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Cerebral venous oxygenation (Yy) is an important biomarker for brain diseases. My
dissertation consisted of two studies. The first study aims to investigate the regional Yy in
hypertension. Hypertension is known to cause cerebral hypoperfusion and cortical atrophy
but its impact on Yy is not yet clear. A 2D venous oxygenation mapping technique, TRUPC
was applied to an elderly cohort from Dallas Heart Study. The Yy in internal cerebral veins
(ICV), anterior and posterior superior sagittal sinus (SSS) and anatomical data was obtained.
It was found lower relative venous oxygenation in the ICV and anterior SSS are associated
with high systolic pressure. Such trend is also observed in hypertensive group alone.
Moreover, the volume reduction in hippocampus and thalamus is correlated with decreased
regional Yy. The findings presented are consistent with previous literature on the targeted

hypofusion and volume reduction in these regions. Imaging marker Yy reported here may



prove valuable in the understanding of hypoxia effect, hypoperfusion and cortical volume
reduction caused by hypertension.

The second study aims to develop an R;-based MR oximetry that can measure
cerebral Yy in 3D. 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 Yy 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. In vitro R;-Y calibration plot
revealed a strong dependence of blood R; 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 Yy 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. This study demonstrated the feasibility of 3D

brain oxygenation mapping without using contrast agent.
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CHAPTER ONE

Introduction

Cerebral venous oxygenation is defined as the fraction of the oxygenated
hemoglobin to the total hemoglobin in the venous blood of the brain. The first
question to ask is, “why do we need to measure cerebral venous oxygenation?”
It all starts with the oxygen metabolism of the brain. Our brains equip us with
marvelous cognitive function, but good things often come with a high cost. Our
brains rely heavily on the oxygenation metabolism to provide sufficient energy
for their normal function. The brain constitutes 2% of the total body weight, but
consumes 20% of the total energy (Attwell & Laughlin, 2001), mostly in
aerobic way. Thus, the metabolism of brain is highly oxygen dependent. The
oxygen supply to the brain can be either the cause or the effect of the conditions
of the brain. The disturbance of oxygenation supply, like stroke, can affect
brain’s health, and in reverse way, the diseases in the brain can alter the oxygen
metabolism of brain, like dementia (Thomas et al., 2016). Venous oxygenation
is directly related to an indicator of the oxygen metabolism, oxygen extraction

fraction (OEF). OEF is the difference between arterial oxygenation and venous
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oxygenation divided by arterial oxygenation. OEF has been found to be

associated with the health of the brain in various clinical studies, including
stroke (Derdeyn et al., 2001; Gupta et al., 2014), tumor (Leenders, 1994) and
Alzheimer’s disease (Ishii et al., 1996; Nagata et al., 2000; Thomas et al.,
2016). OEF has also been linked to brain function. For example, the concept of
default mode network was first formed with OEF (Raichle et al., 2001). In
addition to its relationship with OEF, cerebral venous oxygenation is one
critical component of the delicate blood oxygenation level dependence (BOLD)
model (Hoge et al., 1999). Functional MRI reveals the brain function and neural
activity by measuring the change of BOLD signal. In a nut shell, measurement
of cerebral venous oxygenation provides a window to study physiology,
pathology, and function of our mysterious brain. This is the initiative of my
following study aims.

My dissertation is divided into six parts, including this introduction
chapter. In the following chapters, Chapter two will provide a brief overview of
the current venous oxygenation measurement methods. Chapter three will be
focusing on a clinical application of a 2D venous oxygenation measurement
method using magnetic resonance imaging (MRI), TRUPC (Krishnamurthy et

al., 2014a), to study the regional venous oxygenation in hypertension. Chapter
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four will describe a novel three-dimensional mapping method of cerebral

venous oxygenation using R; oximetry developed by me. Chapter five will be
on my other efforts to look at the neural activity using resting state functional
MRI and electroencephalogram (EEG). In Chapter six, | will summarize the

previous chapters and offer my final thoughts on further directions.



CHAPTER TWO

Current venous oxygenation measurement methods

Methods before MRI

Measuring the cerebral venous oxygenation has been of long interest of
clinicians and scientists. Before the emergence of MRI techniques, there were
two major ways to measure the cerebral venous oxygenation. The first one is
catheter based method. The catheter based method is the most direct method. In
this method, a catheter is installed in the internal jugular vein. The internal
jugular veins virtually drain all the venous blood from the brain. The venous
oxygenation can be yielded by using a blood gas analyzer to measure the blood
drawn from the catheter (Macmillan & Andrews, 2000). A catheter based
reflectance pulse oximetry can also be inserted in the internal jugular vein for
continuous monitoring of the venous oxygenation (Schell & Cole, 2000).
However, each of the internal jugular veins receives the blood from both
hemispheres, so this method is still a purely global measurement. Inserting the

catheter can be invasive, which can explain why it is not used in the routine



5
clinical procedure. Its usage is limited in the critical care settings (Schell &

Cole, 2000).
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Figure 2-1: The placement of catheter to sample the blood in the internal jugular

vein. The figure is adapted from (Schell & Cole, 2000).

Another cerebral oxygenation measurement method is the O positron
emission tomography (PET) method (Mintun et al., 1984). The PET method is
still the reference standard for venous oxygenation measurement. PET is a
functional imaging method based on the introduction of radioactive isotopes to
the body. The PET system detects the gamma ray from the annihilation of

positron emitted by the isotopes, in this case, **O. The method is based on a
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two-compartment model, as shown in Figure 2-2. The model assumes the O,

in the intravascular compartment on the left will exchange with the tissue
compartment on the right. Once entered the tissue compartment, the labeled
oxygen is immediately metabolized in to H,*O. The fraction of the **O, entered
tissue is related to venous oxygenation in a given region. But simple model
doesn’t mean it is easy to perform such method. The method consists of three
scans: Injection of O labeled water to measure cerebral blood flow (CBF),
inhalation of C*O to determine cerebral blood volume (CBV) and a third scan
of inhalation of O,. It also requires the sampling of arterial blood for the tracer
concentration. On the other hand, the O has a short half-life of 112 s and
requires an onsite cyclotron for preparation. Thus, the complexity and the high

cost of this method has limited its application.
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Figure 2-2: The two-compartment model of **O PET. The figure is adapted

from (Mintun et al., 1984).

The near infrared spectroscopy (NIRS) is also a popular and non-invasive
method to monitor tissue oxygenation clinically. Deoxygenated and oxygenated
hemoglobins have difference light absorption abilities, which cause the
different color between the bright red arterial blood and dark red venous blood
visually. While the visible light has limited penetration through the skull, the
near infrared light with a longer wavelength can penetrate through skull and

reach the cortex at a depth up to ~1.7 cm (Murkin & Arango, 2009). In theory
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(Murkin & Arango, 2009), the concentration of the substance X, [X] can be

calculated from Beer-Lambert law: [X]=AA/Lxe. AA is the amount of light
absorption, L is the photon path-length through the tissue and ¢ is the extinction
coefficient for the wavelength of the light used and is substance specific. € can
be measured for both oxyhemoglobin and deoxyhemoglobin at different
wavelengths, as shown in Figure 2-3. AA is measured by NIRS. L is unknown.
So absorption at multiple wavelengths needs to be measured in order to
calculate oxygenation. In commercial NIRS, several wavelengths between 700
nm and 850 nm are chosen for the large difference in € between oxyhemoglobin
and deoxyhemoglobin. The wavelength at the 810 nm is also chosen for the
total hemoglobin concentration, where € is the same for oxyhemoglobin and
deoxyhemoglobin (Murkin & Arango, 2009). Despite of its noninvasiveness
and convenience, its applications are still limited. Besides its limited
penetration depth to just cortical layer of the brain, it also suffers from
drawbacks like poor spatial resolution and inability to distinguish venous and

arterial blood.
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Figure 2-3: The extinction coefficient of oxyhemoglobin (HbO;) and
deoxyhemoglobin (Hb) for light of different wavelengths. The dotted lines
present the wavelength of the LED centroids a commercial NIRS uses. The

figure is adapted from (Scheeren et al., 2012).

MRI is known for its non-invasiveness and versatile contrast, which
could potentially be a good substitute for the two methods mentioned above.
More importantly, MRI is sensitive to blood oxygenation. Functional MRI
contrast mechanism has been established on the blood oxygenation change
induced field change. Different MR properties of blood have been explored in
the past 15 years and varieties of techniques have been developed. The

regarding techniques can be grouped into four categories: T, based method,
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susceptibility based method, calibrated BOLD based methods and quantitative

BOLD method. | am going to introduce each of them briefly in the following

sections.

T> based methods

One of the earliest attempts of venous blood oxygenation measurement
using MRI was a T, based method by Wright et al. (Wright et al., 1991). They
measured the T, relaxation of the interior vena cava and converted the venous
blood T, into oxygenation level using an in vitro calibration curve. This
method, though conceived more than 20 year ago, composed the general
principle of T, based venous oxygenation measurement methods: measuring the
blood T, and then converting the blood T, to oxygenation. The blood T, is
known to have a one to one relationship to its oxygenation, given the hematocrit
level. An in vitro calibration curve can be obtained by measuring and fitting the
blood sample’s T, with known hematocrit and oxygenation (Krishnamurthy et
al., 2014b; Lu et al., 2012). The in vitro calibration curve is also dependent on
field strength and choice of T, preparation, i.e. pulses, pulse gap etc.. An
example from Lu and colleagues’ work is shown in Figure 2-4 (Lu et al., 2012).

As shown in Figure 2-4, the blood T, increases as the oxygenation level
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increases, and decreases with higher hematocrit level. The challenge for this

type of method is how to isolate the blood signal and prevent the contamination
from the tissue T, by partial voluming effect. To overcome this challenge,
different techniques have been generated by combining different blood
separation techniques with T, preparation. | have selected three presentative
techniques. Each of them isolates blood signal in a different way and thus has

different measurement focus (1D or 2D, large vein or capillaries etc.).

Figure 2-4: The in vitro calibration surface between blood T,, hematocrit level
and oxygenation. The red dots are the experimentally measured data points. The
surface is the product of fitting these data points. The figure is adapted from (Lu

etal., 2012).
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T2-Relaxation-Under-Spin-Contrast (TRUST) is a technique for global
venous oxygenation measurement (Lu & Ge, 2008). It employs the spin tagging
principle to separate the blood spins from the surrounding tissue spins. Unlike
perfusion method arterial spin labeling (ASL), the labeling inversion pulse is
applied to the venous side as shown in Figure 2-5. Both the inverted blood spins
in the label scan and the uninverted blood spins in the control scan will flow
into the imaging slice placed at the posterior superior sagittal sinus. The
subtraction of the label and control scan will remove the tissue signal and leave
pure blood signal. Different durations of non-selective T, preparation will add
the blood signal different T, weightings. The blood T, thus can be yielded
through mono-exponential fitting and finally converted into oxygenation level
through the calibration plot. Due to the unigue signal separation approach, the
scope of TRUST has been limited to the single vein per time, making it a global

measurement.
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Figure 2-5: The general scheme of TRUST MRI. (A) The TRUST sequence
diagram. (B) The positioning of the labeling and imaging slabs. The figure is

adapted from (Lu & Ge, 2008).
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T,-Relaxation-Under-Phase-Contrast technique (TRUPC) utilizes phase

contrast principle to separate the blood signal based on its velocity, which
allows the detection of the oxygenation levels in the veins on a 2D plane
(Krishnamurthy et al., 2014a). The sequence diagram is shown in Figure 2-6.
The blood spins in the brain are first T, prepared and then excited by the
excitation pulse, before experiencing one of the bipolar gradients pairs (+ and -
). The TRUPC consists of two scans, in which the + and — bipolar gradients are
applied separately. As shown in Figure 2-7, the blood spins (blue arrow) will
accumulate a phase of ¢ when experiencing the + bipolar gradients based on its
velocity and accumulate a negative phase of — when experiencing the — bipolar
gradients. The static tissue spins (yellow arrow) will accumulate zero phases in
both scans. The complex subtraction of the total signals (dashed black arrow)
between the + and — scans will yield a complex difference signal (solid black
arrow) only related to the blood signal. Like TRUST, fitting the complex
difference signals with different T, weightings will allow the estimation of the
blood T, and eventually the blood oxygenation level. Due to the phase contrast
mechanism, this technique is vessel specific, and the slow-flowing venule blood

is out of reach for TRUPC.
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from (Krishnamurthy et al., 2014a). Dotted black arrow represents the total
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signal, contributed by tissue (yellow arrow) and blood signal (blue arrow). Solid

arrow represents the complex difference signal (CD).

Another type of techniques use the velocity selective module to separate
the signal of the postcapillary venular blood spins. The first of its kind is named
as QUantitative Imaging of eXtraction of Oxygen and Tissue Consumption
(QUIXOTIC) method (Bolar et al.,, 2011). QUIXOTIC applies a velocity
selective spin labeling to isolate the venous blood. The sequence diagram is
shown in Figure 2-8. The velocity selective (VS) module is a 90°-180°-180°-90°
pulse train with gradients inserted between pulses to selectively crush the signal
of the fast-flowing species, mostly in large vessels. Control and tag scans are
acquired separately by turning the second velocity selective module on and off.
According to Figure 2-9, before the first VS module, the spins in all the vessels
are relaxed. After the first VS module, all the fast-flowing spins other than the
slow flowing spins in the capillary are crushed. The surviving spins keep
flowing during the flow out time (TO) and some of them reach the vein. Next,
another VS is applied only to the tag scan and kills those spins reached the vein.
The subtraction of the label and tag scans will only give the signal from the

spins in the venous side. Arterial nulling is used to suppress the fresh spin
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flowing into the brain after the first VS module. Guo and Wong later proposed a

method named Velocity-Selective Excitation with Arterial Nulling (VSEAN)
with a similar idea of velocity selection but using a velocity selective excitation
(Guo & Wong, 2012). By applying velocity selective excitation twice, VSEAN
selectively excites the spins of the slow flowing blood in the small vessels but
not in the tissue. This scheme yields almost twice the signal of QUIXOTIC.

Arterial nulling is used to suppress the arterial signal, leaving only the venous

signal.
Time= 0 i Time;§= TO
: ‘ f A |
Velocity | | '
Velocity g Selective A :
Selective Inversion Pulse Module 2 I
Module | for Blood Null (VSZ)/ I S| S |
(vs1) Trprep i Acquisition,
"J ; :
TO, ; | : |
> i |
|
s TO | !

Figure 2-8: The sequence diagram of QUIXOTIC. The figure is adapted from

(Bolar et al., 2011).
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Figure 2-9: The idealized illustration of the venular blood signal isolation
process in QUIXOTIC. The figure is adapted from (Bolar et al., 2011). Relaxed
and dephased spins are represented by upright arrows and hollow circles,

respectively.

Overall, T, based methods are one of the more exploited approaches to
venous oxygenation measurement by designing delicate pulse sequences. But
T, based methods may suffer from problems like high energy deposition from
the T, preparation pulse train, and slow acquisition speed. As a result, the T,

based methods are currently limited to 2D acquisition.
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Susceptibility based methods

There are two aspects of MRI signal: magnitude and phase. While the T,
based methods measure the magnitude decay of the blood signal, the
susceptibility based methods measure the phase change caused by
deoxyhemoglobin. Deoxyhemoglobin is strongly paramagnetic and will impose
additional magnetic field to the surrounding spins. The blood spins
experiencing this additional field will precess at a different frequency and gain
a different phase than surrounding tissue spins. For a gradient echo scan of echo
time TE, the phase difference Ag can be represented as in (Fernandez-Seara et
al., 2006):

Ap = y(B, — Bs)TE [2-1]
in which, B, and Bs is the magnetic field experienced by the spins in the vessel
and the surrounding tissues, respectively. y is the gyromagnetic ratio. To
measure the oxygenation in the vein, MR susceptometry studies have modeled
the vessel as a cylinder with infinite length. Its oxygenation level can be

estimated by:

_ 1 _ 6'|Ap| i
v,=1 Axgo-Hct (3c0s20—1)(|yB,|-TE) [2-2]
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where Ay, IS the susceptibility difference between fully oxygenated and fully

deoxygenated red blood cells, Hct is the hematocrit level of the blood.
However, the oxygenation measurement needs to know the tilt angle 0 to the
main field By of the targeted vessels or assume the vessel is parallel to Bo. In the
study carried out in (Fernandez-Seara et al., 2006), they took advantage of the
orientation of the internal jugular vein and assumed it is parallel to Bo. In
another study, when targeting the oxygenation level in the fetal superior sagittal
sinus (SSS) using susceptometry, they measured the angle of posterior SSS to

the B, field in case by case basis, as shown in Figure 2-10 (Neelavalli et al.,

2014).
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Figure 2-10: Illustration of how the angle of superior sagittal sinus to By is

measured by the position information of susceptibility weighted imaging (SWI)

slice. The figure is adapted from (Neelavalli et al., 2014).

Even if the vessel angle can be measured, it is still an additional burden,
especially when multiple veins need to be measured simultaneously or the
vessel trajectory cannot be simply assumed as infinite cylinders. Quantitative
susceptibility mapping (QSM) have been proposed to solve the inverse
problem, directly mapping the susceptibility in the vessel and then converting it
to oxygenation level (Fan et al., 2014). The relationship between the
susceptibility and oxygenation level in the vein can be given by:

AXvein = DXao - (1 —Y,) - Het [2-3]
The converted venous oxygenation map from the susceptibility map is shown in
Figure 2-11. However, unlike the T, based methods, which aim to separate the
blood signal from the surrounding tissue signal, QSM did not apply any signal
separation technique and must face the partial voluming effect from the
surrounding tissue. It makes the accurate measurement in smaller veins difficult

at the current stage.
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Figure 2-11: Examples of the oxygenation mapped venogram from QSM. The

figure is adapted from (Fan et al., 2014).

Calibrated BOLD methods
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The third type of method is based on solving of theoretical modeling of

BOLD (Bulte et al.,, 2012; Gauthier & Hoge, 2012; Wise et al., 2013) by
modulating the brain states using gas challenges. Hypercapnia and hyperoxia
challenges are conducted along with BOLD and ASL scan in this method.
These challenges can induce BOLD signal change as well as CBF change. So
the venous oxygenation can be solved by incorporating additional conditions
provided for the BOLD model. The details of the model are described below
according to (Wise et al., 2013).

According to the Hoge and Davis model (Davis et al., 1998; Hoge et al.,

1999), the BOLD signal can be modeled as:

2 1 - (S0)° (el [2-4]

in which AS/S, is the fractional BOLD signal change, [dHb] and CBF are
referring to the changed state, and [dHb]o and CBF, are referring to baseline
state deoxyhemoglobin and cerebral blood flow. B is the length scale of the
vessel and is different for large and small vessels (Gauthier & Hoge, 2012). M
is the upper limit of BOLD signal change defined by completely removal of

deoxyhemoglobin in the voxel:

M =TE-A-CBV,- [dHb]" [2-5]
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A is a constant based on the By strength and vessel geometry. CBV, is the

baseline cerebral blood volume. The CBF change can be substituted by the

CBV change by the relationship established in (Grubb et al., 1974):
o) = G)" [2-6]
a is the Grubb coefficient (Grubb et al., 1974).
On the other hand, the cerebral metabolism rate of oxygen (CMRO,)
based on Fick principle can be calculated as:

CMRO, = (Y, —Y,) - CBF [2-7]
in which Y, and Y, are the arterial and venous oxygenation, respectively. | can
further assume the different states of the brain during the gas challenge do not
alter the CMRO;.

(Yo lo—= Y, lo) - CBFy = (Yo = Y,) - CBF [2-8]

By interpreting the Y, as a function of deoxyhemoglobin concentration [dHb]

and oxyhemoglobin concentration [Hb]:

i) _CBF 1 (1 a0, — BP0y can, 1) +
[Hbl,  CBF _[ambl, ' (€02 ~ (gpp)tad: lo)

CBF,

B 1)) [2-9]

[Hb](
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Combining equation 2-4, 2-5 and 2-9, [dHb], can be solved by feeding the

BOLD and CBF information from different brain states in the gas challenge,
which is related to the venous oxygenation level:

[dHb] = [Hb](1—Y,) [2-10]

The advantages of these methods are the simple acquisition method and

based on the straightforward and well-established BOLD model. Full brain

coverage and regional venous oxygenation information is also advantageous.

While the gas challenges may not be hard to perform, the assumption that the

gas modulation is iso-metabolic may not held true for both hypercapnia

challenge (Xu et al., 2011) and hyperoxia challenge (Xu et al., 2012). The use

of a true iso-metabolic gas challenge can help with the perfection of these

methods (Peng et al., 2017).

Quantitative BOLD method

Quantitative BOLD (qBOLD) was first proposed by He and Yablonskiy
in 2007 (He & Yablonskiy, 2007). The gBOLD method is based on the
modeling of gradient-echo signal decay behavior. It attributes the gradient echo
signal decay to three regimes: macroscopic effects, mesoscopic effects, and

microscopic effects. The microscopic effects are caused by spin-spin relaxation
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and diffusion of spins, or commonly known as T, relaxation, which cannot be

refocused. The macroscopic effects are from the imperfect shimming of the By
field, at the scales of at least multiple voxels. The mesoscopic effects are in
between, scale wise, from the field inhomogeneity caused by the vessel
containing deoxygenated hemoglobin. Both mesoscopic and macroscopic
effects can be refocused by 180° refocusing pulse. The mesoscopic effects are
particularly interesting because it is related to the venous oxygenation.

An oversimplified gBOLD model was adapted from (Blockley et al.,
2015), to illustrate the essence of the qBOLD idea here. This model only
considers a single tissue type with no intravascular contribution. According to
(Yablonskiy & Haacke, 1994), the behavior of the spin echo signal can be
divided into two time scales: long and short. The long and short scales can be
determined by the characteristic time, t.. As shown in Figure 2-12, the time
from TE-1.5t; to TE+1.5t; falls in the short time scale, in which the signal decay
Is quadratically exponential. The long-time scale is the time interval A and B,
which is before and after the short time interval, respectively. During the long
time interval, the signal can be modeled for interval A and B, respectively:

In(S()) = ¢4 — (R, — Ry (t — TE) — ay(t — TE)? [2-11]

In(S(t)) = cg — (R, + RY)(t — TE) — ag(t — TE)? [2-12]
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The venous volume (V in the Figure 2-12) is related to the difference between

the fitted Sy, denoted as Ssi(TE) here and measured signal at TE, Syeas(TE):

V = In (S (TE)) = In(Seas (TE)) [2-13]
in which Sg(TE) is the average of intercepts ca and cg. The deoxyhemoglobin

concentration [dHb] can be calculated as:

Ry
TwoV-Ay

[dHb] == [2-14]

where Ay is the susceptibility difference between fully deoxygenated and fully
oxygenated red blood cell, and wo is the Larmor frequency.

Experimentally, gBOLD uses gradient-echo sampling of spin-echo
(GESSE) method to catch the signal evolution densely for the later fitting. A
single k-line is acquired in each echo for each shot (data points in Figure 2-12).
The sequence is repeated to acquire the whole k-space.

Things are much more complicated in the reality. The contributions of
signal from the intracellular space (grey and white matter), extracellular space
(cerebrospinal fluid) and intravascular space are all modeled individually and
fitted together. Extra care should be given in the selection of the starting point

in the multi-parameter fitting.
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Figure 2-12: Illustration of signal decay from mesoscopic effects (circles)
during the signal evolution in spin echo. The long time intervals in straight lines
are extrapolated to the echo time TE (red lines). The figure is adapted from

(Blockley et al., 2015).

R: based method
While it is well known that BOLD imaging relies on the change of
transverse relaxation mainly due to change of deoxyhemoglobin concentration,

the longitudinal relaxation is also related to the oxygen level in tissue. R; has
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been found to increase with the increase in the concentration of the dissolved

paramagnetic O, molecules in the blood or tissue. This effect from the O;
molecules is known as Tissue Oxygen Level Dependent imaging (TOLD)
(Matsumoto et al., 2006). The acquisition of TOLD imaging is usually T,
weighted gradient echo or T; mapping using inversion recovery sequences to
capture the T, related signal change. Since TOLD uses O, molecule as contrast
agent, TOLD imaging is often performed with high oxygen content gas
challenge. For example, Hallac et al., have reported that the TOLD signal
increase upon hyperoxia or carbogen challenge in smaller tumor is higher than
the signal increase in larger tumor due to less hypoxia the small tumor
experiences (Hallac et al., 2014). The TOLD effect has also been found to be
associated with the absolute pO, and radiation response in the tissue in the same
study. The TOLD imaging has provided a different perspective since it is
directly related to the concentration of O, as opposed to the concentration of
deoxyhemoglobin in BOLD imaging. These two effects can be complimentary
for the understanding of the pathology in diseases, especially the ones cause
change in oxygenation metabolism. Techniques assessing both BOLD and
TOLD effects simultaneously are of particular interest (Ding et al., 2013;

Remmele et al., 2013).



30

Conclusion

In this chapter, different techniques measuring cerebral venous
oxygenation are briefly reviewed. The methods before MRI are more well-
established than the MRI methods, but each has its own disadvantages
preventing its growth. The MRI methods has shown some promises in the field
especially for its noninvasiveness, but need to be further refined technical wise

and eventually available in clinical settings.



CHAPTER THREE

Cerebral venous oxygenation in hypertension

Introduction

About one out of three adults in the United States has hypertension
(Nwankwo et al., 2013). Hypertension is one of the most important risk factors
to cardiovascular disease, which is among the top 5 causes of the death in the
United States, according to most recent data from CDC (Heron, 2016).
Hypertension has also been identified as a major vascular contributor to
dementia (Gasecki et al., 2013; Gorelick et al., 2011). The theory has been
formed that the hypoperfusion caused by hypertension will disrupt the
oxygenation delivery to the brain tissue and the resultant brain hypoxia-
ischemia will further increase the brain’s amyloid-p burden and promote
dementia (ladecola & Davisson, 2008).

Hypertension thickens and stiffens the arterial vessel walls and reduces
the lumen of the arteries, which hinders the normal perfusion (Baumbach &
Heistad, 1988). This reduction in CBF can affect different regions in the brain

in a heterogeneous manner (Alosco et al., 2014; Beason-Held et al., 2007

31
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Muller et al., 2012). The similar fashion was also found in the reduction of the

cortical volume during hypertension (Alosco et al., 2014; Raz, 2005). But the
reduction in venous oxygenation, which is often considered as the direct
consequence of hypoperfusion, has not been widely explored, especially on the
regional basis. While the global increase in oxygen extraction fraction has been
observed in the hypertensive patients previously (Fujishima et al., 1995;
Hafkenschiel et al., 1954; Yao et al., 1992), only one study has reported the
positive correlation between blood pressure and OEF in thalamus using PET
(Fujishima et al., 1995). The evidence for the regional variation of venous
oxygenation in the hypertension induced brain hypoxia-ischemia is still lacking.
One of the possible reasons could be the shortage of a simple and non-invasive
method to measure regional cerebral venous oxygenation in the past. The
cerebral venous oxygenation measurement used to be dominated by *O-PET
(Ibaraki et al., 2008), which requires complicated procedures, such as on-site
cyclotron, inhalation of radioactive gas and arterial blood sampling. In the past
decade, several MRI techniques have emerged in this field. My lab has
developed a technigue named  T,-Relaxation-Under-Phase-Contrast
(Krishnamurthy et al., 2014a), which can measure the oxygenation level in

large cerebral veins, such as superior sagittal sinus (SSS) and internal cerebral
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veins (ICV). TRUPC exploits the phase contrast principle to separate the pure

blood signal from the static tissue. Then the blood signal has gone through
different durations of T, preparation, allowing the T, measurement of blood.
The blood T, can be converted in oxygenation through an in vitro calibration
curve (Lu etal., 2012).

In the present study, by applying the TRUPC techniques to a cohort from
Dallas Heart Study to measure the regional venous oxygenation in SSS and
ICV, | assessed the relationship between blood pressure and regional venous
oxygenation. | also test if the regional venous oxygenation is related to

morphological change, as in regional brain volumes.

Methods
Participants and Experimental procedure

Participants were recruited from the cohort of Dallas Heart Study, a large
scale multi-ethnic probability-based study. The study protocol was approved by
the university Institutional Review Board, and written informed consent was
obtained from all participants. The details of DHS were described previously in
(Victor et al., 2004). All of the participants underwent a MRI experiment

consisted of a TRUPC and a T; anatomical scan in a Philips 3T Achieva MRI
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scanner (Philips Healthcare, Best, The Netherlands). Their blood pressure was

measured three times at different time points of the experiment: before, after
and during the break of the MRI experiment. The average of the three
measurements was used in the subsequent study. A patient is considered as
hypertensive either if his systolic blood pressure is over 139 mmHg or his
diastolic blood pressure is over 89 mm Hg (Chobanian et al., 2003). Thus, the
subjects can be categorized into 30 hypertensive patients (18F) and 36 healthy
controls (15F). All the patients meet the systolic blood pressure standard and 9
patients meet the diastolic blood pressure standard. Their average age was
68+5.1 years and 67.1+5.1 years for patient and control groups, respectively.
The average systolic and diastolic pressure was 15615 mmHg and 868

mmHg for hypertension group, 129+7 mmHg and 76x6 mmHg for control

group.



Figure 3-1: Complex difference image from TRUPC with and without ROI

overlaid. (a) Example of the complex difference image from 0 ms eTE. (b) Four
manually drawn ROIs were overlaid on (a). Color coding for each ROI is as
follows: anterior SSS in blue, posterior SSS in red, ICV in purple and non

vessel region in green for noise determination.

The TRUPC was a 2D single slice scan positioned on the mid sagittal
plane of the brain as shown in Figure 3-1a. The vessels of interest, superior
sagittal sinus and internal cerebral veins can be sampled at the same time in the
mid sagittal slice. The imaging parameters were as follows: gradient echo
readout, FOV=200x200 mm?  acquisition  matrix=276x83,  voxel

size=0.72x2.41 mm?, slice thickness=5 mm, V=15 cm/s in anterior-posterior
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direction, flip angle/TE/ATE/TR= 90°/4.3 ms/571 ms; T,-preparation module

used composite block pulses with MLEV-16 phase cycling scheme; three
effective TE (0 ms, 40 ms and 80 ms) weighted sets of images were acquired.
The scan duration was 5.5 min. A T; weighted Magnetization-Prepared Rapid
Gradient-Echo (MPRAGE) was also performed for the brain volume
guantification. The imaging parameters were as follows: 3D gradient echo
readout, sagittal slice orientation, FOV=260x155x240 mm?, acquisition
matrix=260x137x240, voxel size=1x1.13x1 mm?3, flip angle/TE/TR=12°3.5

ms/9.6 ms, Sensitivity encoding (SENSE) factor=2, scan duration=3.5 min.

Data Analysis

To quantify the venous oxygenation from TRUPC, an ROI approach was
adopted. The complex difference images were first realigned by FMRIB
Software Library to the 0 ms eTE image. Three vessel ROIs were drawn
manually on the 0 ms eTE complex difference images for anterior (blue) and
posterior (red) parts of superior sagittal sinus and internal cerebral veins
(purple) for each subject, as shown in Figure 3-2b. An additional ROI (green)
was on the non-vessel region to determine the noise level. The manual ROI was

further trimmed by thresholding at 2 times of the mean noise level sampled in
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the non-vessel ROI in each eTE image. The final ROI was the product of AND

operation of the trimmed ROIs from each eTE image. The signal intensity in
each ROI was averaged for each eTE and was fitted monoexponentially for its
T, relaxation time. The T, relaxation was further converted into oxygenation
value using an in vitro T,-Y, calibration plot from our lab (Lu et al., 2012). The
fitting parameter dR, was used for quality control. If the fitting process yielded
a AR, bigger than 5 Hz, the data were excluded for poor fitting reliability
reason. The hematocrit level was assumed 0.40 for female and 0.42 for male.

The T, images were fed to MRI cloud (http://mricloud.org) for

segmentation and volume quantification (Mori et al., 2016). MRI cloud offers a
fully automated cloud service for T, based brain parcellation. The level 4 of the
default template, Adult_286labels_1oatlases V5L was used, which divides the
brain in 135 cortical and subcortical regions. The regions that are drained by
anterior SSS and ICV were selected and listed in Table 3-1. The volume from
the left and right of the same regions were combined for each subject to reduce

number of comparisons.


http://mricloud.org/
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Regions drained by anterior SSS Regions drained by ICV
Superior frontal gyrus Hippocampus
Middle frontal gyrus Caudate
Inferior frontal gyrus Putamen
Orbital gyrus Globus pallidus
Thalamus

Table 3-1: The brain regions drained by anterior SSS and ICV. The volume of

each region was quantified in each subject.

The image processing and statistical analysis was done by inhouse
Matlab scripts. For systolic blood pressure, a multiple regression analysis was
employed with regional venous oxygenation in anterior SSS and ICV. Similar
analysis was also done using the relative venous oxygenation, which is the
venous oxygenation in the anterior SSS and ICV subtracted by the venous
oxygenation in the posterior SSS. The oxygenation in posterior SSS has been
shown to be similar to the oxygenation in the internal jugular vein and can be
used as an approximation to global venous oxygenation in the brain (Xu et al.,
2009). Furthermore, for individual relative venous oxygenation, multiple

regression analysis was employed with the volumes of each brain region
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drained by this vessel as the dependent variable, as denoted in Table 3-1. Age

and gender were always included as the independent variables in all the

regression analysis. The p values are from two-tail t-test.

Results

The average oxygenation levels in anterior SSS, posterior SSS and ICV are
0.63+0.06, 0.61+0.06 and 0.60+0.10, respectively. All of them fall into the
physiological venous oxygenation range in the brain. Figure 3-2 shows the
scatter plot between the systolic pressure and the regional oxygenation of
anterior SSS and ICV. No significant correlation was found in either one

(p=0.68 for anterior SSS and p=0.31 for ICV, N=63).
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Figure 3-2: The scatter plot between the anterior SSS (left, N=63) and ICV

(right, N=63) oxygenations and the systolic pressure. The lines are linear
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fittings of Y, and blood pressure data. Regression analysis showed that the

relationship between the regional oxygenation and the systolic pressure was not

significant in anterior SSS (p=0.68) and ICV (p=0.31)

The similar relationship was also tested using the relative venous
oxygenation instead of the venous oxygenation for the same regions. The
relative regional oxygenation is the regional venous oxygenation from anterior
SSS or ICV subtracted by the venous oxygenation in the posterior SSS in each
subject. Figure 3-3 shows the scatter plot between the relative oxygenation in
anterior SSS and ICV and the systolic pressure. The systolic pressure was found
to be significantly correlated with the relative venous oxygenation in anterior
SSS (p<0.05, N=63) at rate of 1.2x103per mmHg. A trend of decline was also
found between the relative venous oxygenation in ICV and the systolic pressure

at a similar rate of 9.5x10* per mmHg (p=0.06, N=63).
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Figure 3-3: The scatter plot between the relative venous oxygenation in anterior
SSS (left, N=63) and ICV (right, N=63) and the systolic pressure. The lines are
linear fittings of the relative Y, and blood pressure data. Regression analysis
showed that the relationship between the relative venous oxygenation and the
systolic pressure was significant in anterior SSS (p<0.05) and marginally

significant in ICV (p=0.06)

The hypertensive group and control group are looked at separately.
Figure 3-4 is the scatter plot between relative anterior SSS oxygenation and
systolic pressure in these two groups. The significant negative correlation found
In Figure 3-4 was consistent with the findings in Figure 3-5 but at a higher rate
of 3.4x107 per mmHg for hypertensive group (p<0.01, N=29). The correlation

was not observed in the control group (p=0.53, N=34), however.
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Figure 3-4: The scatter plot between the relative anterior SSS oxygenation and
systolic pressure in hypertensive group (left) and control group (right). The
lines are linear fittings of the relative Y, and blood pressure data. The
relationship was significant in hypertensive group (p<0.01, N=29) but not in

control group (p=0.53, N=34).

A significant negative correlation was also observed between the relative
ICV oxygenation and systolic pressure in the hypertensive group (p<0.05,
N=27) at rate of 2.2x10° per mmHg, as shown in Figure 3-5. No such

correlation was shown in the control group (p=0.36, N=36).
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Figure 3-5. The scatter plot between the relative ICV oxygenation and the
systolic pressure in hypertensive group (left) and control group (right). The
lines are linear fittings of the relative Y, and blood pressure data. The
relationship was significant in hypertensive group (p<0.05, N=27), but not in

control group (p=0.36, N=36).

No significant correlation was found in the relationship between the
anterior SSS oxygenation and the volumes of front lobe regions. However, as
shown in Figure 3-6, the relative ICV oxygenation was positively correlated
with the hippocampus (HC) volume at the rate of 2730 mm?® (p<0.05. N=63).
There was also a positive trend between the relative ICV oxygenation and the
thalamus (TL) volume at the rate of 2586 mm? (p=0.06, N=63). The age effect

was significant in both cases with p<0.05.
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Figure 3-6: The scatter plot between the relative ICV oxygenation, and the
hippocampus (HC) volume (left) and the thalamus (TL) volume (right). The
line is a linear fitting of the relative Y, and blood pressure data. The linear
relationship of the relative ICV oxygenation was significant with the HC
volume (p<0.05, N=63) and marginally significant with the TL volume (p=0.06,

N=63).

Discussion

In the present study, | have employed a MRI venous oxygenation
measurement technique, TRUPC to study the effect of hypertension to regional
venous oxygenation. The study has revealed that the venous oxygenation tends

to be lower in the frontal lobe and deep brain comparing to the rest of the brain,
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when systolic pressure is high. This association was led by the hypertensive

group. It was also found that the smaller volume of the hippocampus and
thalamus has also been associated with the lower regional venous oxygenation
in such regions.

The study is the first of its kind applying MRI to look at the regional
venous oxygenation in hypertension. The design of the study has utilized the
advantage of the vessel specific oxygenation mapping method, TRUPC. The
anterior part of SSS and ICV contain venous blood directly drained from the
frontal cortex and deep brain, respectively, before mixing with the blood
drained from other regions. The TRUPC positioning on the mid sagittal plane of
the brain therefore can measure them all in a single scan. Thus it allows
studying of venous oxygenation in these regions specifically. It is known that
the baseline global cerebral venous oxygenation level varies widely from 0.4 to
0.8, even in heathy groups (Lu et al., 2011). The introduction of the relative
venous oxygenation concept has removed the effect from the variation of
baseline global venous oxygenation, and focused on the regional difference in
venous oxygenation. The posterior SSS oxygenation used in the normalization
has been proven to be a good substitute to global venous oxygenation, which is

sampled in the internal jugular vein (Xu et al., 2009).
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Our findings can be explained with regional CBF change associated with

hypertension. The reduction of CBF in hypertensive patients has been reported
to be most predominate in the frontal cortex and temporal lobe (Alosco et al.,
2013; Beason-Held et al., 2007), which contains structures drained by anterior
SSS and ICV. To keep up with the metabolic level during the hypoperfusion,
these brain regions need to extract more oxygen from the same amount of
blood, causing chronic hypoxia in the tissue (Aliev et al., 2003).

Our findings are also consistent with the previous studies on the cortical
volume in hypertensive patients. The hypertension is widely associated with
total brain volume reduction in previous studies (Beauchet et al., 2013; DeCarli
et al., 1999; Swan et al., 1998) and was shown to have regional specificity (Raz
et al., 2003). Hippocampal and prefrontal atrophy has been widely reported to
be associated with hypertension (Beauchet et al., 2013; Raz, 2005; Raz et al.,
2003; Raz et al., 2007). For example, Raz et al. has reported that hypertension
have been identified as a negative modifier in cortical volume during aging and
selectively targeted at prefrontal cortex and hippocampus (Raz, 2005; Raz et al.,
2003). This targeted effect on prefrontal cortex further influenced the cognitive
function in hypertension patients (Raz et al., 2003). The volume of thalamus

was also reported to be smaller in hypertensive population (Strassburger et al.,
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1997). The results presented here could provide more insights in the mechanism

of such changes from the perspective of oxygen metabolism.

The results of the study need to be interpreted in the context of a few
limitations. First, the medication usage and medical history of the participants
are not considered in the study. This could induce noise to the study, especially
to analysis of the anatomical volume, for its longitudinal effect. For example, a
patient with prolonged hypertension history but was under hypertension
treatment at the time of the measurement, may be categorized in the control
group with low pressure blood. But according to the indication of the study, he
would likely have a lower regional brain volume.

Another limitation is from the technique used. The TRUPC applied in
this study is a 2D technique for large vessels. This limited the scope of the
study to part of the frontal lobe and deep brain regions. The drainage of the
upper stream of the veins is assumed be region specific. But, strictly speaking,
the upper stream blood in these large veins is already a mixture of the venous
blood from different regions, which could reduce the detection power of the
method. Additionally, the regions of interest may not always align in a 2D plane
due the anatomical variations, TRUPC failed to capture the anterior SSS or ICV

in about 10% of the subjects. A 3D technique is desired to look at specific
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draining veins for each region. Inspired by this study, | have developed a novel

3D oximetry, which will be discussed in details in the next chapter.

Finally, the conversion from T, to venous oxygenation requires the
knowledge of hematocrit level. The hematocrit level can change under
pathological conditions. It has been found that the hypertensive patients have a
slightly but significantly higher hematocrit level by about one unit than the
control group (Cirillo et al., 1992; Tarazi et al., 1966). The study in the future
should take this potential difference in mind and measure the individual

hematocrit for more accurate oxygenation measurement.

Conclusion

| have applied a noninvasive 2D MRI technique, TRUPC to assess the
effect of hypertension to regional venous oxygenation in the brain. The lower
venous oxygenation in the frontal lobe and deep brain are associated with high
systolic pressure. In addition, the volume reduction in hippocampus and
thalamus is correlated with the decreased venous oxygenation in these regions.
Imaging marker Y, reported here may prove valuable in understanding of
hypoxia, CBF and cortical volume reduction in these regions caused by the

hypertension. However, the 2D scope of the TRUPC has limited its potential in
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assessing the venous oxygenation at more cortical locations and at more precise

manner. This limitation has inspired me to develop a 3D oximetry in brain in

the next chapter.



CHAPTER FOUR
Three-dimensional mapping of brain venous oxygenation using

R; oximetry

Introduction

Cerebral venous oxygenation (Yy) 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
(Derdeyn et al., 2001; Gupta et al., 2014), tumor (Leenders, 1994) and
Alzheimer’s disease (Ishii et al., 1996; Nagata et al., 2000; Thomas et al.,
2016). However, measurement of cerebral venous oxygenation in humans has
proven difficult. O 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 *°0 tracer (Mintun et al., 1984). 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,

50
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measurement of global, whole-brain venous oxygenation is now relatively well-

established. One can either use the T,-Relaxation-Under-Spin-Tagging
(TRUST) (Lu & Ge, 2008) or phase susceptometry method (Fernandez-Seara et
al., 2006) to determine global 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
(Gauthier & Hoge, 2012; He & Yablonskiy, 2007; Wise et al., 2013) or phase
(Fan et al., 2014; Xu et al., 2014) manifestations of these effects. One particular
line of techniques is based on a calibratable relationship between blood R (or
R3) and oxygenation (Y) (Chen & Pike, 2009; Lu et al., 2012; Zhao et al.,
2007). 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 (Bolar
et al., 2011; Guo & Wong, 2012; Krishnamurthy et al., 2014a), the spatial

coverage of these prior works has been limited to a single slice. Therefore, in
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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 R3;. 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 Y, (Liu et al., 2016). Finally, tradeoff between in-

plane and through-plane resolution in 3D acquisition was investigated.

Methods

Pulse sequence
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As shown in Figure 4-1, 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 4-1).
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 T, ). 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. (Xu et al., 2014). These strategies are
important in minimizing mis-match in spatial coordinates of the measured
signal, so-called oblique flow artifacts (Frank et al., 1992). Fly-back gradients
are applied in the readout direction to ensure identical geometric distortion
along x-direction across all echoes (Lu et al., 2008). Compared to a previous
sequence which was based on a similar principle but used CPMG-T,
preparation pulses (Krishnamurthy et al., 2014a), 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
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to accommodate the SAR limits. Third, since T, 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
(Krishnamurthy et al., 2014a), 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 (Krishnamurthy et al., 2014a), |
refer to the present sequence as T,-Relaxation-Under-Phase-Contrast 3D

version (TRU-PC 3D).

Echo 1 Echo 2 Echo3 Echo4
Goo N Mo rul

ADC M1 1T

Phase encoding flow Velocity encoding Fly back
compensation gradients gradients gradients
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Figure 4-1: Sequence diagram of TRU-PC 3D. Key sequence components are

displayed in color.

Theory
The blood signal as measured in the CD image is related to flow velocity

and cutoff velocity of the sequence, Ven, by:

v
ZVenC

CD = 2Mpp04

sin(—) [3-1]
where Mpioog 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). Mpiooq 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:

. -TR'R
sin a-(l—e 1,blood)
Mpi00a(TE) = Mo * fp100a * I —cosao—TRRiplooa €

—TE'R; plood [3-2]

where My is the total equilibrium magnetization in the voxel, oo IS the
fraction of blood, and a is the flip angle. When | combine Egs. [1] and [2], the

CD signal at the given TE can be written as:

Sin a.(l_e_TRRl,blood)

CD(TE) = ZMO 'fblood . |Sin( i ) e_TE'R;blood [3_3]

2V€TLC

1—cos a-e "TRR1,blood
In this equation, if 1 combine the TE-independent terms into a Sy, the signal

becomes:

CD(TE) = Sye~TERzblood [3-4]
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The R; p100a 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
Institutional Review Board at Johns Hopkins University. 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 image. The imaging parameters for TRU-PC 3D were as follows: 3D

gradient echo readout, sagittal orientation, anterior-posterior phase encoding,
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FOV=200%200x85 mm?, acquisition matrix=288x%284x17, voxel

size=0.7x0.7x5 mm3, bandwidth=217 Hz, Ve=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 mm?,
acquisition matrix=356x226x300, voxel size=0.48x0.75x1 mm?3, 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.

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
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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, and 2.5% CO; balanced with N) through mouth piece as
described previously (Lu et al., 2014). 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 (Lu & Ge, 2008), 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 (Lu & Ge, 2008) 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
| 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
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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 mm?3, 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 (Krishnamurthy et al., 2016). 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
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veins. The complex difference signal inside the ROI 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. VVoxel-wise fitting was performed on 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
using the Amira software (FEl 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 Sp value from the R; fitting, which denotes the
intensity of blood signal without any R; weighting, was evaluated and voxels
with an Sy of less than a threshold (1x10° A.U. for voxel size 0.7x0.7x5 mm?
and 3x10° A.U. for voxel size 1.5x1.5x2 mm?®) were discarded. Note that | used

a group-level threshold for So. An alternative approach would be to use an
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individual threshold based on each data’s SNR. | did not use an SNR-based

threshold because the estimation of noise in Sp 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, |
employed the Amira software to convert the oxygenation map to a 3D model.
The oxygenation value was then displayed on Paraview (Ayachit, 2015) in vtk

format.

In vitro blood experiment and analysis

To allow the conversion of blood R value to oxygen saturation fraction,
| conducted a set of calibration experiments using bovine blood, which has
physiological and MR properties comparable to human blood (Benga & Borza,
1995). 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
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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
(Krishnamurthy et al., 2014b; Lu et al., 2012), 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:
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S=35, ¢ ~TE'R;
The resulting R; values were then fitted to a quadratic function of blood
oxygenation, Y (Silvennoinen et al., 2003; Zhao et al., 2007):
Ry =A"+C"(1-Y)?
This fitting was performed for each Hct level. Linear interpolation of the R5-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, | 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 R;. Thus, a fixed correction factor
R; corr Was subtracted from in vivo R; before the conversion. In this study,
R5 corr Was assumed to be 8.8 s based on the literature (Wansapura et al.,
1999). Note that since a fixed R; ., is used, this assumption will not change

any inter-subject or inter-regional differences of the oxygenation results.

Results

Blood R; and its dependence on oxygenation and Hct
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The fitting of in vitro blood signal as a function of TE was reliable, and

R; could be estimated from all blood samples. Figure 4-2a 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%, R; of a
venous blood sample with oxygenation of 60% was 28.9 s, while R of a fully
oxygenated blood sample was 12.7 s. 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 4-1 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 4-2b).

Hct level A (s1) C (s?)
36% 12.6 83.5
39% 12.7 101.1
45% 13.4 101.2
53% 15.2 148.5

Table 4-1: The fitted coefficients A and C for different Hct levels.
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Figure 4-2: Summary of in vitro blood experiments. (a) R; as a function of
blood oxygen (Y) at several Hct levels. (b) Three-dimensional relationship

among R3, Y, and Hct.
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Feasibility study of TRU-PC 3D

An example of complex difference images from a TRU-PC 3D scan are
shown in Figure 4-3a. 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 4-3b), the signal intensity

decreases, the rate of which is blood R;.

Signal intensity (A.U.)
£
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(a) TE=13ms TE=27 ms TE=41 ms TE=55 ms

Figure 4-3. 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
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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.

Figure 4-4: 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 4-2.

ROI results of 9 different venous structures (Figure 4-4), of which five
were major veins and four were cortical veins, are listed in Table 4-2. The
venous oxygenation ranged from 57% to 72%, which is in agreement with

reported Y, values in the literature (Gibbs et al., 1942; Ibaraki et al., 2008; Lu et
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al., 2011). Results of intra-session test-retest reproducibility are also shown in

Table 4-2. The average coefficient-of-variation (CoV) across runs is 3.0%.

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%x9.3% 3.5%

Left Transverse Sinus 57.0%x7.9% 2.6%
Right Anterior Cortical Vein 70.25%=3.0% 1.8%
Right Posterior Cortical Vein 68.3%x4.3% 2.3%
Left Anterior Cortical Vein 70.3%=%2.2% 3.1%
Left Posterior Cortical Vein 67.8%x7.8% 3.3%

Table 4-2: Average oxygenations and CoVs for 9 venous ROIs in Figure 4-4.

3D oxygenation maps of veins and arteries (separated based on TOF
angiogram) as well as their combination are displayed in Figure 4-5a. 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
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values. Histograms of all voxels of all subjects (N=13, 3M, Age 26.5+3.6 years

old) are displayed in Figure 4-5b, providing a quantitative summary of the

oxygenation values in the voxels.

(b) Veins only Arteries only Combination

0.4 0.5 0.3

0.4

3- 0.3 5 5‘ 02
o R 3
5 0.2 S o3 1
g 0.1 ' g g ot I
=2 = 0.1 S
Fe oo ] | iﬁﬁm o......n-......- v O,L_._-l-- .-

0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100

Y(%) Y(%) Y(%)

Figure 4-5: 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.

Hyperoxia study
Hyperoxia increased the subjects’ end-tidal O, from 13.3%+0.3% to

85.0%+2.9%, while end-tidal CO; did not show a change (5.8%+0.1% and
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5.6%=0.3% during room-air and hyperoxia, respectively). Venous oxygenation

maps during room-air and hyperoxia are shown in Figure 4-6a. It can be seen
that blood oxygenation clearly becomes higher during hyperoxia, consistent
with the known effects of this physiological manipulation (Xu et al., 2012). ROI
results are shown in Figure 4-6b, 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%z7.4%,
which was similar (P=0.8) to the TRUST results of 64.8%=7.7%. Figure 4-7a
showed a scatter plot of individual participants, revealing a strong correlation
(P<0.001) between the two methods. The measurement from two techniques are
also plotted in Bland-Altman plot in Figure 4-7b. The mean difference between
two measurement is -0.77%, which shows no significant difference than 0
according to one-sample t-test (P=0.43), suggesting little bias between two

measurements. All the difference data points fall within 95% limits of
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agreement (average difference + 1.96 standard deviation of the difference),

demonstrating good agreement between two measurements.

Oxygenation (%)
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Figure 4-6: 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 ROIs. Error bars indicate standard errors. SSS:

Superior sagittal sinus.
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Figure 4-7: (a) 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. (b) Bland-Altman plot of the

oxygenation measurement between TRU-PC 3D and TRUST.

Resolution-dependence study
Figure 4-8 shows venous oxygenation maps acquired at two spatial

resolutions (see https://youtu.be/ikpw9WqgCkig for movie). Figure 4-8a was
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acquired with a high in-place resolution (0.5x0.5 mm?), but a coarse through-

plane resolution (5 mm). Figure 4-8b was acquired with a more isotropic voxel
dimensions of 1.5x1.5x2 mm?3, 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 poor in the coronal view. A movie
for the two maps is provided in the supporting information for better view. The
isotropic scan shows a more consistent image when viewed from different
directions. ROI analysis showed no difference (P>0.05 for all ROISs) 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.



Figure 4-8: Y, maps from one representative subject using two spatial

resolutions. (a) voxel size 0.7x0.7x5 mm?; (b) voxel size 1.5x1.5x2 mm?®. Top

panels show sagittal view and bottom panels show coronal view.

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 and, compared to previous methods, has
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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 technigue 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 (Albers & Siegel, 1999). 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), OEF = (Y“Y;Y”) and CMRO, =

a

CBF - (Y, —Y,). Among these physiological parameters, arterial oxygenation
(Ya) 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
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been a bottle neck in terms of measurement technologies. O PET is the current

gold standard, but it is 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 (Thomas et al., 2016), multiple
sclerosis (Ge et al., 2012), genetic disease of brain metabolism (Pascual et al.,
2014b), sickle cell (Bush et al., 2014), anorexia (Sheng et al., 2015), end-stage
renal disease (Zheng et al., 2016), congenital heart disease (Jain et al., 2014)
and cocaine addiction (Liu et al., 2014). In addition, it has been used in studies
of brain development and aging (Lu et al., 2011). 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 effort.

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 (He & Yablonskiy,
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2007). 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
CMRO; can be simultaneously estimated (Gauthier & Hoge, 2012; Wise et al.,
2013). The third category is based on the effect of paramagnetic
deoxyhemoglobin on MR signal phase (Fan et al., 2014; Fernandez-Seara et al.,
2006; Xu et al., 2014). The method proposed in the present work represents a
fourth category, which is based on the relationship between oxygenation and
R,/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
(Lu & Ge, 2008), QUIXOTIC (Bolar et al., 2011) and VSEAN (Guo & Wong,
2012), and those based on flow-encoded phase contrast such as TRU-PC
(Krishnamurthy et al., 2014a). 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
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2D TRU-PC method reported by Krishnamurthy et al. (Krishnamurthy et al.,

2014a), the present 3D technique uses a R5 approach rather than R,. 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 fold.
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.
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The present study used a Ve, 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) Ve, values used in our previous study
(Krishnamurthy et al., 2016). Previous literature has suggested the following
velocity range for various venous vessels in the brain: superior sagittal sinus
15.2 cm/s (Gideon et al., 1996), straight sinus 10.4 cm/s (Stolz et al., 1999), the
great vein 9.8 cm/s (Stolz et al., 1999), internal cerebral veins 6.1 cm/s (Stolz et
al., 1999), and cortical vein 7.1 cm/s (Yamada et al., 1997). Thus, the Venc |
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 Venc
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
(Haacke et al., 1999) such as Hadamard encoding. In this encoding scheme,
four types of flow-encoding gradients would 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 R; fitting.
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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 4-5). However, it should be pointed out that, due to the
quadratic nature of the blood relaxometry curve (e.g. Figure 4-2), 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.

Limitations

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 my oxygenation map, | observed some
high oxygenation values in the venous map and some low oxygenation values
in the arterial map (Figure 4-5). 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
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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 R,. 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; (Zhao et al., 2007). | therefore added a correction factor based on
literature values of macroscopic R5, before conducting the calibration of blood
R;. The resulting oxygenation showed good correspondence with the R, based
TRUST results, suggesting that our assumed macroscopic R 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 (He & Yablonskiy, 2007; Yablonskiy et al., 2013). Since our TRU-PC 3D
sequence produced multi-echo data with phase information, | calculated phase
maps and further estimated field gradient maps using phase values of adjacent
voxels. While these maps provided B, 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
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effects from deoxyhemoglobin, which renders the B, inhomogeneity estimation

inaccurate. Thus, in order to estimate B, 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 | 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 (Sheng et al., 2015) or Sickle
cell anemia (Jordan et al., 2016). Therefore, for accurate estimation of blood
oxygenation, it is desirable to measure hematocrit on each individual using
either blood sampling or MRI methods (Qin et al., 2011; Varela et al., 2011;
Wu et al., 2010). Furthermore, it is known that microvessels have lower
hematocrit values compared to macrovessels (Oldendorf et al., 1965; Sarelius &

Duling, 1982). Because the diameters of the vessels relevant for our study (>1
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mm) are much larger than the diameter of a red blood cell (8 um), | assume that

the hematocrit does not change across the vessels that are visible with TRU-PC

3D.

Conclusion

| 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.



CHAPTER FIVE

Other ways to measure the neural activity

During the course of my research, | have also participated in studies to
assess the neural activity using methods different than cerebral venous
oxygenation techniques. These studies can be categorized by the methods they
used into two groups: functional connectivity MRI (fcMRI) studies and
electroencephalogram (EEG) studies. | will describe them one by one in details
in the following part.

Resting-state functional connectivity MRI is a method using BOLD
Imaging to evaluate brain activity while the subjects are in resting state without
performing any tasks. More specifically, the brain activity measured by fcMRI
is the interactions between different brain regions through the synchronization
of low frequency fluctuating BOLD signal (Biswal, 2012). fcMRI have been
widely used to study neuroscience as well as the neurological diseases. In one
study | have participated (Tung et al., 2013), fcMRI was employed to study the
impact of a recent motor task to functional connectivity. Volunteers were
instructed to perform a button press task inside the scanner. Their brains’

functional connectivity was assessed before and after the motor task at resting
84
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state. It was found that the connectivity between left and right motor cortices

was significantly increased (P=0.002, N=24) as well as the amplitude of
fluctuations in such regions after the motor task. These effects can last 5 min for
connectivity and 15 min for amplitude of fluctuations. These findings suggest
the existence of the physiological ripple effect from previous task to functional
connectivity and therefore, fcMRI should be performed before any task fMRI or
after a sufficient gap to such experiment.

| have also calculated the fractional amplitude of low-frequency
fluctuations (fALFF), an index of resting state brain activity, to study its
correlation with brain gene expression (Wang et al., 2015). fALFF is a region-
specific index derived from fcMRI experiment as in the ratio between the
power of low frequency signal and the power of whole signal. Several genes
were identified as their regional expression levels were correlated with the
fALFF in the default mode network regions and those genes were found to be
associated with autism.

For the clinical application of fcMRI, | have looked at the change of
functional connectivity in one tinnitus patient before and after treatment of an
antioxidant drug, named carnitine (Gopal et al., 2015). | have found that

functional connectivity was increased between the right and left auditory cortex
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as the patient’s hearing was improved after treatment, which may indicate the

value of carnitine as a tinnitus treatment. Later in a group study of tinnitus
patients (Gopal et al., 2017), | have also shown that the connectivity between
right and left auditory cortices showed a trend of reduction (P=0.06) in tinnitus
patients group comparing to the control group.

Electroencephalogram (EEG) is also one commonly used measurement
of brain neural activity. EEG monitors the brain’s electrophysiology by placing
electrodes on the scalp and recording its electrical activity. The electrical
activity it records is from the local current in the neurons of the brain.

GLUT-1 deficiency is a genetic disorder, in which the glucose transporter
has lost part of its function, causing lack of the glucose accumulation in the
brain. Thus, the patients suffer from brain-related symptoms such as
medication-refractory infantile-onset seizures (Pascual et al., 2008). In the study
of such patients (Pascual et al., 2014a), their spike-wave seizures events were
captured by EGG before and after triheptanoin oil consumption. The
triheptanoin oil is a medium-chain triglyceride, which was tested in the study
for the hypothesis that it can fill the roles of glucose for GLUT1 deficiency
patients. A significant decrease in seizure rate (P<0.05) was observed in all

patients after triheptanoin oil consumption.
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EEG was also applied to study the effect of hyperoxia to the neuron

activity in the brain (Sheng et al., 2017). The previous findings have shown that
the hyperoxia challenge will cause a reduced CMRO; (Xu et al., 2012). But the
direct evidence from the neuron activity point of view is still lacking. The
present study compared the EEG signal during the room air state and hyperoxia
state. The significant reduction (P<0.01) was found at the power of a band (8-
13 Hz) and B band (14-35 Hz) in the resting state EEG. Additionally, main
peaks of visual ERP (visual-stimulation event-related potential) are delayed
during hyperoxia compared to room air state (P=0.04 for N1 peak and P=0.02
for P2 peak). These findings indicated hyperoxia suppressed neural activity in
the brain.

To conclude, besides venous oxygenation measurements, | also have
applied fcMRI and EEG techniques to study normal brain physiology and
neurological diseases. fcMRI and EEG each reflects different aspects of the
neural activity than the venous oxygenation measurements. These three

methods could be complimentary to each other in the future studies.



CHAPTER SIX

Conclusions and future directions

Conclusions

In the first part, | have applied a noninvasive 2D MRI technique, TRUPC
to assess the effect of hypertension to regional venous oxygenation in the brain.
The lower venous oxygenation in the frontal lobe and deep brain are associated
with high systolic pressure. In addition, the volume reduction in hippocampus
and thalamus is correlated with the decreased venous oxygenation in these
regions. Imaging marker Y, reported here may prove valuable in understanding
of hypoxia, CBF and cortical volume reduction in these regions caused by the
hypertension. However, the scope of the study has been limited by the 2D FOV
in TRUPC. Therefore, in the second part, | have developed a quantitative
technique to map venous oxygenation in 3D based on blood 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.

88
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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. In the last part, | have also used functional
connectivity MRI and electroencephalogram to investigate the neural activity in

both pathological conditions and normal physiology of the brain

Future directions
Improvement of the techniques

There are several aspects to improve the TRUPC 3D technique. First, the
acquisition time is a major concern for the technique. Currently, it will take 20
mins for a single whole brain scan, which could prevent it from wide clinical
applications. This is due to the high resolution and the plain multi-gradient-echo
acquisition scheme it used. The compress sensing has been combined with
phase contrast previously at an acceleration factor of 3 (Basha et al., 2015),
which could potentially speed up the TRUPC 3D as well. Second, the accuracy
of the technique can be further improved. The blood spin has been flow
compensated during the multi echo acquisition, thus can be encoded correctly to
the actual position on the image at each echo. However, the velocity encoding

happens before the acquisition, the velocity change during the echo has not
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been compensated and therefore cannot be reflected in the velocity encoding

right after the excitation. The unsynchronized encoding and acquisition could
bias the signal, especially when the flow has sharp velocity or direction change.
To address this issue, a tri-polar gradient can be added between echoes to
compensate the linear acceleration. Third, smaller veins have low signal
intensity, moving into higher field could boost the signal for the smaller veins.
The biggest concern in R, mapping in high field, such as 7T is B;
inhomogeneity, since B; field is directly related to the accuracy of the T,
preparation pulses. This issue becomes less of a problem when mapping R;
using multi-gradient-echo with macroscopic field correction (Yablonskiy et al.,
2013). Moreover, the R; of blood is higher in higher field, which will require
less total echo time to wait for sufficient decay of venous blood signal, as
needed by R; fitting. This can reduce the scan time and the flow effect due to

multi-echo acquisition.

Measurement of CMRO,
Cerebral metabolism rate of oxygen is another important biomarker of
the oxygen metabolism in the brain, which is the combination of the

information from venous oxygenation and cerebral blood flow. The CMRO; is
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a direct reflection of neuron energy metabolism. The CBF information is not

hard to obtain. It can be either from the perfusion measurement by arterial spin
labeling MRI or from flux in each vein obtained by phase contrast MRI.
However, the CMRO, mapping can be difficult due to the venous drainage
territory is hard to be precisely determined when using the large vessel Y,
measurement. Therefore, the mapping of CMRO; has not been attempted in this
dissertation. The mapping of venous drainage territory has been attempted by
using spin labeling on the venous side (Wong & Guo, 2013) but with very
limited results. This issue could be partially dealt by measuring the venous
oxygenation in smaller veins. The smaller the vein, the less complicated the
drainage territory of the vein can be. Compared to the large cortical vein
TRUPC 3D can measure, the drainage of the smaller veins (~1mm diameter in
size) is more defined. The pursuit of the small vein oxygenation measurement is

highly desired in this case.
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