, Age 26.5+3.6 years
old) are displayed in Figure 5b, providing a quantitative summary of the oxygenation values
in the voxels.

Hyperoxia study

Hyperoxia increased the subjects' end-tidal O, from 13.3%+0.3% to 85.0%x2.9%, while
end-tidal CO» did not show a change (5.8%+0.1% and 5.6%=0.3% during room-air and
hyperoxia, respectively). Venous oxygenation maps during room-air and hyperoxia are
shown in Figure 6a. It can be seen that blood oxygenation clearly becomes higher during
hyperoxia, consistent with the known effects of this physiological manipulation. ROI results
are shown in Figure 6b, which revealed that venous oxygenation increased significantly
(P<0.05) in every region and by 10.8% on average.

Venous oxygenation values measured by TRU-PC 3D were compared with those measured
by a well-established global method, TRUST MRI. For this analysis, data from 8 subjects
were used, including 4 participants from the hyperoxia study (who provided 4 hyperoxia
data points and 4 room-air data points) and 4 participants from the feasibility study (who
provided 4 room-air data points). The average oxygenation from TRU-PC 3D was 65.0%
+7.4%, which was similar (P=0.8) to the TRUST results of 64.8%z+7.7%. Figure 7 showed a
scatter plot of individual participants, revealing a strong correlation (£<0.001) between the
two methods.

Resolution-dependence study

Figure 8 shows venous oxygenation maps acquired at two spatial resolutions (see Supporting
Video S1). Panel (a) was acquired with a high in-place resolution (0.5x0.5 mm?2), but a
coarse through-plane resolution (5 mm). Panel (b) was acquired with a more isotropic voxel
dimensions of 1.5x1.5x2 mm3. It can be seen that each scheme has advantages and
disadvantages. The scan with high in-plane resolution shows good spatial acuity when
viewed sagittally, but appears poorly in the coronal view. A movie for the two maps is
provided in the supporting information for better view (Supporting Video S1). The isotropic
scan shows a more consistent image when viewed from different directions. ROI analysis
showed no difference (£>0.05 for all ROIs) in oxygenation between the two methods, with
56.0%9.0% (N=5) for the non-isotropic protocol and 57.9%9.3% for the isotropic
protocol.

Discussion

This study presented a technique for quantitative assessment of brain venous oxygenation
without using exogenous contrast agent. The technique is based on a novel pulse sequence
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and, compared to previous methods, has extended spatial coverage. The performance of this
new method was demonstrated in a group of healthy volunteers and the results showed
oxygenation values within the typical physiological range. The method was found to be
reproducible with intra-session CoV of 3% and was sensitive to oxygenation changes
induced by hyperoxia. The method showed good agreement with a validated technique
TRUST MRI. In vitro experiments were also performed to characterize the relationship

between blood R} and oxygenation, which was used to convert in vivo R; results to oxygen
saturation fractions.

Physiological considerations

The brain represents approximately 2% of the body weight, but consumes about 20% of the
energy (34). Thus, the rate of oxygen metabolism is an important marker for brain
development, aging, and diseases. Venous oxygenation is closely related to cerebral
metabolic rate of oxygen (CMRO,) and oxygen extraction fraction (OEF),

(Ya - Yu)
OEF="—2—"and CMRO, = CBF - (¥,, - Y,). Among these physiological parameters,
arterial oxyggnation (YY) is relatively easy to measure and cerebral blood flow (CBF) can
also be evaluated with a number of non-invasive techniques. Assessment of Y\, has been a
bottle neck in terms of measurement technologies. 1°0 PET is the current gold standard, but
itis rarely used due to complexity in procedures. Therefore, at present, there is not an
established method to measure brain venous oxygenation in routine clinical practice.

Recently, there has been a growing interest to develop new MR methods to measure Y.
Indeed, global Y, measurements using MRI have been successfully applied to Alzheimer's
disease (6), multiple sclerosis (35), genetic disease of brain metabolism (36), sickle cell (37),
anorexia (38), end-stage renal disease (39), congenital heart disease (40) and cocaine
addiction (41). In addition, it has been used in studies of brain development and aging (31).
However, application of such techniques in focal brain diseases such as brain tumor and
stroke requires regional Y, methods. The present work represents one of such efforts.

Technical considerations

MRI techniques for regional Y, quantification can be divided into 4 categories. The first one
is a gBOLD method based on biophysical modeling of blood oxygenation on tissue
transverse relaxation rate (10). The second one is based on calibrated fMRI. In this method,
two gas challenges, for example hyperoxia and hypercapnia, are applied to induce alteration
in CBF and BOLD MRI signal. By using a mathematical model to solve the interplay among
these physiological parameters, CBF, OEF, and CMRO5 can be simultaneously estimated
(11,12). The third category is based on the effect of paramagnetic deoxyhemoglobin on MR
signal phase (9,13,14). The method proposed in the present work represents a fourth
category, which is based on the relationship between oxygenation and R,/ of the blood.
The methods in this category involve advanced pulse sequences that are capable of isolating
venous blood signal from surrounding tissue, thereby minimizing partial voluming effects.
Several techniques have been proposed including those based on spin labeling principles
such as TRUST (8), QUIXOTIC (18) and VSEAN (20), and those based on flow-encoded
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phase contrast such as TRU-PC (19). However, to date, such methods are spatially limited to
a single slice acquisition.

The present work represents the first demonstration of 3D venous oxygenation using blood
transverse relaxation measurements. Compared to the 2D TRU-PC method reported by
Krishnamurthy et al. (19), the present 3D technique uses a R’ approach rather than /,. This
change was made primarily based on scan time considerations. The previous 2D method
required approximately 7 minutes to acquire one slice, thus it was not feasible to extend it to
3D acquisitions. One of the reasons for the long scan time of 2D TRU-PC was that the 180°
pulses in the R, preparation module of the sequence result in considerable RF power
deposition and, consequently, a long TR (>668 ms) must be used to be compatible with SAR
limits. The 3D sequence proposed in this study does not use refocusing RF pulses, and thus
a short TR of 60 ms can be used, which can shorten the scan duration by 11 times with this
factor alone. A second factor that reduced scan duration in the TRU-PC 3D technique was
that multiple echoes were acquired in the same TR, unlike the 2D method in which different
TRs must be used for different T,-preparation durations. This factor could shorten the scan
time by another 4 folds. The scheme of acquiring all echoes in one TR also minimized the
effects of subject motion or physiological fluctuations. Collectively, these improvements
allowed the assessment of 3D venous oxygenation with only a modest increase in scan time.

The present study used a Venc 0f 9 cm/s for flow encoding of cerebral veins. This value is
approximately the mid-point of the large vessel (15 cm/s) and small vessel (4 cm/s) Vgnc
values used in our previous study (25). Previous literature has suggested the following
velocity range for various venous vessels in the brain: superior sagittal sinus 15.2 cm/s (42),
straight sinus 10.4 cm/s (43), the great vein 9.8 cm/s (43), internal cerebral veins 6.1 cm/s
(43), and cortical vein 7.1 cm/s (44). Thus, the Vgnc We chose provides a good balance of
sensitivity between large and small veins. If more scan time is available, it is recommended
to utilize more than one Vgn Value so that a better sensitivity could be obtained for a range
of vessels.

The method proposed in the present work employed flow encoding in the anterior-posterior
direction, but can be expanded to the three-directional space. Such expansion could adopt
schemes used previously in 3D phase-contrast MRI (45) such as Hadamard encoding. In this
encoding scheme, four types of flow-encoding gradients will be used in the experiment and
various combinations of these four complex images will yield flow-encoded signal in each
of the x, y, and z directions. The three flow-encoded signals can then be combined

geometrically to yield the final signal intensity for % fitting.

The present work has primarily focused on the measurement of oxygenation in cerebral
veins. It is also possible to measure oxygenation in arteries (e.g. Figure 5). However, it
should be pointed out that, due to the quadratic nature of the blood relaxometry curve (e.g.
Figure 2), the sensitivity of our technique is expected to be lower in arterial oxygenation
range. Additionally, since arterial blood is originated from the heart and its oxygenation is
the same across the body, this value can be measured more conveniently in the periphery
using pulse oximetry.
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While the switch from R, to r} measurement increased acquisition efficiency and reduced
scan time, it also increased the susceptibility of the sequence to several other factors. In our
oxygenation map, we observed some high oxygenation values in the venous map and some
low oxygenation values in the arterial map (Figure 5). One possible reason is that, at the
time of the flow-encoding (i.e. time of the bipolar gradient), the blood spins that are later
measured in the different echoes are physically in different locations. That is, different
echoes measured different spins. These spins may have slightly different flow velocity, thus
may bias the R; estimation. Another possible reason for the low oxygenation values in the
arterial voxels at the base of the brain could be that the blood signals being measured in the
later echoes did not experience the excitation RF pulse.

Another limitation is that R is more sensitive to shimming condition and macroscopic
inhomogeneity, compared to A». Because in vitro blood samples are more homogeneous and
easier to shim relative to in vivo imaging, this results in some discrepancy between in vitro
blood calibration data and in vivo blood R} (16). We therefore added a correction factor

based on literature values of macroscopic 1, before conducting the calibration of blood .
The resulting oxygenation showed good correspondence with the R, based TRUST results,

suggesting that our assumed macroscopic R’2 is generally valid. However, since shimming
condition could vary across brain regions, it would be ideal to conduct macroscopic
inhomogeneity correction on a voxel-by-voxel basis (10,46). Since our TRU-PC 3D
sequence produced multi-echo data with phase information, we calculated phase maps and
further estimated field gradient maps using phase values of adjacent voxels. While these
maps provided By inhomogeneity information in the majority of the brain, in regions near
and inside veins such computation failed unfortunately. This is because venous voxels have
additional susceptibility effects from deoxyhemoglobin, which renders the Bg
inhomogeneity estimation inaccurate. Thus, in order to estimate By inhomogeneity in venous
voxels, a higher resolution phase mapping scan, in which each TRU-PC 3D voxel is divided
into several sub-voxels, is needed. However, given that our TRU-PC voxel size is already on
the order of 1 mm, further dividing it into smaller voxels would be difficult from the
standpoint of scan time and image SNR. High resolution used in our TRU-PC 3D sequence
does, however, help limit the extent of By inhomogeneity in our data. Furthermore, since we
used phase-contrast scheme to isolate sub-voxel venous signal, it is likely that the By
inhomogeneity of our venous signal is smaller than that of the entire voxel.

Finally, conversion of blood R; to oxygenation requires the knowledge of hematocrit.
Hematocrit would vary across individuals and may alter under certain pathological
conditions such as anorexia (38) or Sickle cell anemia (47). Therefore, for accurate
estimation of blood oxygenation, it is desirable to measure hematocrit on each individual
using either blood sampling or MRI methods (48-50). Furthermore, it is known that
microvessels have lower hematocrit values compared to macrovessels (51,52). Because the
diameters of the vessels relevant for our study (>1 mm) are much larger than the diameter of
a red blood cell (8 um), we assume that the hematocrit does not change across the vessels
that are visible with TRU-PC 3D.
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Conclusion

We have developed a quantitative technique to map venous oxygenation in 3D based on
blood R} relaxometry. The oxygenation values obtained were consistent with previous
reports and also compatible with a validated global method performed on the same
participants. Intra-session test-retest assessment revealed good reproducibility of the
method. Sensitivity of the method to detect oxygenation alterations due to hyperoxia was
demonstrated. This technique may have the potential to monitor oxygenation abnormalities
in focal brain diseases.
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Figure 1.

Sequence diagram of TRU-PC 3D. Key sequence components are displayed in color.
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Summary of in vitro blood experiments. () R} as a function of blood oxygen () at several

Hct levels. (b) Three-dimensional relationship among g3, Y, and Hct.
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Figure 3.

Representative TRU-PC 3D data in volunteer. (a) Complex difference images from TRU-PC
3D as a function of TE. The complex difference image of the sequence is expected to
contain signals from vessel only. Images have been maximume-intensity projected for display
purpose. Arrow head indicates superior sagittal sinus. Arrow indicates internal cerebral
veins. Red box indicates ROI from which the data of Panel b is derived. (b) Complex
difference MR signal as a function of TE. The solid curve indicates the fitting results.
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Figure 4.
Regions of interest (in color) overlaid on complex difference image. The ROIs were drawn

manually and the signals within each ROI were averaged and fitted. The resulting
oxygenation values are listed in Table 2.
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Figureb.
Quantitative oxygenation maps obtained from TRU-PC 3D. (a) An example of 3D

oxygenation maps of veins only, arteries only, and their combination. (b) Histogram of
oxygenation values in each map. The results of all participants were averaged, with error
bars indicating standard errors across individuals.
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Figure6.
Summary of TRU-PC 3D results during hyperoxia challenge. (a) Representative venous

oxygenation maps under normoxia and hyperoxia. (b) Region of interest results for nine
ROls. Error bars indicate standard errors. SSS: Superior sagittal sinus.

Magn Reson Med. Author manuscript; available in PMC 2019 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Mao et al. Page 21

O
o
J

y = 1.0016x
R? = 0.8875

y TRUST (%)
s &8

()]
o
|

50 - & ® Room air
® Hyperoxia

40 | | | | 1
40 50 60 70 30 90

Y, measured by TRUPC (%)

Y measured b

Figure 7.
Scatter plot between oxygenation values measured with TRU-PC 3D and those from TRUST

MRI. Blue dots represent results under room-air breathing. Red dots represent results under
hyperoxia. Four subjects participated in both room-air and hyperoxia experiments. Four
additional subjects participated in room-air only.
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Figure8.
Yy maps from one representative subject using two spatial resolutions. (a) voxel size

0.7x0.7x5 mm3; (b) voxel size 1.5x1.5x2 mm3. Top panels show sagittal view and bottom
panels show coronal view.
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Fitted coefficients describing the relationship between blood R} and oxygenation for different Hct levels.

Hetlevel | A(sY) | C(sh
36% 126 83.5
39% 127 101.1
45% 134 101.2
53% 15.2 148.5
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Table 2

Region-of-interest oxygenation values and test-retest reproducibility (in CoV) for 9 venous structures
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delineated in Figure 4.

ROI Location Yy CoV
Anterior Superior Sagittal Sinus 71.3%+4.9% | 2.9%
Posterior Superior Sagittal Sinus | 64.8%+11.0% | 5.4%

Internal Cerebral Veins 69.3%+8.9% | 2.4%

Straight Sinus 72.0%+9.3% | 3.5%

Left Transverse Sinus 57.0%+7.9% | 2.6%
Right Anterior Cortical Vein 70.25%+3.0% | 1.8%
Right Posterior Cortical Vein 68.3%+4.3% | 2.3%
Left Anterior Cortical Vein 70.3%+2.2% | 3.1%
Left Posterior Cortical Vein 67.8%+7.8% | 3.3%
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