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Figure 5.1. Timeline of the MRI experiments. *H MRI was performed at 2 hours
after MCAO. 'O MRI was conducted immediately after the *H scan. The total 42
min YO MRI scan consisted of 13 min baseline, 3 min 45 s ’O: inhalation, and 25
min washout phase. *H MRI was performed again at 4 hours after MCAO to
evaluate the development of @JemMa. ..........ccviiiiiiiie 92
Figure 5.2. Representative T2-weighted images and their corresponding H&E
staining in mice with GBM-L (a-b) and GBM-M (C-d)........cccccevvvviiiiiiiiiciinnn, 96
Figure 5.3. Representative 1’O images from a control mouse at baseline, peak and
steady-state H2*’O uptake. a-c: KWIC reconstruction. d-f: Standard reconstruction
USING 100 SPOKES. ....vveveeiviciieite ettt e te ettt ae e e te e e aneesneennearee e 97
Figure 5.4. Reconstructed parameter maps and representative time courses. a-b:
GBM-L mice. c: GBM-M mouse. d: Control mouse. e: Time courses of normalized
170 signal changes in representative pixels indicated in (a-d). Tumor pixels are
indicated by stars in (a-c) and their time courses are shown as dotted lines. Brain

pixels are indicated by dots in (b-d) and their time courses are shown as solid lines.

............................................................................................................................... 98
Figure 5.5. Group-averaged peak (a) and steady-state (b) H2!’O uptake and
washout rate (C). *P<0.05. ....iiieieeiece e s 99

Figure 5.6. a: T2-weighted H images acquired at 2 hours after MCAO show no
edema. b: CMRO2 map calculated form 'O MRI data shows deficiency in oxygen
consumption in the stroke area. ¢: T2-weighted H images acquired at 4 hours after
MCAO show edema in the stroke area. d: time course of H2!’O changes during the
inhalation experiment in normal brain tissue (blue) and stroke area (red). The gray
bar shows the inhalation peroid of 3mIN45S. ..., 100
Figure 6.1. 3D center-out radial trajectory using multidimensional golden means.
The first five spokes are shown and labeled with red numbers. The kz location
(angle B) of each spoke is determined based on ¢1. Once the kz location is fixed,
the polar angle a in kx-Ky plane is determined by ¢2. me1 is the fractional part of
me1 redistributed in the range of [-1,1]; {m¢g2} is the fractional part of me?2.
@1 = 0.4656 and @2 =~ 0.6823 are derived from the 3x3 modified Fibonacci
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Development of Dynamic Phosphorus-31 and Oxygen-17 Magnetic
Resonance Spectroscopy and Imaging Techniques for Preclinical Assessment
of Energy Metabolism in vivo

Abstract

by
YUCHI LIU

Adenosine triphosphate (ATP) is the energy currency that maintains
physiological activities of the cell. The major source of ATP in aerobic organisms
is oxidative phosphorylation occurred in mitochondria. Disruptions of oxidative
phosphorylation are associated with various metabolic diseases. Hetero-nuclei MRI
plays an important role in assessing functional cell processes such as oxidative
metabolism. Specifically, phosphorous-31 (3P) and oxygen-17 (}’0) MRS/MRI
provide a non-invasive tool to probe mitochondrial oxidative capacity and oxygen
consumption, respectively. However, hetero-nuclei MRI in general is challenging
due to the low in vivo concentrations and low MR sensitivity. Long acquisition
time is usually required even with low spatial resolution. In this thesis, novel
approaches for imaging 3P and 'O with high spatial resolution and temporal
resolution were developed and demonstrated in small animals at high fields. In
particular, this thesis focused on fast *'P MR Spectroscopic Imaging (MRSI) and
YO MRI approaches with non-Cartesian encoding schemes that assess
mitochondrial function in skeletal muscle and cerebral oxygen metabolism/water

movement across the blood-brain barrier (BBB), respectively.
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Four projects are described in this thesis. First, an ischemia-reperfusion
protocol was established to evaluate mitochondrial oxidative capacity in type 2
diabetic rats using *!P MRS. Second, a fast dynamic 3P MRSI method using a low-
rank model was developed and demonstrated in rat skeletal muscle during
ischemia-reperfusion. Third, a dynamic ¥’O MRI method using golden-angle radial
acquisition combined with k-space weighted image contrast (KWIC) reconstruction
was developed and validated in simulation studies and phantom experiments.
Finally, the O MRI method was demonstrated in a mouse model with
glioblastoma (GBM) to assess the water movement across BBB after a bolus in
injection of Y’O-labeled water. The O MRI approach was also applied to a mouse
model of middle cerebral artery occlusion (MCAO) in Y’O-labeled gas inhalation
experiments to assess cerebral oxygen metabolism in vivo. The success of these
studies will pave the way for fast metabolic imaging using 3P and O MRI
techniques and allow for the assessment of metabolic alterations in various disease

models, such as diabetes, ischemic stroke, etc.
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Chapter 1. Introduction

1.1. Metabolism and Oxidative Phosphorylation

Metabolism is a set of chemical transformations in the cell to maintain
normal functions in all levels of biological systems and thereby to sustain life. The
purposes of metabolism include converting food to energy and to building blocks
for proteins, lipids, etc. Specifically, the process of converting food/fuel to energy
is referred to as energy metabolism. While the energy currency, adenosine
triphosphate (ATP), can be produced in both aerobic metabolism and anaerobic
metabolism in the presence or absence of oxygen, the major source of ATP is

oxidative phosphorylation occurred in mitochondria in the cell.

Figure 1.1 illustrates the process of ATP production via oxidative
phosphorylation in mitochondria. Three major processes are shown, including
oxidation of the acetyl groups through citric acid cycle (also known as tricarboxylic
acid cycle or Krebs cycle), proton gradient across the inner membrane of
mitochondria generated by electron transport chain, and generation of ATP from
adenosine diphosphate (ADP) via the ATP synthase driven by the proton gradient.
The fuel molecules, such as pyruvate and fatty acids derived from sugars and fats,
are transported across the membranes of mitochondria and converted to the crucial
metabolic intermediate acetyl-CoA. The acetyl groups in acetyl-CoA are then
oxidized through the citric acid cycle. During this oxidation process, the carbon
atoms carried by acetyl-CoA are converted to CO; that is released as a waste

product by the cell. On the other hand, this oxidation process also produces high-
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energy electrons that are carried by NADH and FADH,. Then these high-energy
electrons enter electron transport chain at the inner membrane of mitochondria.
Meanwhile NADH and FADH; are restored to NAD* and FAD due to the loss of
electrons. The electrons are then transferred through three large respiratory enzyme
complexes sequentially and finally reach oxygen, resulting in water converted from
oxygen. As electrons pass along the electron transport chain, energy is stored as an
electrochemical proton gradient across the inner mitochondrial membrane. This
proton gradient drives proton back to the matrix of mitochondria through the ATP
synthase, which is a membrane-bound enzyme. The ATP synthase creates a

pathway across the inner membrane of mitochondria to allow protons to flow down

Mitochondria

// pyruvate fatty acids \\

N/

inner mitochondrial outer mitochondrial
membrane acetvl CoA membrane ~

citric
acid
cycle

0, ADP +Pi ATP

NADH
H+

2H,0
[\ —
electron|transport chain ATP synthase '---*| |
K H* > H* /

Figure 1.1. Illustration of oxidative phosphorylation in mitochondria. The acetyl groups in

acetyl-CoA are oxidized through citric acid cycle, generating high-energy electrons carried
by NADH and FADH,. Electrons pass along electron transport chain and are transferred to
oxygen, resulting in proton gradient across the inner membrane of mitochondria that drives

the generation of ATP from ADP by the ATP synthase.
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the electrochemical gradient, and uses the energy of the proton flow to synthesize

ATP from ADP and inorganic phosphate (Pi) in the matrix of mitochondria.

Although the citric acid cycle is part of aerobic metabolism, oxygen is not
directly consumed until it is combined with electrons on the inner mitochondrial
membrane. For this reason, the series of reactions regarding electron transport at
the inner membrane of mitochondria and following ATP synthesis via the ATP

synthase are described by the term oxidative phosphorylation.

On the one hand, oxidative phosphorylation in mitochondria yields the
majority of ATP to meet the energy demands; on the other hand, there exists a
mechanism to buffer ATP concentrations in the cell via the creatine kinase (CK)
reaction. CK is an enzyme that catalyzes the conversion of creatine and consumes
ATP to generate phosphocreatine (PCr) and ADP. As shown in Eq. [1.1], this
conversion is reversible, thereby ATP can also be created from PCr and ADP.

ATP + Cr = ADP + PCr + H* [1.1]
Therefore, CK is a key enzyme for maintaining the steady-state ATP concentrations
in the cell, and PCr serves as an energy reservoir for rapid buffering of ATP. CK is
expressed in various tissues and cell types. Cells with high energy demand (e.g.,
skeletal muscle cells) usually exhibit high CK concentrations. More importantly,
CK exists in various isoforms. For example, mitochondrial CK presents in the
intermembrane space of mitochondria, while cytosolic CK isoforms exist in the
cytosol. As energy production and consumption take place at different locations in

the cell with different CK isoforms, CK enzymes and PCr also function as a “shuttle”
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to facilitate the transport of high-energy phosphates between different

compartments of the cell (1).

As described above, under normal conditions, the majority of ATP is
supplied by oxidative phosphorylation catalyzed by the ATP synthase enzyme, and
ATP is rapidly cycled in the body to meet energy demands. These processes are
accompanied by the important CK reaction, which facilitates to maintain a stable
cellular ATP level and transport of high-energy phosphates between the

mitochondria and cytosol.

However, ATP energy pathways could be disrupted under pathological
conditions. Disruptions of oxidative phosphorylation and the CK reaction are
associated with various metabolic diseases (2-7). For example, when cells are
derived of oxygen during ischemic stroke in the brain, ATP generation through the
ATP synthase cannot be completed during oxidative phosphorylation. As a result
of diminished energy supply, brain function in the affected area is temporarily and
even permanently damaged. On the other hand, intentional control of the oxygen
demand or supply also provides a tool to investigate the oxidative capacity of
mitochondria. For example, hypoxia during ischemia and high demand of energy
during exercise in skeletal muscle leads to perturbations to steady-state ATP levels.
Under these circumstances, ATP generation through oxidative phosphorylation is
not sufficient to maintain stable ATP levels in the cell, hence PCr acts as an energy
reservoir to fill the ATP pool and this reaction is catalyzed by the CK enzyme.
Upon the end of the perturbation (i.e., exercise or ischemia), the PCr pool is

replenished by ATP in return because ATP generation through oxidative
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phosphorylation is restored in mitochondria. Therefore, the kinetics of PCr changes
during and after exercise/ischemia acts as an index of the oxidative capacity of
mitochondria, and provides a potential way to evaluate mitochondrial function in

vivo (8-12).
1.2. Assessing Mitochondrial Function Using *P MRS/MRI

Since the early development of magnetic resonance imaging (MRI) as an
imaging modality in the 1970s (13), the technique has branched into various fields
with the primary focus on imaging protons (*H). Meanwhile, hetero-nuclei are of
great value in probing unique aspects of metabolism in both preclinical and clinical
research. MR spectroscopy (MRS), also referred to as nuclear magnetic resonance
(NMR), provides a non-invasive approach to investigate metabolism in vivo.
Particularly, phosphorous-31 (3'P) plays an important role in energy metabolism
and 3P MRS provides a unique tool to probe bioenergetics in vivo by measuring
energy metabolites such as PCr, ATP, and Pi. Since the 1970s, 3P MRS has been
used extensively to study metabolism in heart (14-16), muscle (17), kidney (18),
and brain (19,20). Albeit proton MRS became more prevalent in the 1990s due to
its higher MR sensitivity and the development of water suppression techniques,
hetero-nuclei such as 3P remain of interest, particularly at high magnetic fields.

Compared to imaging protons in water, 3P MRS/I is challenging because of
the low MR sensitivity and low concentrations of phosphate metabolites. The
concentrations of PCr, ATP, and P; in human skeletal muscle are approximately 30,
10, and 5 mM (21), which are four orders of magnitude lower than water protons

in tissue. However, 3P MRS/l has some advantages comparing to proton and other
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hetero-nuclei MRS. First, 3!P has a natural abundance of 100%, hence, it is
relatively easy to acquire 3!P spectra with good quality even at low field strength.
Second, there are only a few resonance peaks (five major peaks) dispersed in a
relatively wide range of about 30 ppm in a 3P spectrum, resulting in more
straightforward peak quantification. Third, no suppression techniques are needed
in 3P MRS/I due to the absence of dominant water or fat signal. Finally, the SNR
gain provided by high magnetic fields is not compromised by longer longitudinal
relaxation time (T1) as in *H imaging. On the contrary, T1 of 3!P nuclei is reduced
at high fields, making fast acquisition with a relatively short repetition time (TR)
possible (22-25). A significant decrease in T1 of PCr has been reported with an
increase in field strength in the resting human calf muscle (6.7 s + 0.4 s at 3T versus
4s+0.2sat 7T) (25) and in human brain (4.27 s + 0.27 s at 4T versus 3.37 s+ 0.29
sat 7T) (24).

1.2.1. Steady-state 3'P MRS

3P MRS is a powerful tool to quantify PCr, ATP, and Pi, the three major
phosphate metabolites involved in high-energy metabolism. PCr is usually assigned
a chemical shift of 0 ppm due to its relative stability and prominence in most organs.
Pi and the phospholipids, including phosphomonoesters (PME) and
phosphodiesters (PDE), are located to the left of PCr. Resonant peaks from the
three phosphate groups of ATP (y-, a-, and B-ATP from left to right) are located to
the right of PCr. Nicotinamide adenine dinucleotide (NAD) in its oxidized and
reduced form, i.e., NAD* and NADH, can also be detected in 3!P spectra. The

concentration of ADP under physiological conditions is too low to be detectable by
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in vivo 3P MRS. However, as will be shown later, ADP can be calculated
indirectly from the concentrations of PCr, ATP, and Cr.

To quantify the 3P metabolites from a steady-state 3P spectrum, acquisition
parameters need to be carefully chosen to achieve best SNR efficiency. A fully
relaxed spectrum with complete Ti recovery after each signal acquisition is
frequently used for accurate quantification of all peaks. In this case, TR is usually
chosen as ~15 s with 90° flip angle, and minimum acquisition delay is preferable
to avoid signal loss due to transverse magnetization decay. For accurate
quantification, some post-processing strategies are also necessary to remove
distortions and to improve spectral quality, including phase correction (26-28), line
broadening (29), and baseline correction (30-33).

Direct quantification of the metabolite concentrations from measured signal
intensity is complicated by many factors such as coil sensitivity, field
inhomogeneity, and relaxation time. In order to convert relative signal intensity
into absolute concentrations in mM, either an internal or an external concentration
reference can be used. For the internal reference approach, ATP is typically usually
used as an internal reference because the concentration of ATP is relatively stable
stable (~8.2 mM cell water) (21). For the external reference approach, a phantom
with known concentration of Pi solution is often placed beside the image object and
within the coil sensitivity range (34). The concentrations of the metabolites are

then derived based on the following equation:

C=Crof X —— X f [1.2]
SIref
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where C and Sl are concentration and signal intensity of the metabolite of interest,
C.er and SI..¢ are the concentration and signal intensity of the reference, and f is a
correction factor that takes into account the differences in coil sensitivity and T1
saturation between the external reference and in vivo metabolites. Accurate
estimation of the correction factor f requires measurements of B1 field map of the
31p transceiver coil and relaxation times of both the external reference and the
metabolites. However, these measurements in 3P are much more challenging and
time consuming than those in proton due to low sensitivity and low in vivo
concentrations. B: field mapping for a 3P volume coil has been reported to take
over one hour in human calf muscle (35). Therefore, accurate calculation of the
metabolite concentrations using this approach is not always practical especially in
small animals limited by SNR. Alternatively, the metabolite ratio that can be
directly obtained from the acquired spectra, such as PCr-to-Pi and PCr-to-ATP ratio,
is considered an indicator of metabolic changes and is frequently used in a variety
of pathology studies (36-44).

ADP concentration can be calculated from the concentrations of PCr, ATP,
and Cr due to the chemical equilibrium of the CK reaction (45,46),

Cer X Carp

C = 1.3

The equilibrium constant of CK (Kck) is approximately 1.66x10° M (47). The
concentration of Cr can be calculated based on the assumption that PCr represents
~85% of total creatine (i.e. the sum of PCr and free Cr) at rest (48), or the
assumption based on muscle biopsies that the concentration of total creatine is 42

mM in muscles (21).
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Besides the quantification of metabolite concentrations, 3P MRS also
provides a non-invasive tool to measure tissue pH in vivo. The chemical shifts of
many phosphorus compounds are pH dependent, because protonation of a
compound changes the electron distribution surrounding the nuclei and thus
changes their resonance frequencies. In a 3'P spectrum, the chemical shift of P; is
most sensitive to changes in pH near neutrality because the dissociation constant of
Pi, i.e., the pK of H,PO; = H* + HPO}?, is approximately 7. Hence, from the
observed chemical shift of Pi (8), which is a concentration-weighted sum of the

chemical shifts of H,PO; (8y,po;) and HPO3? (8ypo-2), tissue pH can be

calculated as

) -
pH = pK + log <ﬂ) [1.4]
5HP0;2 -9

For cardiac and skeletal muscle, pK, 8y,po;, and 8ypo;2 are 6.75, 3.27, and 5.69,

respectively (49). In the brain, these values differ slightly at 6.77, 3.29, and 5.68,
respectively (50,51). The accuracy of pH quantification using Pi-PCr system may
be affected by low Pi concentration at normal physiology conditions, or depleted
PCr under hypoxia and in tumors. Alternative approaches such as the Pi-aATP
method can be used for the spectra without well-defined PCr, such as in the liver
(52).

1.2.2. Dynamic 3P MRS

As described in Chapter 1.1, PCr recovery rate upon the end of a metabolic
perturbation can be used as an index of mitochondrial oxidative capacity (53). In

skeletal muscle, the perturbation is usually induced by muscle exercise/stimulation
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or ischemia. Continuous acquisition of 3P spectra during exercise-recovery or
ischemia-reperfusion provides the potential to assess mitochondrial oxidative
capacity by quantifying the kinetics of PCr depletion and replenishment. Indeed,
dynamic *'P MRS has been applied to assess skeletal muscle bioenergetics under
physiological conditions (44,49,54-58), as well as to evaluate mitochondrial
function in skeletal muscle in both diabetic patients and animal models of type 2
diabetes (7,59-61).

During muscle contraction or ischemia, PCr is depleted by the CK reaction to
maintain a constant ATP level and Pi is accumulated. Intracellular pH increases
initially due to PCr hydrolysis and decreases during longer contraction protocols
due to accumulation of lactate resulting from glycolysis under anaerobic conditions
(53). PCr, Pi, and pH recover to baseline level upon cessation of the contraction or
ischemia, and PCr recovery rate derived from the dynamic spectra reflects
mitochondrial oxidative capacity.

PCr recovery time constant in calf muscle is typically on the order of 25 ~ 35
s in humans (58,62) and 50 ~ 90 s in small animals (55,58,61,63). Prolonged PCr
recovery is usually accompanied by deficits in mitochondrial function (64,65).
Hence, a temporal resolution of <10 s in humans and <20 s in small animals is
desired to capture the kinetics of 3P metabolites changes. In dynamic studies, a
short TR of typical 1~2 s is commonly used with Ernst angle for SNR benefit (66).
However, absolute quantification of the metabolites is impossible using this
approach due to T: saturation effects caused by short TR. To achieve accurate

quantification while maintain high temporal resolution, a fully relaxed spectrum
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using long TR is usually acquired at steady-state to correct for T saturation effects,
while dynamic spectra are acquired using short TR during the dynamic process.
1.2.3. Single Voxel Spectroscopy (SVS)

SVS techniques were developed in the 1980s to acquire spectra from a 3D
cuboid volume. The selection of the 3D cuboid voxel can be achieved using either
single- or multi-acquisition approaches. The single-acquisition techniques include
the Point RESolved Spectroscopy (PRESS) and the STimulated Echo Acquisition
Mode (STEAM) approaches (67-69). In PRESS, sequential 90°-180°-180° RF
pulses with three slice selective gradients in orthogonal planes are used to achieve
3D volume selection, resulting in spin echo and thereby relatively preferable SNR.
However, the long TE resulting from multiple sequential RF pulses is not suitable
for imaging short T, species, such as 3P metabolites. Therefore, PRESS is a
popular SVS method and commonly used in *H MRS (70-73) but not widely
applied in 3P MRS. In contrast, STEAM employs 90°-90°-90° RF pulses for 3D
localization, resulting in a shorter TE and lower RF power deposition compared to
PRESS. Furthermore, the second 90° pulse stores magnetization in z-direction and
thus avoid signal loss due to T» decay. However, the stimulated echo formed by
STEAM sequence has only about half of the SNR compared to the spin echo in
PRESS at the same TE and TR (74).

The Image-Selected In vivo Spectroscopy (ISIS) technique is a multi-
acquisition approach. Compared to PRESS and STEAM, ISIS requires multiple
acquisitions and depends on post-acquisition signal combination to derive the

spectrum from a localized voxel (75). In brief, 3D localization is achieved by
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addition and subtraction of eight acquisitions with slice selective gradient and the
concurrent 180° inversion pulse on or off prior to the nonselective excitation pulse.
ISIS is a preferred method for short T, metabolites since FID is acquired with
minimum acquisition delay. Therefore, this approach is a primary method for 3P
MRS (76-81). However, the multiple acquisitions with following additions and
subtractions make ISIS sensitive to motion artifacts. More detailed comparison of
the three SVS methods can be found in the review by Keevil (82).

1.2.4. Chemical Selective Imaging Methods

SVS techniques successfully provide a reasonable selectivity of the volume
of interest. However, the limited spatial information acquired by SVS cannot meet
the demand of capturing heterogeneous alterations in tissue metabolism when high
spatial resolution is desired. Direct imaging of a single 3P metabolite provides
spatial mapping of the metabolic state or alterations in vivo with relatively high
spatial resolution, and avoids extremely long acquisition time as in MR
spectroscopic imaging (MRSI) by reducing the chemical shift dimension. Since
PCr and Pi are of the most interest in assessing mitochondrial function and
intracellular pH, they are the focus of most 3!P imaging studies.

There are mainly two approaches to achieve chemical selection of a single
31P metabolite. Greenman and colleagues achieved chemical selection of PCr by
careful design of the time delay between the RF pulses in a Rapid Acquisition with
Relaxation Enhancement (RARE) sequence, allowing for other resonances but PCr
signals substantially suppressed (83). This approach was applied in both 2D and

3D PCr imaging studies in human forearm (83), normal human myocardium (84),
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and human calf muscle (85-87). However, the implementation of this approach is
limited in spin-echo sequences because suppression of ATP and Pi peaks rely on
the spacing between the excitation and refocusing RF pulses. In addition, the timing
of RF pulses must be carefully designed and evaluated at different field strengths
due to the field-dependent chemical shift between 3P metabolites. The other
approach developed by Parasoglou et al employed a spectral selective RF pulse
without the use of a slice selective gradient to achieve 3D PCr imaging in human
skeletal muscle (35,62,88-90). Spatial encoding within the coil sensitive volume is
performed by phase encoding gradients. The absence of the slice selective gradient
avoids the complications of spectral-spatial selective RF pulses, but renders this
approach not applicable to 2D imaging sequences.

The signal readout approaches for 3P MRI fall into two categories: turbo
spin-echo (TSE) methods, and gradient-echo methods. The two groups mentioned
above (Greenman et al and Parasoglou et al) both use TSE (also known as RARE)
sequences to acquire PCr signals. On the other hand, gradient-echo approaches have
also been used to image PCr of human myocardium tissue and skeletal muscle (91),
as well as PCr/ATP ratio of human head (92). TSE sequences are preferable for PCr
imaging due to the relatively long T2 of PCr in vivo compared with other 3P
metabolites (22,25). However, TSE methods have a demand on high RF amplitude
and B1 homogeneity to achieve satisfactory refocusing. In contrast, gradient-echo
methods are preferable to ATP imaging than TSE methods due to the relatively

short T2 values of ATP (22,25). Moreover, low RF power is needed in gradient-
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echo methods without the use of refocusing pulses, resulting in low specific

absorption rate (SAR).

Table 1.1. A summary of typical static and dynamic PCr imaging studies in humans.

Reference Study Field Organ Voxel Size Experiment
Strength (mm3) Time
Greenman et 3D PCr 4T heart 12.5x12.5%x25 9 min40s
al (84) imaging
Greenman et 2D PCr 3T skeletal 4.68x4.68x25 4 min
al (85) imaging muscle
Greenman et 2D dynamic 3T skeletal 15%x15x25 6 s (temporal
al (86) PCr imaging muscle resolution)
Parasoglou 3D PCr 3T skeletal 4.6x4.6%25 10 min
et al (35) imaging muscle
3T skeletal 9.2x9.2x50 24s
muscle (temporal
Parasoglou 3D dynamic resolution)
et al (62) PCrimaging 7T skeletal 8x8x25 24s
muscle (temporal
resolution)

A summary of some typical static and dynamic PCr imaging studies in

humans is listed in Table 1.1. In addition to PCr imaging, Pi (87) and PCr/ATP ratio

(92) can also be quantified by 3'P MRI. An interleaved excitation scheme further

enables simultaneous quantification of PCr and Pi. pH can be also derived from the

phase difference between PCr and Pi (93). Moreover, magnetization transfer (MT)

can also be incorporated into this chemical selective imaging approach for the

mapping of the CK enzyme reaction rate (89,90). However, these approaches have

not been widely applied to preclinical studies yet due to the much higher demand

of spatial resolution in small animals.

29



1.2.5. MRSI Methods

MRSI, also known as chemical shift imaging (CSI), is the combination of
MRS and MRI. Compared with non-localized MRS and SVS techniques, MRSI
enables acquisitions of spectra from multiple voxels simultaneously. However,
MRSI is much more time consuming than MRI or MRS due to the encoding of the
entire k-t space, rather than only k-space in MRI and only t-space in MRS. In
addition, species with low MR sensitivity and in vivo concentrations, such as 3'P
metabolites, require a large number of signal averages to achieve satisfactory SNR.

Conventional MRSI employs phase-encoding gradients to encode the
spatial distribution of the spins and leaves the readout direction for spectral
encoding (82,94-97). Therefore, data points in k-t space are acquired line by line
and the total acquisition time equals to the multiplication of TR, number of phase
encoding steps, and number of signal average. This approach has been widely used
in 31P studies in brain (98-101), heart (102,103), liver (104-106), kidney (107), and
skeletal muscle (108-111), and proved to be feasible to investigate metabolic
heterogeneity in these organs. A limitation of this approach is cross-voxel
contamination due to the Fourier transform point spread function (PSF), resulting
in the loss of localization precision. A k-space weighted acquisition approach
combined with post-acquisition filtering can be used to improve the PSF shape. A
typical example of weighted k-space sampling is to only acquire a circular region
in k-space and zero fill the outer regions, resulting in both improved PSF profile

and reduced acquisition time (112). However, the phase encoding MRSI method is
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not feasible if relatively high spatial resolution or temporal resolution is desired
especially in dynamic studies.

There have emerged a variety of fast MRSI methods in the past decade.
EPSI was proposed in the late 1990s to accelerate MRSI acquisition (113) and has
been widely used in *H MRSI (114-118). The feasibility of EPSI in mapping 3!P
metabolites was also demonstrated in human calf muscle and brain at 7T recently
and reduced experiment time from ~55 min to 10 min compared with conventional
1P MRSI (119). EPSI employs an oscillating gradient to collect a planar of data in
one TR instead of one line of data points as in conventional MRSI, leading to
significantly reduced number of phase encoding steps and thereby reduced
acquisition time. A limitation of EPSI is the high demand on the performance of
gradients. Ghosting artifacts due to imperfect bipolar gradients also cause problem
in image quality. For 3P MRSI, the lower gyromagnetic ratio compared to proton
requires even higher gradient amplitude and slew rate to achieve the same
resolution with the same sampling bandwidth.

In addition to EPSI, non-Cartesian encoding is another approach to
accelerate acquisition by reducing number of phase encoding steps. Compared to
conventional Cartesian MRSI, non-Cartesian trajectories, such as spiral (120),
radial (121), and rosette (122), are able to cover more k-space in one acquisition,
and then spectral domain is encoded with a shifted echo time, which corresponds
to the acquired spectral bandwidth. Reconstruction of the data requires a process
called regridding to interpolate data onto Cartesian space such that fast Fourier

transform can be applied (123). Non-Cartesian MRSI has been successfully applied
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to *H MRSI (122,124-126) and hyperpolarized 3C MRSI studies (121,127-131).
Some pioneer studies using spiral (132,133) and rosette (134) trajectories have
shown the feasibility of this approach in 3P MRSI for quantification of 3!P
metabolites and mapping mitochondrial oxidative capacity in human skeletal
muscle. An acceleration factor of 16~25 was achieved compared with conventional
phase encoding MRSI in mapping 3P metabolites at 7T (135).

Alternatively, there are also some approaches achieving acceleration by
reducing TR, such as the *'P MRSI method based on bSSFP framework (136). In
conventional MRSI, either FID or spin-echo signals are acquired with the absence
or presence of the refocusing RF pulse. The signal properties of these two
acquisition modes are essentially equivalent to those in gradient-spoiled fast low
angle shot (FLASH) and spin-echo MRI, respectively. Alternatively, bSSFP
sequences serve as a candidate for 3P MRSI due to its excellent SNR efficiency
(137). Speck and colleagues first developed the 3P MRSI technique based on
bSSFP framework and demonstrated it in human skeletal muscles at 2T (136). In
vivo results show 4~5 folds acceleration with the same SNR compared to FLASH-
based MRSI methods (136). Later, a multi-echo bSSFP MRSI method was applied
to 'H and 3P to further reduce the acquisition time (138). However, bSSFP requires
short TR to minimize the banding artifact, and thus limits the achievable spectral
resolution. The severe frequency-dependent spectral modulation also constrains the
flexibility of acquisition parameters in order to avoid the resonances of interest
falling in the null band, limiting the applications of this approach in both preclinical

and clinical research (136).
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In addition to reducing number of phase encoding steps and TR, prior
knowledge of the image function can also be exploited to further enable data
undersampling and hence acceleration in acquisition. Recently, a subspace
approach called SPectroscopic Imaging by exploiting spatiospectral CorrElation
(SPICE) based on partial separable (PS) model was proposed and applied to *H
MRSI (139). Excellent SNR and spatial resolution was achieved with an
acceleration factor of 10 compared with the conventional MRSI method (139).
Because there are limited tissue types in the image object, SPICE takes advantage
of the low-rank nature of the signal model and thereby allows for data
undersampling. In brief, two datasets were acquired to significantly reduce the
acquisition time: one with undersampled k-space and fully sampled t-space that can
be acquired using phase-encoding MRSI method; the other with undersampled t-
space and fully sampled k-space that can be acquired using EPSI method. Spatial
and spectral information was then recovered by exploiting the spatial-spectral
correlation of the acquired data in PS model (139). Without water or fat suppression
as required in *H MRSI, 3P MRSI can adopt the SPICE approach easily.

Despite the fast MRSI methods described above, other fast imaging
strategies commonly used in proton MRI such as parallel imaging (140-142) and
compressed sensing (143) are also promising to be combined with MRSI
techniques to further accelerate the acquisition. For example, compressed sensing
has been successfully applied to *H MRSI of the human brain (124) and 2Na MRSI

of the mouse heart (144).
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In conclusion, 3P MRS/MRI/MRSI provides a powerful and versatile tool
to probe energy metabolism in vivo. The development of advanced hardware
systems and novel reconstruction strategies in recent years brings enormous
opportunities to 3P MR techniques to extend its application in both clinical and
preclinical studies with improved robustness and efficiency. Improved P MR
techniques will further enhance the understanding of underlying mechanisms of
bioenergetics and physiological and pathological influences on energy metabolism

in various organs.
1.3. Assessing Oxygen Metabolism Using O MRS/MRI

1.3.1. Concept of 1’O MRI for Investigating Cerebral Oxygen Metabolism and
Water Movement across the Blood-Brain Barrier (BBB)

As described in Chapter 1.1, oxygen gas is reduced to water to provide
energy for ATP generation during oxidative phosphorylation in mitochondria. The
use of Y’O-isotope labeled oxygen gas (*'O2) enables in vivo 1’0 MRS/MRI as a
non-invasive tool to measure the metabolically generated H2!'O via the following

reaction in mitochondria;
AH* + 4e” + 10z & 2HY0 [1.3]

Similar to O Positron Emission Tomography (PET) methods, when the
170-labeled oxygen gas is inhaled by the animal or human, it binds to hemoglobin
in the blood and enters the brain through the arteries and blood circulation. Then,
170, is metabolized in mitochondria of brain cells to produce H2'’O. The production

rate of H2!O reflects the consumption rate of oxygen in brain tissue. Therefore, in
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vivo assessment of cerebral metabolic rate of oxygen (CMRO:2) is enabled by
monitoring the accumulation of metabolized H2'"O molecules directly using

dynamic O MRS/MRI.

In addition to oxygen utilization, water movement across the BBB and
cerebral blood flow (CBF) can also be assessed using ’O-labeled exogenous tracers
(e.g., H2'"0) (145-147). During a bolus injection of H2'7O, H2'"0 is brought to the
brain by the CBF, resulting in an initial rapid increase in H2!’O concentration in
brain tissues. Then the concentration of H2!O in the brain starts to decrease driven
by CBF; meanwhile some H2!’O molecules are brought back to the brain from the
body by blood recirculation. These two processes give rise to a net effect of H21'O
washout and finally achieve a new steady-state of H2!’O concentration in the brain.
Hence, assessment of CBF and water movement across BBB can be realized by
monitoring the uptake and washout of H2*’O in the brain with a bolus injection of

H2!0 using dynamic 'O MRS/MRI.
1.3.2. 170 MR Properties

Unlike the radioactive O isotope used in PET, 'O is a stable and non-
radioactive isotope of oxygen with a magnetic moment that can be detected by MR.
However, 'O has a natural abundance of only ~0.037%. In addition to the
extremely low natural abundance, the gyromagnetic ratio of 'O is 7.4 times lower
than that of protons, leading to the lowest MR sensitivity among all nuclei that are

commonly used in research and clinical studies.

170 has an electric quadrupolar moment and a spin quantum number of

greater than 1/2 (1=5/2), which gives rise to extremely short relaxation times of
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H21’O (148-150). Studies in rat brain in vivo showed that the longitudinal and
transverse relaxation times of natural abundance H2!’O are on the order of a few
milliseconds and are field independent (T2 = 3 ms, T2* = 1.8 ms at both 4.7T and

9.4T; T1=4.5ms at 4.7T versus 4.8 ms at 9.4T) (149).

In order to improve SNR, increasing the field strength is one of the most
efficient ways for the detection of O signals. Unlike protons, the SNR gain at
higher fields for 1’0 is not compromised by longer relaxation times. In addition,
the field independent short T1 of H2}’O enables rapid acquisition with short TR and
allows for rapid signal averages. The SNR gain for 'O at 4.7T, 9.4T, and 16.4T
has been investigated thoroughly (149,151). The SNR at 9.4T was found to be 4.4-
and 4.1-fold higher than that at 4.7T in the NaCl solution and in the rat brain (149).
16.4T gives rise to a more than 2.7-fold higher SNR than 9.4T (151). These studies
suggest the feasibility to map cerebral oxygen metabolism in vivo with high image

quality at ultra-high fields.

An advantage of O MRI for mapping CMRO2 compared with 0 PET is
the invisibility of 1’02 to MR. °0O PET approaches require a complicated model
and complex experimental procedures to derive CMRO2 because *°O signals from
both 02 and H2*0 are detected and cannot be distinguished (152,153). In contrast,
the 702 molecule is undetectable in MR because it is strongly paramagnetic due to
the unpaired electrons (150). Therefore, MR only detects H2'’O without
compounding signals from 'Oz, leading to a simplified model and straightforward

experimental procedures to map CMRO:z in vivo.

36



1.3.3. Quantification of CMROzin Small Animals

As shown in Figure 1.2, the changes in H2!’O concentrations in the brain
tissue during a brief period of 'Oz inhalation are contributed by three components.
The first is the metabolically generated H2!’O from 'O through oxidative
metabolism in mitochondria of the brain cells. The second is washout of the H2!’O
from the brain driven by CBF. The third is the H2!’O brought back to brain from
the body through blood recirculation. Thus, the mass balance of H2!’O in the brain

tissue can be derived as follows (150),

90 = 24f,CMRO, + f,CBF(Co(8) — C,(0)) 1.4]

where C,(t), C,(t),and C,(t) are the H2!'O concentrations in brain tissue, arterial

blood, and venous blood, respectively. « is the 'O enrichment fraction that can be

treated as a constant for small animals. f; and £, are unit conversion factors.

Brain tissue
(including capillaries)

Artery 70, Vein
CMRO

Cq(1) l i Cy (1)

H2170 HZ:L?O H2170

Figure 1.2. Schematic illustration of the model for quantification of CMRO,.

37



It has been shown that during a short period of inhalation (2~4 min) for

small animals, the model can be simplified as the following equation (154-156),

dCy,(t)

[1.5]

C,(t
= 2aCMRO, + CBF <Ca(t) - ’;C( )>

1
where k, is a constant, C,(t) and C,(t)/k, are canceled out. Therefore, CMRO:z2 is
proportional to the linear production rate of metabolically generated H2'’O during

inhalation, which is measured directly by 'O MRI.

Note that the simplified model above is no longer appropriate for the
quantification of CMRO: in humans because it takes much longer time for 'O
fractional enrichment of oxygen gas in the human artery blood to reach steady-state
due to the relatively low respiration rate as compared to small animals. Therefore,

« cannot be treated as a constant and an alternate model should be used (157).
1.3.4. 770 MRS/MRI Methods

The available MR methods to detect 7O signals in the brain of human and
small animals are limited due to the unique MR properties of 10, i.e., the extremely
short T2, low MR sensitivity, etc. Currently there are mainly two approaches for
imaging H2'’O directly using ultra-short echo time sequences. One is 'O MRSI
approach using the 3D Fourier Series Window MRS imaging technique (154,158);
the other applies non-Cartesian encoding sequences, i.e., the flexible Twisted
Projection Imaging (flexTPI) acquisition and density-adapted 3D radial sequence

that are commonly used for 2®Na imaging (159,160).
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The 3D 'O MRSI approach has been widely applied in preclinical studies
to quantify CMRO2 and CBF. It has been used extensively to evaluate cerebral
metabolic activity in rats (161), healthy cats (162), and mice (156,163). Water
dynamics and CBF can also be assessed using this approach by observing the
kinetics of H2'7O signal either from a bolus injection of H2'’O or from
metabolically produced H2*’O from inhaled *’O2 in small animals (154,156,164).
Using this approach, Zhu et al. reported a temporal resolution of 11 s with a voxel
size of 40 uL (15 uL nominal) at 11.7 T in an inhalation study on stroked mice
(156). In another study, Cui and colleagues quantified CMRO:2 in mouse brain at
16.4 T with a temporal resolution of 15.4 s and a voxel size of 26 uL (9 uL nominal)

(163).

Alternatively, non-Cartesian encoding methods are commonly used in
clinical 'O studies (157,165,166). This approach was initially applied to sodium
imaging and then was adopted by 'O studies. These methods have achieved a
spatial resolution of 8 to 8.5 mm and a temporal resolution of 40 to 50 s in humans

at high field.

The Cartesian encoding MRSI method is easy to implement on preclinical
scanners and does not require high gradient amplitude. On the other hand, the
implementation of the non-Cartesian gradient waveforms and the image
reconstruction process are relatively complicated; however, the non-Cartesian
encoding approach potentially provides more flexibility to combine with advanced
sampling and image reconstruction schemes to allow for significant undersampling

and thus improved spatial/temporal resolutions.
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1.4. Motivations and Objectives

Hetero-nuclei MRI in general is challenging due to the low in vivo
concentrations and low MR sensitivity. Long acquisition time is usually required
even with low spatial resolution. 3P MRS has been used extensively to investigate
mitochondrial function in heart (38,43), brain (24,167), liver (168), and skeletal
muscle (21) associated with various diseases. However, the non-localized
spectroscopy approach cannot distinguish the heterogeneity in metabolic alterations
among different muscle groups. 3P MRSI is a promising method that can detect
spatial and spectral variations, but it is still challenging especially for dynamic
applications, such as ischemia-reperfusion or exercise-recovery studies in skeletal
muscle due to the low temporal resolution. On the other hand, 'O MRS/MRI plays
an important role in assessing cerebral oxygen metabolism. However, the current
techniques using Cartesian MRSI or non-Cartesian MRI approaches still suffer

from partial volume effects due to the low spatial resolution.

The studies in this thesis aimed to develop fast hetero-nuclei MRI methods
for metabolic imaging in small animal models at high fields. In particular, this thesis
focused on fast 3P MRSI and YO MRI approaches with non-Cartesian encoding
schemes that assess mitochondrial function in skeletal muscle and cerebral oxygen
metabolism/water movement across BBB, respectively. Chapter 2 describes the
evaluation of mitochondrial oxidative capacity in type 2 diabetic rats using 3P
MRS with an ischemia-reperfusion protocol. Chapter 3 presents the development
of a fast dynamic 3P MRSI method using SPICE. Proof-of-concept demonstration

was performed in rat skeletal muscle using an ischemia-reperfusion protocol. In
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Chapter 4, a dynamic O MRI method using golden-angle radial acquisition
combined with k-space weighted image contrast (KWIC) reconstruction was
developed and validated in simulation studies. The in vivo applications of the
dynamic O MRI method are presented in Chapter 5. First, this method was
demonstrated in a mouse model with glioblastoma (GBM) to assess the water
movement across BBB after a bolus in injection of 1’O-labeled water. Second, the
YO MRI approach was applied to a mouse model of middle cerebral artery
occlusion (MCAO) in ¥O-labeled gas inhalation experiments to assess cerebral
oxygen metabolism in vivo. Chapter 6 summarizes the conclusions of this thesis
and discusses optimizations in experimental design, signal acquisition, and future
directions in dynamic imaging techniques for hetero-nuclei MRI. The success of
this work will pave the way for fast metabolic imaging using 3P and 'O MRI
techniques and allow for the assessment of metabolic alterations associated with

various diseases, such as diabetes, ischemic stroke, etc.
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Chapter 2. Mitochondrial Function Assessed by 3!P MRS

and BOLD MRI in Non-obese Type 2 Diabetic Rats

This chapter describes a study that aimed to characterize age-associated
changes in skeletal muscle bioenergetics by evaluating the response to ischemia-
reperfusion in the skeletal muscle of the Goto-Kakizaki (GK) rats, a rat model of
non-obese type 2 diabetes (T2D). 3P MRS and blood oxygen level dependent
(BOLD) MRI were performed on the hindlimb of young (12 weeks) and adult (20
weeks) GK and Wistar (control) rats. *!P-MRS and BOLD-MRI data were acquired
continuously during an ischemia and reperfusion protocol to quantify changes in
phosphate metabolites and muscle oxygenation. The time constant of
phosphocreatine recovery, an index of mitochondrial oxidative capacity, was not
statistically different between GK rats (60.8£13.9 s in young group, 83.7£13.0 s in
adult group) and their age-matched controls (62.4+11.6 s in young group, 77.5+7.1
s in adult group). During ischemia, baseline-normalized BOLD-MRI signal was
significantly lower in GK rats than in their age-matched controls. These results
suggest that insulin resistance leads to alterations in tissue metabolism without

impaired mitochondrial oxidative capacity in GK rats.
2.1. Introduction

T2D is a common form of diabetes mellitus. It is characterized by
hyperglycemia as a consequence of insulin resistance and relative insulin
deficiency (169). Skeletal muscle is the major site of insulin-mediated glucose

uptake in the postprandial state (170). Emerging evidence suggests that impaired
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muscle metabolism plays a major role in the pathogenesis of T2D, and reducing
mitochondrial oxidative damage may be a therapeutic target for preventing
reduction in muscle mitochondrial function in T2D (171). Metabolic dysfunction
in skeletal muscle had been documented in the development of T2D (7,59,172—
174). Previous studies have reported reduced mitochondria electron transport chain
activity (173), low mitochondrial content (174,175), and smaller skeletal muscle
mitochondria (173) in T2D patients. A defect in mitochondrial oxidative
phosphorylation in both diabetic patients and animal models of T2D has also been
reported (7,59). However, conflicting results have also been reported that suggest

normal mitochondrial function in T2D patients (175,176).

One key parameter used in evaluating mitochondrial function is the
mitochondrial oxidative capacity. MRI/MRS can provide noninvasive and dynamic
tools that are well suited to assessing mitochondrial function in vivo. 3P MRS
offers direct quantification of the high-energy phosphate metabolites such as ATP
and PCr (59). In particular, monitoring the depletion and resynthesis of PCr during
exercise-recovery or ischemia-reperfusion by dynamic 3P MRS allows the
assessment of mitochondrial oxidative capacity in the muscle (8,12). Furthermore,
BOLD MRI allows the assessment of muscle oxygenation in vivo by detecting
changes in the oxygenated versus deoxygenated hemoglobin ratio (177). The
technique has been used to evaluate muscle oxygenation following arterial
occlusion (178). Simultaneous assessment of mitochondrial function and tissue
oxygenation may lead to a more comprehensive understanding of the energetics of

skeletal muscle in T2D. In addition, these noninvasive approaches enable
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longitudinal studies aimed at delineating the time course of metabolic changes in

T2D.

To date, most studies using animal models of T2D have focused on obese
T2D rodents (179). While insulin resistance is frequently associated with obesity,
not all T2D patients are obese. Hence, a lean animal model of T2D is of value to
studying mitochondrial function in non-obese T2D. The Goto-Kakizaki (GK) rats,
which were created by repetitive breeding of Wistar rats with the poorest glucose
tolerance, develop peripheral insulin resistance without elevated level of plasma
fatty acids (180). They have thus been used in the investigation of various aspects
of T2D not related to obesity. Impaired microvascular function has been reported
in GK rats (181), however, in vivo data regarding mitochondrial function in this
animal model are still scarce. In a recent study, Macia et al characterized PCr
recovery following a 6-min electrical stimulation protocol in the gastrocnemius
muscle of GK rats. While no change in mitochondrial oxidative capacity was
observed in GK rats, it is not clear whether other aspects of muscle metabolism,
e.g., tissue oxygenation, also remained the same. Further, energy metabolism

during the progression of T2D has not been characterized.

The purpose of this study was to examine whether the T2D condition and
its progression slows PCr recovery kinetics and alters tissue oxygenation. We
sought to assess metabolic response of the skeletal muscle to ischemia-reperfusion
in non-obese GK rats. Interleaved 3'P MRS and BOLD MRI acquisitions were
performed continuously during an ischemia and reperfusion protocol to evaluate

mitochondrial oxidative capacity and muscle oxygenation. Progression of the
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disease was investigated by conducting experiments on both young and adult GK

rats and their age-matched controls.

2.2. Materials and Methods

2.2.1. Animals

Non-obese male GK rats (Charles River Laboratories, the United States)
were scanned at about 12 weeks as the young group (n=7). The same rats were
scanned at about 18 weeks as the adult group (n=7). Wistar rats (Charles River
Laboratories, the United States) were scanned at about 13 weeks as the young
control group (n=6), with five of the same rats scanned at about 20 weeks as the
adult group. Additional four adult Wistar rats were also scanned at about 20 weeks
of age (n=9 in total). The animal protocol was approved by the Institutional Animal

Care and Use Committee of the Case Western Reserve University.
2.2.2. Experimental Protocol

Animals were anesthetized with isoflurane (1.5-2.5%) and placed in a
cradle in the lateral position. Respiration rate and body temperature were
monitored during the experiments. The body temperature was maintained at
35.5+0.5°C by blowing hot air into the MRI scanner through a feedback control
system. An inflatable cuff was placed at the thigh of the rat. Ischemia was induced
by occluding the femoral artery with the inflated cuff. After the MRI scan, the
blood glucose concentration was determined using a glucometer with blood

samples obtained from tail vein.
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2.2.3. MRI and MRS Studies

All experiments were conducted on a 9.4T Bruker Biospec horizontal
scanner (Bruker Biospin Inc., Billerica, MA). A Bruker *H volume coil was used
for 'H image acquisition. An in-house built, 2-cm diameter 3!P saddle coil was
placed around the calf muscles to acquire the 3'P spectra. The leg was secured to
the 3P coil that was attached to the cradle to avoid potential motion during the
experiment. To minimize the coupling between the H and the 3P coils, the
orientation of the two coils were adjusted such that their Bi1 fields were

perpendicular to each other.

Scout *H images were acquired to determine the position of the lower leg.
Automatic, localized shimming was performed on an isotropic voxel of 20x20x20
mm? that covered the entire lower leg using a PRESS sequence. A proton linewidth
of 120 to 140 Hz was achieved after the shimming. The experimental setup and

shimming took about 15 to 20 min on average.

128 3P spectra were acquired, followed by the acquisition of three BOLD
images, leading to a total acquisition time of ~7 min at baseline. Ischemia was then
induced by inflating the cuff to 300 mmHg pressure within 1 to 2 s. After 26 min
of ischemia, perfusion was resumed immediately by deflating the cuff. During
ischemia and reperfusion, interleaved 3P MRS and BOLD MRI acquisitions were
performed continuously. 3'P MRS scan consisted of the acquisition of 160 single-
average 3P spectra. Each acquisition used a hard excitation pulse with a flip angle
of 60°, followed by the acquisition of FID with 600 points and a spectral width of

6 kHz. A 2-s inter-scan delay (TR) was used, leading to a total acquisition time of
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5 min 22 s. BOLD images of an axial slice were acquired using the FLASH
sequence. Imaging parameters were: TR, 500 ms; TE, 7 ms; flip angle, 40°; FOV,
4x4 cm?; matrix size, 128x128; number of averages, 1. Total acquisition time was
64 s for each BOLD scan. The interleaved P and BOLD acquisitions were
repeated four times each during ischemia and reperfusion, respectively. The

experimental protocol and MR acquisition scheme are illustrated in Figure 2.1.

%P MRS BOLD MRI 1P MRS BOLD MRI
128 Repetitions | 1 Average 160 Repetitions | 1 Average

Baseline Acqgl |Acq2 | Acq3 | Acqd | Acq5 | Acqb | Acq7 | Acq 8

Ischemia (26 min) Recovery (26 min)

Figure 2.1. Data acquisition scheme. Interleaved 3'P MRS and BOLD MRI acquisitions were
performed at baseline and during ischemia and reperfusion. The acquisition block was repeated

four times each during ischemia and reperfusion, respectively.

2.2.4. Data Analysis

31p MRS data were analyzed using in-house developed software written in
MATLAB (Mathworks, Natick, MA). Four 3!P spectra were averaged to achieve
an adequate SNR of ~7 for PCr peak at baseline. The averaged spectra were zero-
padded to 2048 points and a 30 Hz line-broadening was applied before Fourier
transform. The transformed spectra were phase-corrected manually using zero- and

first-order correction. The area under PCr was calculated by integration.

Baseline PCr level was calculated as the peak area from the averaged

spectra acquired at baseline. PCr level during the entire ischemia-reperfusion
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period was normalized to the baseline value. Upon cuff inflation, the initial slope
of %PCr depletion was quantified as an index of resting metabolic rate. During
reperfusion, the time constant of PCr recovery was estimated by fitting a mono-
exponential function to the PCr recovery curve (44). Although the use ofa 2-s TR
introduced signal saturation, the kinetics of the normalized PCr signal was not
affected. In addition to the time constant, the initial rate of %PCr recovery was also

quantified by calculating the initial slope of %PCr recovery.

Pi levels were quantified by averaging 128 spectra acquired at the baseline
and at the end of reperfusion, respectively. pH values at baseline and at the end of
ischemia and reperfusion were calculated from the chemical shift of Pi relative to

PCr (8p,) according to Eq [1.2] (49).

BOLD images were also processed using MATLAB-based software
(Mathworks, Natick, MA). Regions of interest (ROI) that encompassed the tibialis
anterior and the gastrocnemius muscles were segmented manually. Signal intensity
in these two ROIs, as well as in the entire calf muscle, was calculated as the mean
value of all pixels within the ROIs. The signal was then normalized to the

corresponding baseline values.
2.2.5. Statistics

Results are reported as mean + standard deviation. Two-way analysis of
variance (ANOVA) was used for data comparison. If statistical differences were
detected, multiple pairwise comparisons were performed using two-tailed student’s

t-test. Significant difference was accepted at p<0.05.
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2.3. Results

2.3.1. Animal Characteristics

The age, body weight, and blood glucose level for young and adult groups
are summarized in Table 1. The body weight for young and adult GK rats was
significantly lower than their age-matched controls. Blood glucose level was
significantly higher than that of the age-matched controls. Young and adult GK
rats were scanned at 12.2 £ 0.3 weeks and 18.1 + 0.2 weeks, respectively. The age

at which the young and adult Wistar rats were scanned was 13.8+0.1 weeks and

20.4+1.4 weeks, respectively.

Table 2.1. Animal characteristics.

Young Adult

Control GK Control GK
Age (weeks) 13.8+0.1 12.2+0.3 20.4+1.4 18.1+0.2
Body weight (g) 389.1+16.2 293.4+37.4*  507.5+32.7 356.5+19.9*
Blood glucose level 123.8+6.1  227+7.5* 108+23.2  204+6*
(mg/ml)

*p<0.05, young versus adult

2.3.2.3P MRS

Representative 3'P spectra at baseline, end of ischemia, and end of
reperfusion from an adult control rat are shown in Figure 2.2a. Each spectrum is
an average of four acquisitions, giving rise to a temporal resolution of 8 s. PCr

depletion and Pi accumulation were evident during ischemia. A representative time
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course of PCr changes during the entire experimental protocol is shown in Figure
2.2b. PCr showed progressive decrease during the entire period of ischemia. There
was no difference in the initial rate of %PCr depletion among the four experimental
groups (2.9 £ 0.2 versus 2.7 = 0.4 %/min for young and adult controls; 2.8 £ 0.2
versus 2.7 £ 0.2 %/min for young and adult GK rats). Upon reperfusion, PCr was

rapidly resynthesized, accompanied by the decrease of Pi to near baseline level.

PCr
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Figure 2.2. Representative 3!P spectra at baseline, end of ischemia, and end of reperfusion (a)
and changes in PCr concentration (b) during ischemia-reperfusion with a temporal resolution

of 8s.

PCr levels at the end of ischemia and reperfusion are shown in Figures 2.3a
and 3b, respectively. All four groups of rats showed significant but similar levels
of PCr depletion at the end of ischemia (Figure 2.3a). PCr levels at the end of
reperfusion ranged from 86% to 95%, while the adult GK rats showed significantly
lower PCr recovery compared to their age-matched controls (Figure 2.3b). No
statistically significant interaction between the age and animal strain was detected
by ANOVA. Consistent with the incomplete PCr recovery, there was an increase

in Pi at the end of reperfusion. Again, adult GK rats showed the highest increase in
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Pi compared to their age-matched controls (8.5% versus 4.6%). Piincrease in young

GK and control rats was 4.3% and 5.1%, respectively.

Figure 2.3c shows the time constant of PCr recovery at the onset of
reperfusion. There was no difference between the GK rats and their age-matched
controls. However, the adult rats showed prolonged PCr recovery kinetics for both
GK and control rats (p<0.05). There was no statistically significant interaction
between the age and animal strain. Consistent with increased time constant of PCr
recovery, both adult and GK rats also showed a decrease in the initial rate of %PCr
recovery: 1.2 + 0.2 versus 0.9 £ 0.1 %/s for young and adult controls, and 1.3 + 0.3

versus 0.9 + 0.4 %/s for young and adult GK rats, respectively (p<0.05).
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Figure 2.3. Metabolic response to ischemia and reperfusion measured by 3P MRS. a.
Normalized PCr level at the end of ischemia; b. Normalized PCr level at the end of reperfusion;

c. Time constant of PCr recovery during reperfusion.
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As expected, there was a significant reduction in pH during ischemia, and

it returned to the baseline level after reperfusion (Figure 2.4). No significant

difference in pH was found among all four groups.
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Figure 2.4. Intracellular pH at baseline, end of ischemia, and end of reperfusion.

2.3.3. BOLD MRI

Figure 2.5 shows baseline-normalized BOLD signal intensity during

ischemia and reperfusion. Ischemia induced a significant decrease in BOLD signal

intensity, suggesting decreased tissue oxygenation. Compared to their age-matched

controls, adult GK rats showed significantly lower BOLD signal intensities during

ischemia-reperfusion, suggesting a more pronounced reduction in tissue oxygen

level in the entire calf muscle (Figure 2.5b). The difference in BOLD signal

between the GK rats and the controls was predominantly caused by the difference

in gastrocnemius muscle (Figure 2.5¢). In contrast, BOLD signal in tibialis anterior

muscle was similar among all groups during ischemia and reperfusion (Figure 2.5d).
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Figure 2.5. Tissue oxygen measured by BOLD MRI. a. A representative BOLD image acquired
at baseline with ROIs of tibialis anterior (TA) and gastrocnemius (G) muscles; b-d. Normalized
BOLD signal changes during ischemia and reperfusion in all muscles (b), gastrocnemius (c),
and tibialis anterior (d). *p<0.05, adult GK rats versus adult controls; 1p<0.05, young GK rats

versus young controls.

2.4. Discussion and Conclusions

In the current study, we characterized in vivo metabolic and physiological
alterations in response to ischemia and reperfusion in the skeletal muscle of GK
rats, a rat model of non-obese T2D. GK rats were shown as one of the best animal
models of non-obese T2D (182). In the present study, both young and adult GK
rats showed significantly higher blood glucose levels compared to their age-
matched controls, suggesting that insulin-resistance was present at an early age.
The time constant of PCr recovery, an index of mitochondrial oxidative capacity,

was not significantly different between GK rats and their age-matched controls.
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However, we observed a significant reduction in PCr recovery level after ischemia
in adult GK rats. Interestingly, ischemia induced a more pronounced reduction in
BOLD signal in GK rats, suggesting reduced muscle oxygenation in gastrocnemius

muscle during ischemia and reperfusion.

It has been shown that skeletal muscle oxidative capacity can be quantified
from the kinetics of PCr recovery following a period of PCr depletion (56). In a
recent study using a 6-min stimulated maximal isometric contraction protocol (60),
Macia and colleagues observed that the initial rate of PCr resynthesis after the
stimulation was not different between the GK rats and the controls. In our current
study, PCr depletion was induced by a 26-min ischemia protocol. The ischemia
protocol induced a similar level of PCr depletion compared to the stimulation study
by Macia et al. Further, the time constant of PCr recovery during reperfusion was
also similar between the GK rats and the controls in both age groups, suggesting
unaltered mitochondrial oxidative capacity. Given that GK rats in both age groups
were insulin-resistant but showed similar mitochondrial oxidative capacity as the
controls, it can be expected that pre-diabetic GK rats will also show normal
oxidative capacity. These results confirm the previous observation that
mitochondrial impairment is not the causative factor for the development of insulin

resistance in GK rats.

Oxygen deficiency during ischemia also induced a significant decrease in
intracellular pH. Previous studies have shown that the time constant of PCr
recovery after its depletion is inversely related to intracellular pH (58,183,184).

Possible mechanisms include direct impact of acidosis on mitochondrial respiration
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(47), ATP consumption during pH restoration (185), and the modulation of CK
equilibrium (186-188). In their recent study on GK rats (60), Macia and colleagues
reported an intracellular pH of 6.3 to 6.4 at the end of 6-min maximal isometric
contraction. The subsequent PCr recovery showed a rate constant of 0.38 to 0.39
mint, corresponding to a time constant of 154 t0158 s. In our current study, the
ischemia-induced pH decrease was much less, ranging from 6.7 to 6.8. As a result,
the time constant of PCr recovery was much shorter, from 60 to 80 s. While these
results support the negative correlation between the time constant of PCr recovery
and intracellular acidosis, it is important to note that the measured PCr recovery
kinetics still deviated from that measured under physiological pH, and thus was
impacted by both mitochondrial oxidative capacity and proton clearance. Future
studies can use a shorter duration of ischemic period to minimize the effect of

acidosis.

Previous studies on lean diabetic patients using 3'P MRS have documented
decreased ATP synthesis at resting state and during insulin-stimulation (7).
Reduction in the number and size of muscle mitochondria has also been
documented in obese T2D patients (173), as well as the lean insulin-resistant
offspring of T2D patients (189). These observations have led to the hypothesis that
mitochondrial deficiency may be responsible for insulin resistance (172,190).
However, normal PCr recovery after exercise/stimulation was also observed in both
T2D patients and animal models of obese T2D (176,191). Hence, the causal
association between mitochondrial dysfunction and the development of insulin

resistance remains to be elucidated. The normal mitochondrial oxidative capacity
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in GK rats supports the notion that insulin resistance is not necessarily associated
with impaired mitochondrial oxidative capacity in T2D. On the other hand, we
observed a significant reduction in post-ischemia PCr level in adult GK rats.
Consistent with PCr reduction, GK rats also showed a more pronounced increase
in Pi at the end of reperfusion. Previously, incomplete PCr recovery has been
observed in normal Wistar rats after a long period of ischemia (6 hours) (54,192).
However, the duration of ischemia in the current study was much shorter. While
one cannot rule out the possibility of metabolic dysfunction, the observed reduction
in end-reperfusion PCr level in adult GK rats may also be caused by a deficit in
oxygen delivery, as vascular impairment and lower microvascular oxygen pressure

have been observed in adult GK rats (181,193).

Compared to the control rats, both young and adult GK rats also showed a
more pronounced decrease in the normalized BOLD signal during ischemia. In
general, BOLD signal depends on both blood oxygenation and blood volume (177).
During ischemia induced by cuff-inflation, change in blood volume was minimal.
Hence, the observed changes in BOLD signal are more likely associated with
altered muscle oxygenation. The differences in baseline normalized BOLD signal
could be caused by either a difference at the baseline (the denominator), or by a
difference during ischemia (the numerator). A previous study has reported lower
baseline microvascular oxygen pressure in GK rats (181), possibly caused by
vascular impairment (193). This reduction in baseline muscle oxygenation in GK
rats might have given rise to more pronounced reduction in normalized BOLD

signal during ischemia observed in the current study. Alternatively, this reduction
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may also reflect increased oxygen extraction by GK rats during ischemia. Impaired
glucose uptake in T2D can lead to increased fatty acid utilization for ATP
generation, which consumes more oxygen to fuel the oxidation. Indeed, increased
fat oxidation has been reported in T2D patients and obese individuals with insulin-
resistant (194). Hence, the more pronounced BOLD signal reduction in GK rats
during ischemia can also be associated with increased fat oxidation. Which is the
dominant mechanism that leads to the observed reduction in normalized BOLD
signal in GK rats needs further investigation. Furthermore, the time course of
BOLD signal recovery immediately after the onset of reperfusion can also provide
important insight into the relationship between tissue oxygenation and muscle

energetics.

With measurements of metabolic response from different muscles, BOLD
MRI also provided assessment of heterogeneous alterations in muscle metabolism.
Interestingly, gastrocnemius muscle in GK rats showed more pronounced BOLD
signal reduction during ischemia-reperfusion compared to the controls. In contrast,
oxygen level in tibialis anterior muscle was similar between GK rats and the
controls. Comparing to the tibialis anterior muscle, gastrocnemius muscle is
predominantly glycolytic type Ilb fibers in rats (195-197). It was reported that
glycolytic fibers are more insulin resistant in both rats (198) and humans (199). It
is possible that gastrocnemius muscle with a larger fraction of glycolytic type I1b
fibers is more likely to manifest metabolic alterations than the tibialis anterior

muscle in T2D GK rats.
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A limitation of the current study is that the 3'P MRS signals were acquired
in a non-localized fashion and absolute concentrations of phosphate metabolites
were not quantified. Hence, they represented the weighted averages from different
muscle fiber types and cannot capture the heterogeneous alterations in
mitochondrial function. Distinct differences in fiber-type composition exist among
limb muscles, which give rise to metabolic diversity in response to stress and
pathophysiological changes, as well as marked disparities in the recovery rate of
PCr following its depletion (200). Recently, spectrally selective PCr imaging has
been proved feasible in measuring post-exercise PCr resynthesis rate in the calf
muscles of human subjects with adequate spatial and temporal resolution at 7T (88).
While 3P imaging of rodents is still challenged by the requirement of much higher
spatial resolution, combining a spectrally selective PCr imaging method with other
fast imaging approaches may enable the monitoring of the kinetics of PCr recovery

in different muscle types in vivo.

In conclusion, we have observed unaltered mitochondrial oxidative capacity
and decreased muscle oxygenation during ischemia-reperfusion in non-obese T2D
GKrats. These findings provide evidence that insulin resistance is not accompanied
by impaired mitochondrial oxidative capacity in this animal model. The lower
BOLD signal during ischemia-reperfusion may be a consequence of impaired
microvascular function and/or substrate alteration resulting in higher oxygen
extraction. These findings provide the evidence that insulin resistance leads to
altered oxygen utilization without impaired mitochondrial oxidative capacity in GK

rats.
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Chapter 3. High Resolution Dynamic 3P MRSI of
Ischemia-Reperfusion in Rat Hindlimb Using a Low-rank

Tensor Model

Dynamic 3P MRSI serves as a non-invasive tool to assess mitochondrial
oxidative capacity in skeletal muscle during ischemia-reperfusion or exercise-
recovery. However, 3'P MRSI with high spatial resolution requires long acquisition
time which renders dynamic measurements impractical. This chapter describes a
study that adapted a recently proposed low-rank tensor-based method for high
resolution dynamic 3P MRSI in preclinical studies. We present results from an in
vivo ischemia-reperfusion experiment on a rat hindlimb with 15 s nominal temporal
resolution and 0.75x0.75x1.6 mm?® nominal spatial resolution, demonstrating the
potential of the method for assessing mitochondrial function in different muscle

types in small animal models.
3.1. Introduction

3P MRS/MRI is a well-established tool to quantify the high-energy
phosphate metabolites non-invasively, and is widely used to assess mitochondrial
energy metabolism in vivo (201). In particular, monitoring the depletion and
resynthesis of phosphocreatine (PCr) during exercise-recovery or ischemia-
reperfusion by dynamic 3!P-MRS/MRI allows for the assessment of mitochondrial
oxidative capacity in skeletal muscle (8,12). Most 3P MRS studies have employed
non-localized or single voxel techniques, rendering the assessment of heterogeneity
in mitochondrial function impossible. 3'P MRSI provides a tool to evaluate spatial
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variations in energy metabolism in vivo. However, current 3P MRSI methods yield
limited spatial resolution and require long acquisition time to achieve adequate

SNR due to low metabolite concentrations.

In clinical studies, current 3P MRSI methods yield a spatial resolution
typically on the order of a cubic centimeter. In small animal models, it is desirable
to achieve a resolution of a cubic millimeter to observe the variation between
muscle groups. Several methods have been developed to provide increased spatial
resolution, but at the cost of reduced temporal resolution, or spectral resolution and
bandwidth (87,93,109,135). To retain the ability to measure mitochondrial
oxidative capacity, the temporal resolution must be high enough to measure the PCr
recovery rate during reperfusion, and estimation of metabolite concentrations and

intracellular pH requires a spectral bandwidth/resolution of ~30 ppm/0.1 ppm.

Recently, a subspace based approach, called SPICE (SPectroscopic
Imaging by exploiting spatiospectral CorrElation), has been proposed for fast *H-
MRSI (139). SPICE employed a PS model to capture the spatiospectral
correlation of the MRSI data (202-205). By exploiting the inherent correlations
of high-dimensional data in multiple dimensions, recovery of spatiospectral
information from undersampled data is enabled by special data acquisition
scheme and reconstruction methods because high-dimensional MRSI data reside
in a low dimensional subspace. This method was successfully applied to H
MRSI in human brain and achieved 3 mm isotropic resolution within 10 min

acquisition (206—208). This approach was then applied to static and dynamic 3!P
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MRSI in human calf muscles and achieved sub-centimeter spatial resolution with

good SNR (209,210).

In this work, we adapted the low-rank tensor-based SPICE method for high
resolution dynamic 3P MRSI to small animal models. A hybrid data acquisition
scheme was used for sparse sampling, including a set of “training” data with
limited k-space coverage for the estimation of subspace structure and a set of
“imaging” data with extended k-space coverage for image reconstruction. The
potential of the method for observing spatiospectral variation during ischemia-
reperfusion was demonstrated on rat hindlimb. 15 s nominal temporal resolution,
0.75x0.75x1.6 mm?® nominal spatial resolution, 37 ppm/0.14 ppm spectral

bandwidth/resolution were achieved at 9.4T.
3.2. Methods

3.2.1. Signal Model

The image function of dynamic MRSI is denoted as p(x, f, t), where x, f,
and t denotes spatial, spectral, and temporal axis, respectively. The variations of
p(x,f,t) in each dimension during a dynamic experiment can be represented by a
linear combination of a finite number of basis functions because the tissue type in
vivo is limited. For example, the spectral distribution of p(x,f,t) can be
approximated by a few number of resonances, such as PCr, ATP, and Pi. The
temporal variations of p(x, f, t) can be represented by a set of exponential functions
with various time constants. Therefore, a PS model is used to represent the image

function (202):
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where {0;(0)¥_1 . {dm (O, {0 ()}, denotes spatial, spectral, and
temporal basis functions, respectively, and {cl,m’n}i;lyl, ,111v=1 the corresponding model

coefficients.

The PS model described in Eq [3.1] implies a low-rank tensor structure.

After discretization, p(x, f, t) can be expressed in the Tucker form (211):

N

L M
P=D > > Clmnbi- - on [32]

=1 m=1n=1

where 6;, ¢,,,, @, are vectors representing discretized 6,(x), ¢,,,(f), @, (t), and

‘*” denotes the vector outer product. (L, M, N) is the rank of the tensor in Eq. [3.2].

In practice, L, M, and N are small numbers. This low-rank tensor model takes

advantage of data redundancy in p, and exploits data correlation in multiple

dimensions simultaneously.
3.2.2. Data Acquisition

A hybrid data acquisition scheme was used to exploit the PS property of the
dynamic MRSI data. Similar to the original SPICE acquisition on *H MRSI, two

sets of data, D, and D,, were acquired shown in Figure 3.1.
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D, can be acquired either before or after the dynamic process. The
acquisition parameters of D, were designed to ensure that it captured the spectral
variation at the needed bandwidth and spectral resolution. D, can be acquired
during the dynamic process, and was designed to provide only limited spectral
information while capturing the spatial and temporal variation during the dynamic
process. Taken separately, neither data set contained adequate information,
however by fitting the data to the PS model as described by Ma et al. (209), an

image with high spatial, spectral and temporal resolution can be reconstructed.

Dz
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Figure 3.1. Acquisition scheme. We acquired two sets of data: D, at baseline and D, during

ischemia-reperfusion. D, had limited k-space coverage but dense temporal sampling and was
used for estimating the spectral bases. D, had extended k-space coverage but sparser temporal
coverage and used for estimating the time-varying spatial distributions. Data from adjacent
spiral shots were grouped into single time frames with limited spectral encoding. The first frame,

t; is shown in the figure.

3.2.3. Data Processing

In this study we performed image reconstruction by solving the following

optimization problem:
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where x, t, f, are the spatial, temporal, and spectral coordinates, {g/l\)m (FHM_, is
the estimate of spectral subspace obtained from D,, F is the encoding operator,
R(:) isaregularization function which included a smoothness penalty in both space
and time, and the model orders M and {P,,}*_, were determined from a singular

value decomposition (SVD) based analysis of the data. The final reconstructed

image was then computed as p(x,t, f) = XM _, 0, (x, t) é\)m ).
3.2.4. In vivo MRI Experiments

The animal protocol was approved by the Institutional Animal Care and Use
Committee of the Case Western Reserve University. A Fischer rat was anesthetized
with isoflurane (1.5-2.5%) and placed in a cradle in the lateral position. Respiration
rate and body temperature were monitored during the experiments. The body
temperature was maintained at 35.5 + 0.5°C by blowing hot air into the MRI
scanner through a feedback control system. An inflatable cuff was placed around
the thigh of the rat. Ischemia was induced by occluding the femoral artery with the
inflated cuff. The experiment was conducted on a 9.4T Bruker Biospec horizontal
scanner (Bruker Biospin Inc., Billerica, MA). A Bruker *H volume coil was used
for H image acquisition. A custom-built 3P saddle coil was placed around the calf
muscles to acquire MRSI data. The leg was secured to the 3P coil that was attached

to the cradle to avoid potential motion during the experiment. To minimize the
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coupling between the *H and the 3P coils, the orientation of the two coils were

adjusted such that their B1 fields were perpendicular to each other.

Scout *H images were acquired to determine the position of the lower leg.
Automatic, localized shimming was performed on an isotropic voxel of 15x15x15
mm? that covered the entire lower leg using a PRESS sequence. Anatomical ‘H
images were acquired using FLASH sequence with the following parameters:
TR/TE, 500/10 ms; flip angle, 30°; FOV, 2.4x2.4 cm?, matrix size, 128x128;

number of averages, 2; slice thickness, 1.67 mm; number of slices, 12; inter-slice
gap, O.

D, dataset was acquired at baseline for 8.5 min using an FID-CSI sequence
with 160 ms TR, 0.69 ms TE, 17° flip angle, 2.4x2.4x2 cm® FOV, 8x8x6 matrix
size, 256 readout points, 6000 Hz bandwidth, and 8 signal averages. During 10 min
ischemia and 5 min reperfusion, D, dataset was acquired using an FID-EPSI
sequence with single-shot uniform density stack of spirals readout. TR, TE and
FOV were the same as D, acquisition. 20 echoes were acquired with 16x16x12
matrix size, 3.96 ms echo-spacing, 111.1 kHz bandwidth, and 16 signal averages.
The frame rate of the EPSI acquisition was 30 s/frame. Both temporal and spatial
basis were estimated from D, dataset. The total experiment time was

approximately 23 min.
3.3. Results

Figure 3.2a shows the center five slices of the anatomical reference images

of the rat leg. The corresponding PCr maps during ischemia (Figure 3.2b-d) and
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reperfusion (Figure 3.2e) shows that PCr pool was significantly reduced during
ischemia and rapidly replenished upon reperfusion. Dynamic spectra from two
pixels in different muscle groups showed varied kinetics during ischemia-
reperfusion (Figure 3.3). These results demonstrate that our method was able to
capture both the temporal dynamics and spatial variation of the image while
maintaining good spectral quality. The dynamic behavior of the PCr spatiospectral
distribution agrees well with previous experiments reported in the literature
(54,61,192). Note that the presented animal experiment was designed for proof-of-
concept validation of the 3'P SPICE method. The SNR can be further improved by
using a surface or quadrature 3P coil. The spatial resolution of the experiment can
be improved by using a multi-shot variable density spiral trajectory to acquire D,

dataset.
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(a)

(b)

(c)

(d)

(e)

Figure 3.2. Slices of the anatomical reference image (a) and PCr peak integral (b - e) of the
reconstruction at various time points. The pressure cuff was inflated and deflated at

approximately 0 and 10 minutes respectively.

Figure 3.3. Spectra from two different spatial points in the reconstruction shown over time. The
locations of the spectra in (a) and (b) correspond to the locations of the red circle and blue square

in Figure 3.2b respectively.
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3.4. Discussion and Conclusions

In this study, a recently proposed fast MRSI method (i.e., SPICE) has been
adapted and applied to 3D dynamic 3P MRSI for observing the changes in
phosphate metabolites in a rat hindlimb with high spatial and temporal resolutions.
15 s nominal temporal resolution and 0.75x0.75x1.6 mm?® nominal spatial
resolution was achieved using the proposed approach. These preliminary results
demonstrate the potential of this method to provide an unprecedented combination
of SNR, spatial, and temporal resolution for in vivo quantification of PCr depletion
and recovery during ischemia-reperfusion. Quantification in a series of phantoms
with known concentrations of Pi solutions can be used to further validate the
accuracy of the proposed method compared with non-localized MRS or SVS

methods in future studies.

Compared with conventional MRSI methods, the proposed method
significantly improves SNR efficiency by exploiting the correlations between
multiple dimensions in MRSI data (139,209). The SNR benefit of this method
comes from 1): the spectral and temporal basis functions are estimated from the
“training” data set, which sample central k-space and the acquired data has good
SNR; 2): after the estimations of spectral and temporal basis functions, the spatial
function and coefficients are determined by solving an optimization problem from
the “imaging” data. The reduced number of degrees of freedom of the imaging
function makes it possible to recover spatial information from noisy “imaging” data

and obtain good SNR. In the current study, SNR can be further improved by
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employing more flexible data acquisition schemes, such as variable density spirals,

and using more sensitive surface coil or quadrature volume coil.

During image reconstruction, it is critical to select the rank of the model. In
principle, the rank depends on the number of metabolites (i.e., PCr, 1-, a-, B-ATP,
Pi), tissue types, and dynamic process. In practice, the rank was determined
adaptively by performing SVD on the Casorati matrix formed by the “training” data

and thresholding the singular values (139).

The current data acquisition approach requires high performance of the
gradient system. Given a much lower gyromagnetic ratio of 3'P compared with
proton, a much higher gradient strength is required in order to achieve high spatial
resolution with the same acquisition bandwidth. In the current study, since no echo
shifting was employed, the duration of the uniform density spiral readout was
designed to be minimum for the benefit of spectral encoding. However, this design
demands high gradient amplitude and slew rate, and continuous acquisition with
relatively high duty cycle leads to a gradient heating problem during the dynamic
experiment. In order to solve this heating problem, more flexible trajectory design
for spatiospectral encoding, such as variable density spiral, can be employed. On
the other hand, an electrical stimulation protocol can be used to reduce the duration
of the PCr depletion period, which achieves the same level of PCr depletion as in

ischemia (55,61,63).

In conclusion, the current study demonstrated a fast dynamic P MRSI
approach. By exploiting the multi-dimensional correlations of the MRSI data, this

method proposed a hybrid data acquisition scheme and image reconstruction which
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leads to high spatial/temporal resolution and SNR. The feasibility of the proposed
method was demonstrated on rat skeletal muscle undergoing an ischemia-
reperfusion procedure. Combined with appropriate quantification techniques, this
method may allow the assessment of the heterogeneity in mitochondrial oxidative

capacity in rodent models of various metabolic diseases.
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Chapter 4. Development of Dynamic O MRI Using
Golden-ratio-based Radial Sampling and k-space—

weighted Image Reconstruction

This chapter describes a study that aimed to develop a 3D dynamic 'O MRI
method with high temporal and spatial resolution for preclinical applications. A 3D
imaging method with a stack-of-stars golden-ratio-based radial sampling scheme
was employed to acquire 'O signals. A k-space-weighted image contrast (KWIC)
reconstruction method was used to improve the temporal resolution while
preserving spatial resolution. Simulation studies were performed to validate the
method. Evaluation of PSF was performed in phantom experiments. This method
has mainly two preclinical applications. The first is to delineate the kinetics of ’O-
water uptake and washout in the brain of small animals after a bolus injection of
170-labeled water. The second is to measure cerebral metabolic rate of oxygen in
small animals with a brief inhalation of ’O-labeled gas. In vivo experiments of

these two applications will be described in Chapter 5.
4.1. Introduction

Oxygen is one of the most crucial elements that maintain normal
physiological activities in aerobic living organisms. Moreover, various oxygen
containing molecules, such as water, play an important role in supporting numerous
forms of life on earth. In vivo O MRI has been reported to measure the uptake
and washout of ’O-labled exogenous agent, such as ’O-labeled water, for
evaluating tissue perfusion since 1990s (145-147). More importantly, metabolic
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rate of oxygen can be quantified using in vivo O MRI non-invasively
(154,155,161,162,164,212,213). The most valuable and unique capability of 'O
MRI is its potential role in detecting abnormal oxidative metabolism in brain
function associated with neurological diseases and thereby assisting diagnosis and

treatment evaluation.

There are two available MR methods for detecting H2*’O in vivo: direct
method (}’O MRI) and indirect method (*H MRI). Direct approaches refer to 1’0
MRI methods that measure 'O signals directly in the brain tissue. These
approaches are able to quantify the concentration of H2'’O accurately, but usually
yield low spatial/temporal resolution due to low signal sensitivity (136-138,141—
144,148-153,199-200). Alternatively, the proton signal can be detected to reflect
the concentration of H2*’O because 'O affects the relaxation times of protons (150).
The indirect methods has the advantage of relatively high sensitivity and SNR by
measuring the proton signal. However, the changes in the relaxation times of the
proton signal induced by 7O are subtle and the quantification is not very reliable
or robust in different physiological environments and at different pH levels

(216,217).

In addition to MRI, the other available imaging modality capable of
detecting water labeled with oxygen isotopes is ®O PET. O PET has been
established to assess cerebral blood flow and CMRO:2 since 1980s (218-221).
However, ®0 PET requires an on-site cyclotron to generate the short-lived °0
isotope (~2 min half-life), limiting its clinical use. In contrast, 'O is a non-

radioactive and MR-detectable isotope and serves as a tracer for assessment of
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water movement and oxygen metabolism. Compared with O PET, the model used
in O MRI to calculate CMRO: is significantly simplified without the
compounding signals from *’O2 because 'Oz is invisible to MR (150). However,
SNR of YO MRI is extremely limited due to its low natural abundance (0.037%)
and low MR sensitivity. In addition, assessing water movement and imaging
CMRO: are more challenging in small animals due to the demand of high spatial
resolution and temporal resolution compared with humans. High field strength is
often used to improve SNR (150,151,156,163). However, even on high-field
scanners, images are typically acquired with a large voxel size to achieve adequate

SNR.

Current YO MRI methods for imaging H2}’O directly in clinical and
preclinical studies include mainly two approaches. Both approaches use ultra-short
echo time sequences because minimizing signal loss in 'O MRI is critical due to
the extremely short transverse relaxation time of 'O (215). One approach is a 1’0
3D MRSI approach using the 3D Fourier Series Window MRS imaging technique
(154,158); the other is non-Cartesian encoding 3D imaging sequences, such as the

flexTPI acquisition and density-adapted 3D radial sequence (159,160).

The aim of this study was to develop a 3D dynamic O MRI method with
high temporal and spatial resolutions that allows for characterizing the kinetics of
H2'’0 uptake and washout in the brain of small animals, as well as quantifying
CMRO:2 in small animal models. A stack-of-stars radial sampling method was
implemented based on the golden-angle acquisition scheme (222). KWIC

reconstruction was applied to the acquired data to improve the temporal rate with
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preserved spatial resolution (223). Simulation studies were performed to validate
the method. Feasibility of implementing 3D stack-of-stars radial acquisition based
on golden-ratio profile order on the preclinical scanner was demonstrated on

phantoms. Evaluation of the PSF was also performed in phantom experiments.

4.2. Methods

4.2.1. Golden-Ratio-Based Radial Sampling and k-Space-Weighted Image

Reconstruction

Since changes in image intensity are determined primarily by the low-
frequency data in dynamic imaging, undersampled radial images still retain
abundant dynamic information due to the intrinsic oversampling of the center k-
space by the radial trajectory. The golden-ratio-based radial profile order was
proposed and adopted by various dynamic MRI studies that demanded high
temporal and spatial resolutions (222,224,225). Instead of sampling the k-space
with evenly spaced radial lines in the order of increasing azimuthal angles from 0
to 7 (or 2m), a golden-ratio-based profile uses an azimuthal angle spacing of « (or
2m) divided by the golden ratio. This sampling scheme achieves a nearly uniform
coverage of k-space with an arbitrary number of spokes, and k-space coverage
becomes most uniform when the number of spokes reaches a Fibonacci number
(222). Therefore, the golden-ratio-based profile order is extremely flexible,
enabling various undersampling schemes and retrospective selection of an image

update rate/temporal resolution for dynamic imaging.
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In the current study, a dynamic golden-angle acquisition was combined with
KWIC reconstruction to achieve high temporal resolution with preserved spatial
resolution (223). To reconstruct a specific time frame, the k-space was segmented
into a set of rings (Figure 4.1). The central ring consisted of radial spokes acquired
at the time frame of interest, with the number of spokes being a Fibonacci number.
Moving out in k-space to the next ring, the number of spokes increased to the next
Fibonacci number. The radius of each ring was chosen such that the number of
spokes in each ring fulfilled the Nyquist sampling criterion (223). For example, the

k-space filter used in the simulations for injection studies consisted of five rings

Figure 4.1. Image reconstruction by k-space filtering. a: Data selection for a specific time
frame. Half of the k-space from center to kmax is shown. The k-space filter was shifted by 21
spokes from one time frame to the next. b: k-space filtering with golden-ratio-based profile
order. The k-space was segmented into 5 rings with 21 spokes in the central ring. The following

rings consisted of 34, 55, 89, and 144 spokes, respectively.

with 21, 34, 55, 89, and 144 spokes in each ring respectively, and the outer radius

of each ring was 3, 5, 8, 12, and 16 respectively (Figure 4.1b). Hence, the filtered
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data comprised of a total of 1228 data points in k-space. After the k-space filtering,
all images were reconstructed using the non-uniform fast Fourier transform
(NUFFT) toolbox (123). The density compensation function was calculated and
applied to the data using the method developed by Pipe et al. (226) prior to

regridding.
4.2.2. Simulations

To evaluate the impact of k-space filtering on the dynamics of the 'O signall
in both H2'70 injection and *’O: inhalation experiments, simulation studies were
performed on a modified Shepp-Logan phantom with three compartments, and a

brain phantom with two compartments, respectively.

On the one hand, in the modified Shepp-Logan phantom, the time course of
170 signal changes in each compartment comprised of three segments representing
the three phases of an H2'7O injection experiment: the baseline with a constant O
signal, the injection phase with a rapid linear increase, and the washout phase with
a mono-exponential decay. The duration of baseline, injection, and washout phases
was 3, 0.5, and 18 min, respectively. The baseline-normalized peak and steady-state
170 signal and the washout rate used in simulation are listed in Table 1. These
values were representative of those observed in the mouse brain in vivo. Using
these values, a set of dynamic images was generated with a matrix size of 256x256
and a temporal resolution of 0.36 s. Temporal resolution here is defined as the time
lapse between the acquisitions of two consecutive spokes in a slice. A total of 3583
images were generated to simulate the entire course of signal changes at baseline,

during H2!0O injection, and during the washout phase.
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On the other hand, in the two-compartment brain phantom, the two
compartments were designed to present normal and compromised CMRO:2 during
170, inhalation studies, corresponding to normal brain tissue and stroke area,
respectively. The O signal increase was 60% and 25% in the left (normal) and
right (stroke) compartment, respectively, during a 2 min inhalation period. These
values were designed based on our initial experience in 'Oz inhalation experiments
and those reported in the literature (156,161). Using these values, a set of dynamic
images was generated with a matrix size of 256x256 and a temporal resolution of
1.08 s. A total of 1221 images were generated containing 5 min baseline, 2 min

inhalation and 15 min washout phase.

The center one eighth of k-space for the simulated dynamic images was
used to reconstruct dynamic images with a matrix size of 32x32. In the injection
simulation studies, two experimentally relevant noise levels, corresponding to an
SNR of 10 and 20 at baseline, were evaluated by adding random noise to each spoke
of the entire dataset. Dynamic images were reconstructed using the k-space filter
shown in Figure 4.1. The k-space filter was shifted by 21 spokes from one time
frame to the next. Peak and steady-state 'O signal maps, as well as the map of
washout rate, were generated by pixel-wise fitting of the signal during the washout
phase to a mono-exponential function. Normalized root mean square error
(NRMSE) of the reconstructed maps was calculated against the corresponding
noiseless and fully sampled maps. On the other hand, SNR of ~30 at baseline was
evaluated in the inhalation simulation study. The k-space filter used for image

reconstruction contains 6 rings with 13, 21, 34, 55, 89, 144 spokes in each ring. It

77



was shifted by 13 spokes from one time frame to the next to reconstruct dynamic
images. The map of signal change rate was generated by pixel-wise fitting of the
signal during the inhalation phase to a linear function. According to the simplified
model to calculate CMRO2, multiplication of this rate map and a constant gives rise

to CMRO2 map (156).
4.2.3. Phantom Experiments

The PSF of the proposed acquisition and reconstruction scheme was
measured using a point source phantom. A micro-hematocrit capillary tube with an
inner diameter of 1 mm was filled with H2!’O (21% enrichment) and placed under
an YO surface coil parallel to the z-direction of the magnet. 3D 'O images
perpendicular to the z-direction were acquired. The PSF from three approaches was
compared: 1) conventional 3D stack-of-stars radial sampling with 100 evenly
distributed spokes to fully sample the k-space; 2) 3D stack-of-stars radial sampling
using the golden-ratio-based profile order with 100 spokes; 3) 3D stack-of-stars
radial sampling using the golden-ratio-based profile order combined with the
KWIC reconstruction. Other acquisition parameters were the same for all three
sampling schemes: TR/TE, 9/0.304 ms; FOV, 4.8x4.8x1.25 cm?® matrix size,
32x32x5; number of averages, 16. These parameters gave rise to a nominal voxel
size of ~5.6 uL, which is the target voxel size for in vivo H2'’O injection studies in
the mouse brain. The full width of half maximum (FWHM) of the PSF was

measured to compare the spatial profile of the three approaches.
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4.2.4. Image Reconstruction and Analysis

Image reconstruction and analysis used in-house developed software
written in MATLAB (Mathworks, Natick, MA, USA). The k-space filter was
shifted by 21 and 13 spokes from one time frame to the next in simulations for
injection and inhalation studies, respectively. This design will achieve a relatively
satisfactory balance between SNR, spatial resolution, and temporal resolution in
the mouse brain for future in vivo studies based on our previous experience of in
vivo SNR. No zero padding was performed in simulation studies. For phantom
experiments, each slice was zero-padded to a matrix size of 128x128 and Fourier

transformed to yield 3D images.

Peak H2!'O uptake was identified as the maximal signal intensity following
H2!’0 injection. The time course of the 17O signal from peak uptake to the end of
the measurement was fit to a mono-exponential function in a pixel-wise fashion to
generate the maps of peak and steady-state H2'’O uptake, as well as its washout
rate. ROIs were drawn manually for the three compartments in the digital phantom.

Mean values for each ROI were calculated for each map.
4.3. Results

4.3.1. Simulations for Injection Studies

Figure 4.2 shows the effects of the k-space filter on the estimation of the

peak and steady-state 'O signal and the washout rate at two different noise levels.
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Figure 4.2. Simulation results at two different noise levels. a: Maps of peak and steady-state
H,*"O uptake and washout rate generated from noiseless data. b: Data with a baseline SNR of
20. c: Data with a baseline SNR of 10. d: Simulated, noise-free time courses of the signal
changes in the three compartments. e-f: Time courses of the representative pixels in each of the
three compartments with a baseline SNR of 20 (e) and 10 (f). The selected pixels are indicated

by colored dots in (a).

The mean values in the three compartments are summarized in Table 1.
With an SNR of 20 at baseline, the NRMSE of the peak uptake and steady-state 'O
signal and the washout rate was 1.36%, 1.52%, and 4.01%, respectively. A decrease
in SNR led to a corresponding increase in the NRMSE to 1.8%, 2.19%, and 5.34%
for the same measurements. Consistent with the increase in NRMSE, the estimated
parameters also showed larger variations at lower SNR. However, mean values of

the estimated parameters showed unbiased estimation at different noise levels.

These results suggest that the KWIC reconstruction method combined with
the golden-ratio-based radial sampling is capable of delineating the dynamics of

170 signal even with relatively low SNR.
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Table 4.1. Simulation results. Summary of peak and steady-state H,'’O uptake, and washout rate

in designed phantom, noiseless and fully sampled maps, and reconstructed maps at different noise

levels.
Compartment Peak Steady-State Washout Rate
70 signal 70 Signal (min)
Chosen #1 6 4 1.5
Values #2 5 35 0.8
#3 3.5 3 0.4
Noiseless #1 6 +0.02 4+0.01 1.5+0.01
#2 4,99 £ 0.03 3.5+0.01 0.79 £0.02
#3 3.45+0.04 2.98 £0.01 0.38+0.02
SNR =20 #1 5.86+0.2 3.97+0.16 1.51+0.13
#2 4,98 £0.19 3.47+0.13 0.81+0.06
#3 3.57+0.11 3+0.04 0.42 £ 0.07
SNR=10 #1 5.86 £ 0.35 3.98+0.3 1.48 £0.33
#2 494 +0.45 3.46£0.36 0.83+0.3
#3 3.5910.16 2.96 £ 0.18 0.38+0.24

4.3.2. Simulations for Inhalation Studies

Figure 4.3 shows the effects of the k-space filter on the estimation of the
170 signal increase rate during inhalation with an SNR of 30 at baseline. The
averaged signal increase rate was 0.30 + 0.06 min™ and 0.14 + 0.07 mintin the left
and right compartment, respectively, compared with the ground truth of 0.3 min?
and 0.125 min*. Simulations at lower SNR levels were attempted. With an SNR of
20 at baseline, the averaged signal increase rate were 0.30 + 0.10 min*t and 0.14 +
0.09 mintin the left and right compartment, respectively. The estimated parameters
showed larger variations at lower SNR as expected, and pixel-wise curve fitting in
the left compartment with 60% signal increase is still robust. However, unrobust

curve fitting results in some pixels in the right compartment which has only 25%
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signal increase were observed due to the dominant noise when SNR at baseline

dropped below 20.

a

Figure 4.3. Results of simulation for inhalation studies. a: Designed rate map of the two
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compartment phantom. b: Reconstructed rate map with a baseline SNR of 30. ¢: Time courses
of the representative pixels in the two compartments are shown in blue dots (left compartment)
and red dots (right compartment). The selected pixels are indicated by colored dots in (b). Time

courses of the designed noise-free signals in the two compartments are shown in solid lines.

4.3.3. Phantom Experiments

The measured PSF using a point source phantom is shown in Figure 4.4.
Comparing to the conventional radial sampling scheme with full k-space coverage,
the area of PSF at FWHM was 10% larger using the golden-ratio-based sampling
with and without KWIC reconstruction (4.5 mm? vs. 4.1 mm?), suggesting that the
difference in PSF was caused by the golden-ratio-based sampling rather than KWIC
reconstruction. Based on the measured PSF, the true voxel size using the golden-
ratio-based sampling with KWIC reconstruction was approximately 11.25 uL (4.5
mm? in-plane and 2.5 mm in the phase encoding direction). However, it should be
noted that this true voxel size of 11.25 puL measured from phantom is an
overestimation due to other factors contributing to PSF, such as Bo field

inhomogeneity during the experiment, the size of the phantom, etc.
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Figure 4.4. Point spread function (PSF) measured from a point source phantom. a: Conventional
radial sampling with 100 spokes. b: Golden-ratio-based radial sampling with 100 spokes. c:
Golden-ratio-based radial sampling combined with the k-space filtering. Top: 2D maps. Bottom:

1D profiles.

4.4, Discussion and Conclusions

In the current study, a dynamic 'O imaging method with a golden-ratio-
based radial sampling profile and KWIC reconstruction was developed and

validated in simulation studies. PSF was also evaluated in phantom experiments.

KWIC reconstruction was first proposed by Song et al to manipulate T2-
weighted image contrast from a single image dataset (223). The application of the
KWIC reconstruction method in dynamic imaging is facilitated by combining it
with a golden-ratio-based radial sampling profile (222,227). An advantage of the
golden-angle sampling and KWIC reconstruction is the flexibility to retrospectively
choose the temporal rate for the reconstructed images. Golden-ratio-based radial

sampling enables quick updates of the center k-space so that no a priori knowledge
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of the expected Kinetics is needed at the stage of data acquisition. A specific k-space
filter can be chosen in post-processing for optimal data reconstruction. In principle,
any k-space filter that satisfies the Nyquist criterion can be used. With a golden-
ratio-based sampling profile, both SNR and k-space coverage are optimal when the
number of spokes is a Fibonacci number (222). Hence, a k-space filter designed
using Fibonacci numbers allows for satisfaction of the Nyquist criterion with the
minimal number of spokes and is optimal for dynamic studies that require high
temporal resolution. There is sufficient flexibility in choosing the number of spokes
for a specific temporal resolution since the difference between two adjacent
Fibonacci numbers increases gradually. In the current study, a k-space filter with
21 spokes and 13 spokes in the central ring was used in simulations for injection
and inhalation studies, respectively. An alternative filter with fewer spokes in the
central ring can also be used if a higher temporal resolution is more desirable.

The flexibility of choosing a k-space filter to achieve adequate temporal
resolution allows application of this method in both H2'’O injection and *’O:
inhalation studies in vivo. Even though both injection and inhalation studies can
use the same 'O MRI approach, there exist significant differences between these
two dynamic processes that should be considered for the optimization of acquisition
and reconstruction parameters. The increase in H2!'O signal is rapid during a bolus
injection of H2'70O, which requires high temporal resolution to capture the kinetics
of water uptake. In contrast, the rate of 'O signal increase during an inhalation
study is significantly slower but SNR at peak and steady-state is much lower than

that in an injection study due to the small amount of 1’02 inhaled. Therefore, more
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signal averages or larger voxel size are usually needed in an inhalation study
compared to an injection study. The sampling temporal resolution and
reconstructed apparent temporal resolution in the current simulation studies were
designed according to the estimated repetition time and signal averages for future
in vivo studies based our previous experience on SNR in the mouse brain in vivo.
More detailed comparison between injection and inhalation studies and thereby the

choice of acquisition/reconstruction parameters will be discussed in Chapter 5.

One important difference between 'O signal acquisition and *H signal
acquisition should be noted that multiple signal averages are necessary to
compensate for low SNR in 'O signal acquisition as compared with a single
average used in most *H MRI studies. In the current simulation studies, each spoke
represents the spoke after multiple signal averages in an in vivo experiment. In
other words, the current acquisition scheme is that signal average of a single spoke
is performed before the next spoke is acquired. Alternatively, spokes following the
golden-ratio based profile order can be acquired continuously with one average of
each spoke. Additional simulation studies were performed in the two-compartment
phantom to compare these two strategies. For the single-average strategy, the k-
space filter was segmented into six rings with the same radius as in the multiple-
average strategy for the inhalation simulations. A signal average of 8 was assumed,
leading to a sampling temporal resolution of 135 ms instead of 1.08 s as in the
multiple-average approach. For the multiple-average strategy, 8 acquisitions of the
same spoke was added, then the averaged spokes were used to reconstruct dynamic

images using KWIC method. For the single-average strategy, 8 times of number of
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points were used to reconstruct each time frame as compared to the multiple-
average strategy to achieve a fair comparison from the SNR perspective and to
maintain the reconstructed temporal resolution the same for both approaches. With
an SNR of ~25 at baseline, signal increase rate during inhalation was 0.29 + 0.07
min (left compartment) and 0.14 + 0.07 min™* (right compartment) using multiple-
average approach and 0.28 + 0.06 min* (left compartment) and 0.15 + 0.07 min™*
(right compartment) using single-average approach. With an SNR of ~50 at
baseline, multiple-average approach yielded signal increase rate of 0.31 £ 0.04 min
Lin the left compartment and 0.14 + 0.04 min! in the right compartment; single-
average approach gave rise to signal increase rate of 0.29 + 0.04 min* and 0.14 +
0.04 mint in the left and right compartment, respectively. Since no significant
difference was observed using these two approaches, the multiple-average
approach will be used in in vivo studies for convenience in sequence

implementation and data storage.

In conclusion, this study demonstrated a promising dynamic 'O MRI
approach for mouse imaging with high spatial and temporal resolution. It provides
a robust and flexible imaging approach to study water movement and oxygen

metabolism in brain under normal and diseased conditions.

86



Chapter 5. In vivo Applications of Dynamic O MRI:
Assessment of Water Movement across BBB in a Mouse
Model of GBM and Cerebral Oxygen Metabolism in a

Mouse Model of MCAO

This chapter describes the studies that aimed to exploit the feasibility of the
3D golden-angle radial O MRI method combined with KWIC reconstruction for
in vivo applications. Using this method, the kinetics of H2*’O uptake and washout
in the brains of mice with GBM was delineated after an intravenous bolus injection
of ’O-labeled water. Furthermore, CMRO: in a mouse model of MCAO was

assessed with a brief inhalation of 1’O-labeled gas.

For the Y'O-labeled water injection study in GBM mice, the proposed 'O
imaging method achieved a nominal temporal resolution of 7.56 s with a nominal
voxel size of 5.625 uL in the mouse brain at 9.4T. Reduced uptake and prolonged
washout of H2’O were observed in tumor tissue, suggesting compromised cerebral
perfusion. For the Oz inhalation study in MCAO mice, this method achieved a
nominal temporal resolution of 14.04 s with a nominal voxel size of 10 pL at 9.4T.
Deficits in CMRO2 was detected by 'O MRI before edema was observed in T2-
weighted *H images, suggesting 'O MRI is a powerful tool for diagnosis at the
early stage of stroke, and may potentially provide a promising tool to facilitate the

assessment of ischemic penumbra in stroke patients.
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5.1. Introduction

Regulation of cerebral fluids plays a vital role in brain function (228).
Investigation of cerebral fluid dynamics, such as blood flow, diffusion, and water
movement across BBB, is of great value in assessing brain physiology and function
under normal and diseased conditions. While MRI with arterial spin labeling (ASL)
uses magnetically labeled endogenous water as a tracer to measure CBF (229),
other imaging methods have used isotope-labeled exogenous water tracers to
quantify both CBF and water transport across the BBB (230,231). Using water
labeled with oxygen isotopes, 'O MRI is an available method capable of tracing
water movement in vivo. Water dynamics and CBF can be assessed with 'O MRI
by observing the kinetics of H2*’O signal either from a bolus injection of H2!'O or

from metabolically produced H2*’O from inhaled *’O-labeled gas (154,156,164).

On the other hand, oxygen is essential for oxidative phosphorylation in
mitochondria to produce energy to maintain physiological activities in the cell. ~20%
of oxygen used in the body is consumed by the brain in spite of its relatively small
size. Abnormalities in cerebral oxygen metabolism are implicated in many diseases,
such as stroke and tumor. Therefore, direct assessment and quantification of
cerebral oxygen metabolism plays an important role in disease diagnosis and
treatment evaluation. In acute stroke particularly, assessment of metabolic state of
the ischemic tissue may help to identify the tissue at the risk of infarction and
provide appropriate reperfusion strategies for patients. YO MRI has been used
extensively to evaluate cerebral metabolic activity in rats (161), healthy cats (162),

and mice (156,163). Quantification of CMRO2 was accomplished by calculating
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the rate of H2*’O generation from inhaled *’O2. With inhalation of 'O, the labeled
oxygen molecules are metabolized in the mitochondria of brain cells to produce
H2!’0, which can be detected by 'O MRI directly. Hence, CMRO2 can be derived

from the rate of metabolic H21’O accumulation in the brain.

This study aimed to exploit the feasibility of the 3D golden-ratio-based
stack-of-stars acquisition approach combined with KWIC reconstruction method as
described in Chapter 4 for in vivo applications. In particular, this method was
applied to both H2*"O injection and 'Oz inhalation studies in mouse models. Using
this method, the kinetics of H2!’O uptake and washout in the brains of mice with
GBM were delineated after an intravenous bolus injection of H2*’O. Furthermore,

CMRO: in a mouse model of MCAO was assessed with a brief inhalation of 'Ox.
5.2. Methods

5.2.1. GBM Animal Model

All animal procedures were conducted in accordance with the protocol
approved by the Institutional Animal Care and Use Committee of Case Western
Reserve University. 6-8 week old athymic NCR nu/nu male mice (Case Western
Reserve University Athymic Animal & Xenograft Research Core) were
anesthetized via injection of a freshly prepared mixture of ketamine and xylazine
and then placed in a stereotaxic frame equipped with a QSI Ultra pump (Stoelting
Co., IL, USA). A 33-guage microinjection syringe (Hamilton Co., NV, USA) was
preloaded with ~20,000 primary human GBM L2 cancer stem cells in 1 uL and the

cells were injected through a 0.7-mm hole in the scalp of the mouse, at a rate of
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0.25 pL/min at the following stereotaxic coordinates: anterior to bregma, 0.5 mm;
lateral to midline, 1.8 mm; ventral to dura, 2.5 mm with the bregma set at zero. For
the control mice, 1 pL of saline was injected into the same location. The
microsyringe remained in place for additional 3 min before being slowly removed.
The incision was closed with sutures and the sutures were removed 5 days after the
injection.

5.2.2. Stroke Animal Model

45-min left MCAO was performed on a male C57BL/6 mouse to induce
ischemic stroke. The mouse was placed on a heating pad and MRI studies were
conducted 2 hours after MCAO. All animal procedures were conducted in
accordance with the protocol approved by the Institutional Animal Care and Use

Committee of Case Western Reserve University.
5.2.3. In Vivo MRI Experiments in GBM Mice

MRI studies were performed on a horizontal Biospec 9.4T scanner (Bruker
Inc., Billerica, MA, USA). The mouse was initially anesthetized with 3% isoflurane
mixed with 100% oxygen while anesthesia was maintained with 0.5 to 1%
isoflurane mixed with 100% oxygen. A 29G catheter was inserted into the tail vein
for the injection of 200 pL of Y’O-water (13% enrichment) in 20 to 25 s. The mouse
was then placed in the cradle in a prone position and the respiration rate and body
temperature were monitored during the experiments. The body temperature was
maintained at 35°C by blowing warm air into the scanner through a feedback

control system (SA Instruments, Stony Brook, NY, USA).
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'H images were acquired using a 3-cm birdcage coil (Bruker Inc., Billerica,
MA, USA) with a 2.5-cm diameter 7O surface coil built in-house placed on top of
the mouse head for O image acquisition. Multi-slice, T2-weighted, axial H
images were acquired using a RARE sequence with the following parameters: TR,
2 s; effective TE, 48 ms; echo spacing, 16 ms; echo train length, 8; FOV, 2.4x2.4
cm?; slice thickness, 1 mm; matrix size, 256x256; number of averages, 16; number

of slices, 5; inter-slice gap, 1.5 mm.

170 images were acquired using a 3D stack-of-stars short echo-time sequence.
A total of five radially encoded stacks of data were collected to cover the cylindrical
3D k-space. A 90° RF pulse of 120-us duration was used for excitation, followed
by a 110-us phase-encoding gradient to achieve short echo time. Radial sampling
of the k-space used a constant azimuthal angle spacing of 137.5°, the equivalent of
360° divided by the golden ratio (222,232). Each spoke sampled 16 data points
starting from the center of k-space and reached a maximum k value (kmax) of 0.33
mm! with a receiver bandwidth of 8000 Hz. No spoiler gradient was used because
of the short T2 of the 17O signal. Seven fully sampled datasets (100 spokes/slice)
were acquired before H2!’O injection and data acquisition continued for another
~22 min after the injection. A total of 21600 spokes in 3D k-space were acquired
continuously. Other imaging parameters were: TR/TE, 9/0.367 ms; FOV,
4.8%4.8x1.25 cm3; matrix size, 32x32x5; number of averages, 8. These parameters

gave rise to a nominal voxel size of 5.625 uL.
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5.2.4. In Vivo MRI Experiments in the Stroke Mouse

MRI studies were performed on a horizontal Biospec 9.4T scanner (Bruker
Inc., Billerica, MA, USA). The mouse was initially anesthetized with 2% isoflurane
mixed with 100% oxygen. Then the anesthesia was maintained with 0.5 to 1%
isoflurane mixed with 20% oxygen and 80% nitrogen. The mouse was placed in the
cradle in a prone position and the respiration rate and body temperature were
monitored during the experiments. The body temperature was maintained at 36°C
by blowing warm air into the scanner through a feedback control system (SA
Instruments, Stony Brook, NY, USA). Two sets of *H images were acquired at 2
hours and 4 hours after MCAO to trace the development of edema. The O MRI
experiment was performed at 2 hours after MCAO immediately after the first *H

scan. The timeline of the experiment is shown in Figure 5.1.

Time
0 2h 4h
MCAO 'HMRI | 7O MRI 'H MRI
(45 min) (8 min) | (42 min) (8 min)

Figure 5.1. Timeline of the MRI experiments. *H MRI was performed at 2 hours after MCAO.
0 MRI was conducted immediately after the *H scan. The total 42 min YO MRI scan
consisted of 13 min baseline, 3 min 45 s 170, inhalation, and 25 min washout phase. *H MRI

was performed again at 4 hours after MCAO to evaluate the development of edema.
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A 3-cm birdcage coil (Bruker Inc., Billerica, MA, USA) and a 2-cm diameter
in-house built "0 surface coil placed on top of the mouse head were used to acquire
!H and 'O images, respectively. Multi-slice, T.-weighted, axial *H images were
acquired at 2 hours and 4 hours after MCAO using a RARE sequence. The
acquisition time is 8 min and the imaging parameters are: TR, 2 s; effective TE, 48
ms; echo spacing, 16 ms; echo train length, 8; FOV, 3.2x3.2 cm?; slice thickness,
1 mm; matrix size, 256x256; number of averages, 16; number of slices, 13; inter-

slice gap, 0.

170 images were acquired using a 3D stack-of-stars short echo-time sequence.
A 90° RF pulse of 50-us duration was used for excitation, followed by a 110-us
phase-encoding gradient to achieve short echo time. The radial spokes sampled 16
data points from center k-space to maximum k-space with a receiver bandwidth of
8000 Hz. No spoiler gradient was used because of the short T2 of the O signal. A
constant azimuthal angle spacing of 137.5°, the equivalent of 360° divided by the
golden ratio (222,232), was used to rotate the radial spokes. The continuous
acquisition of 'O signals consisted of 13 min baseline, 3 min 45 s 'Oz inhalation,
and 25 min washout phase. 200 mL 'Oz (70% enrichment) was delivered to the
mouse through the nose cone by switching the gas delivery channel manually
during the 'O MRI scan. Other imaging parameters are: TR/TE, 9/0.304 ms; FOV,
6.4x6.4x1.25 cm®, matrix size, 32x32x5; number of averages, 24. These

parameters gave rise to a nominal voxel size of 10 pL.
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5.2.5. Image Reconstruction and Analysis

Image reconstruction and analysis used in-house developed software
written in MATLAB (Mathworks, Natick, MA, USA). The k-space filters used in
in vivo injection and inhalation studies are the same as in injection and inhalation
simulation studies described in Chapter 4, respectively. For the H2!’O injection
study in GBM mice, the k-space filter was shifted by 21 spokes from one time frame
to the next, leading to an effective temporal resolution of 7.56 s with 9 ms TR and
8 signal averages. On the other hand, for the 'O inhalation study in stroke mice,
the k-space filter was shifted by 13 spokes from one time frame to the next, leading
to an effective temporal resolution of 14.04 s with 9 ms TR and 24 signal averages.
After density compensation and regridding, each slice was zero-padded to a matrix

size of 64x64 and Fourier transformed to yield 3D images.

For GBM mice, once image reconstruction was completed, 'O images were
co-registered with the T2-weighted *H images. Tumor areas showed higher signal
intensity in T2-weighted *H images due to having a longer T2 than normal brain
tissue. Appropriate ROIs that encompassed the tumor and normal brain tissue were
drawn manually from T2-weighted *H image. Total tumor and brain volumes were
calculated by adding the tumor and brain areas in all five slices. The percentage of
tumor volume was calculated as the tumor volume divided by total brain volume.
Mice with >30% tumor volume were classified as the GBM-Large (GBM-L) group,
and mice with <30% tumor volume were designated as the GBM-Moderate (GBM-
M) group. Control mice had a single ROI that covered the entire brain. The 'O

signal was normalized by the corresponding natural abundance 'O signal acquired
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before H2'’O injection. Peak H2'’O uptake was identified as the maximal signal
intensity following H2*'O injection. The normalized time course of the 'O signal
from peak uptake to the end of the measurement was fit to a mono-exponential
function in a pixel-wise fashion to generate the maps of peak and steady-state H2*’O
uptake, as well as its washout rate. Mean values for each ROI were calculated for
each map. In tissue with no obvious washout phase or even continued accumulation
of H2'70 after the injection, washout rate was set to zero, while peak and steady-
state H2!'O uptake was calculated as the normalized 17O signals immediately after

H2'70 injection and at the end of measurement, respectively.

For stroke mice, the H2'’O signal was normalized by the corresponding
natural abundance 'O signal acquired before 'O2 inhalation. CMRO2 map was
generated by pixel-wise fitting of the 'O signal during inhalation to a model of
tissue metabolism based on the mass-balance of H27O generation from

mitochondrial respiration and its transport as shown in Eq. 1.5 (156).
5.2.6. Histology

After the MRI experiments, all GBM mice were anesthetized with a mixture
of ketamine and xylazine and fixed by transcardial perfusion with 4%
paraformaldehyde. The brain was then excised and fixed for another 72 hours. The
olfactory bulbs, a small portion of the rostral cortex leading up to the tumor
injection site, and the cerebellum were trimmed after the fixation. The brains were
cryoprotected in 30% sucrose for 48 to 72 hours, followed by 1:1 30%
sucrose:0.C.T. Compound (Fisher Scientific, Pittsburg, PA, USA) for another 48

to 72 hours. The tissue was then embedded in O.C.T. Compound, frozen with liquid
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nitrogen, and sectioned into 8 um thick coronal sections that were then stained with

hematoxylin and eosin (H&E) staining.
5.2.7. Statistics

All results are reported as mean + standard deviation and two-way analysis
of variance (ANOVA) was used for data comparison. If statistical differences were
detected, multiple pairwise comparisons were performed using a two-tailed
student’s t-test. An unpaired two-tailed student’s t-test was used to compare the
peak and steady-state uptake and the H2'’O washout rate among the three groups
of mice. A paired two-tailed student’s t-test was used to compare the parameters
between tumor and non-tumor tissue in the same group for GBM-L and GBM-M

mice. Significant difference was accepted at p<0.05.
5.3. Results

5.3.1. In Vivo Results in GBM

Mice

A total of 15 mice were
scanned in the current study, with 6

in GBM-L group, 4 in GBM-M

group, and 5 in the control group.

Figure 5.2. Representative T,-weighted images

Representative T2-weighted images  and their corresponding H&E staining in mice
and their corresponding histological ~ With GBM-L (a-b) and GBM-M (c-d).
staining in GBM-L and GBM-M groups are shown in Figure 5.2. The age of the

mice at the time of the MRI scans was 37.3 £ 2.5 weeks, 34.6 + 2.1 weeks, and 11.5
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+ 0.6 weeks for GBM-L, GBM-M, and the control group, respectively. Average

body weight of the mice at the time of MRI experiments was 32.1 £ 5.9 g, 35.6 =

3.3g,and 31.4 + 2.4 g for GBM-L, GBM-M, and the control group, respectively.

170 images from a control mouse, KWIC versus standard reconstruction,

are shown in Figure 5.3. At baseline and steady-state, the SNR of KWIC-

reconstructed images was similar to that using standard reconstruction (10 for both

methods at baseline, 30 versus 32 at steady-state). At peak H2'’O uptake, image

reconstructed without k-space filtering failed to capture the rapid increase in 'O

signal. As a result, the signal intensity in images with the standard reconstruction

was only ~75% of that using KWIC reconstruction.

Baseline Peak Steady-State

x104

16 (a.u)

N

-—

0

Figure 5.3. Representative 7O images from a control mouse at baseline, peak and steady-

state H,'’O uptake. a-c: KWIC reconstruction. d-f: Standard reconstruction using 100 spokes.
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Figure 5.4 shows representative maps of peak and steady-state H2!’O uptake
and washout rate from each group with typical time courses of 'O signal observed
in tumor and normal brain tissue. Group-averaged peak and steady-state H2'’O
uptake and washout rate are shown in Figure 5.5. Baseline-normalized peak and
steady-state H2!’O uptake in the brain of the control mice were 6.52 + 0.86 and 3.36
+ 0.2, respectively, and the washout rate was 1.36 + 0.28 min™t. GBM mice showed
more heterogeneous 17O signal kinetics when compared to the control animals. In
the GBM-M group, tumor tissue exhibited significantly reduced peak H2'’O uptake
(5.45 + 0.87, p<0.05) and decreased washout rate (0.88 + 0.28 min*, p<0.05),
suggesting decreased perfusion to the tumor. However, *’O signal kinetics in the
brain tissue was the same as the controls. On the contrary, GBM-L mice showed
reduced H2'’O uptake and washout rate in both the tumor and the brain tissues. In
the tumor tissue, no obvious washout phase, or even continued accumulation of

H2'70, was observed after the injection.

Tumor Brain
GBM-L ~—— Control

Washout
Rate

Time (min)

Figure 5.4. Reconstructed parameter maps and representative time courses. a-b: GBM-L mice.
¢: GBM-M mouse. d: Control mouse. e: Time courses of normalized 'O signal changes in
representative pixels indicated in (a-d). Tumor pixels are indicated by stars in (a-c) and their
time courses are shown as dotted lines. Brain pixels are indicated by dots in (b-d) and their time

courses are shown as solid lines.
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Figure 5.5. Group-averaged peak (a) and steady-state (b) H,'’O uptake and washout rate (c).

*p<0.05.

5.3.2. In Vivo Results in the Stroke Mouse

In the stroke mouse, reduced CMRO: was detected by 1O MRI (Figure 5.6b)
while no edema was observed in T2-weighted image (Figure 5.6a) at 2 hours after
MCAO. At 4 hours after MCAO, edema was evident as shown in the T2-weighted
image (Figure 5.6¢), which corresponded to the stroke area detected by 'O MRI.
Brain tissue shows a clear linear increase in H2’O concentration during *'O:
inhalation (Figure 5.6d). However, the stroke area shows abnormal oxygen
consumption during inhalation as compared to the normal brain tissue (Figure
5.6d).These preliminary results suggest that O MRI is a powerful tool for

diagnosis at the early stage of stroke.
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Figure 5.6. a: To-weighted *H images acquired at 2 hours after MCAO show no edema. b:
CMRO; map calculated form YO MRI data shows deficiency in oxygen consumption in the
stroke area. c: T,-weighted H images acquired at 4 hours after MCAO show edema in the
stroke area. d: time course of H,’O changes during the inhalation experiment in normal brain

tissue (blue) and stroke area (red). The gray bar shows the inhalation peroid of 3 min 45 s.

5.4. Discussion and Conclusions

In the current study, the utility of a dynamic 'O imaging method with a
golden-ratio-based radial sampling profile and KWIC reconstruction in delineating
the uptake and washout of water in the brain was demonstrated in a mouse model
of GBM. The kinetics of H2!’O uptake and washout after an intravenous bolus
injection of H2’O were characterized by monitoring the 'O signal directly with
MRI. A temporal resolution of 7.56 s with a voxel size of 5.625 pL was achieved
at 9.4T. Tumor tissue displayed a reduced peak H2'’O uptake and a diminished
washout rate. Furthermore, the feasibility of the proposed YO MRI method for

mapping CMRO2 with high spatial resolution and temporal resolution was

100



demonstrated in the mouse brain with ischemic stroke. Deficits in CMRO2 was
detected by YO MRI before edema was observed in T2-weighted H images,
suggesting 'O MR is a powerful tool for diagnosis at the early stage of stroke, and
may potentially provide a promising tool to facilitate the assessment of ischemic
penumbra in stroke patients. The initial experience in the current study shows this
method is potentially applicable to numerous animal models to reveal abnormalities
in water movement across the BBB and cerebral oxygen metabolism associated

with various diseases.

Similar to H21°0 (218,219), the kinetics of H2'7O after a bolus injection is
dominated by cerebral blood flow (154,164). As such, the reduced peak uptake and
slower washout rate observed in the tumor tissue is likely due to compromised
perfusion resulting from peritumoral edema (233-235). Continued accumulation of
H2!’O during the washout phase was also observed in GBM-L mice, indicating
impaired routes of water efflux in tumor tissues. Interestingly, GBM-L mice also
exhibited significantly reduced peak H2'’O uptake and prolonged washout in the
non-tumor region, suggesting that cerebral perfusion to normal brain tissue was also
reduced in GBM-L mice. This reduction is likely caused by compression from the
large tumor. Future studies with further evaluation of cerebral perfusion and

grading of GBM will allow more precise delineation of the underlying mechanisms.

In stroke treatment, it is very important but challenging to identify and
differentiate the irreversibly damaged brain tissue and the ischemic penumbra
(potentially salvageable brain tissue) (236). The combination of diffusion-weighted

MRI and perfusion-weighted MRI provides an imaging tool to assess the ischemic
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penumbra. The ischemic core can be identified by diffusion-weighted MRI while
the adjacent hypo-perfused tissue can be identified by perfusion-weighted MRI
(236,237). This diffusion-perfusion mismatch approach potentially allows for the
identification of the penumbra that is poorly perfused but reversibly damaged.
However, it has been reported that it is not very reliable to predict the infarct growth
based on diffusion-perfusion mismatch (238-241). In addition, the large variation
in perfusion and apparent diffusion coefficient (ADC) threshold values leads to
unreliability to identify the diffusion lesion and perfusion lesion (241). A direct
approach to measure CMRO2, CBF, and oxygen extraction fraction (OEF) may
contribute to solve this problem (156). The current study measured CMRO: in the
mouse brain with a brief inhalation of ’Oz. In principle, CBF could also be derived
from the H2'’O concentration changes during the washout phase after inhalation,
and OEF could be calculated based on the measured CMRO2 and CBF (156).
Simultaneous measurements of CMRO2 and CBF are under investigation and will

be implemented in future studies.

Dynamic hetero-nuclei imaging has been hindered by low SNR because of
low nuclei abundance and signal sensitivity. Frequently, a large number of signal
averages is used to achieve adequate SNR. However, it is at the cost of reduced
temporal resolution. Alternatively, SNR can be gained by reducing spatial
resolution, which increases the partial volume effect and may not be a feasible
approach for small animal imaging. Using MRSI with Cartesian encoding, Zhu et
al. reported a temporal resolution of 11 s with a voxel size of 40 uL (15 puL nominal)

at 11.7 T in an inhalation study on stroked mice (156). In another study, Cui and
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colleagues quantified CMRO2 in mouse brain at 16.4 T with a temporal resolution
of 15.4 s and a voxel size of 26 puL (9 uL nominal) (163). We were able to achieve
an effective temporal resolution of 7.56 s with a nominal voxel size of 11.25 pL in
a H2'70 injection study, and an effective temporal resolution of 14.04 s with a

nominal voxel size of 10 pL in a 1’02 inhalation study at 9.4T.

In order to achieve adequate SNR and temporal resolution to capture the
different dynamics of 2’0 signals after a bolus of H2'7O injection and during a brief
period of YOz inhalation, different signal averages, spatial resolution and k-space
filters were used for the current injection and inhalation studies. Compared to H2*’O
injection studies, 1Oz inhalation studies yielded much lower SNR because only a
small amount of gas is delivered in 2~4 min to reduce the cost for 1’02 (156,163).
Having a reduced amount of 1O available in vivo causes reduced signal increases,
leading to lower SNR at peak and steady-state. On the other hand, the rate of 'O
signal increase during an inhalation study is significantly slower than that in an
injection study. Therefore, the decreased SNR can be compensated with increased
signal averages, as the kinetics of 'O signal in an inhalation study can be fully
captured with a lower temporal resolution. A previous study on mice suggests that
a 15-s temporal resolution is adequate for an inhalation study (163). The flexibility
of choosing a k-space filter to optimize the trade-off among SNR, spatial, and/or
temporal resolution allows application of this method to both H2!’O injection and

170, inhalation studies.

In conclusion, the feasibility of 3D stack-of-stars O MRI method

combined with KWIC reconstruction was demonstrated in the mouse brain of GBM
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and ischemic stroke, respectively. Tumor tissue displayed a reduced peak H2!'O
uptake and a diminished washout rate, possibly caused by compromised cerebral
perfusion. Furthermore, abnormalities in CMROz in the stroke mouse was detected
by O MRI before edema was observed in T2-weighted *H images, suggesting 'O
MRI is potentially more sensitive to pathological changes in cerebral metabolism
associated with stroke. This method also provides a potential tool to facilitate the

identification of ischemic penumbra in combination with the measurement of CBF.
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Chapter 6. Conclusions and Future Perspectives

Hetero-nuclei MRI provides a unique tool to probe metabolism non-
invasively and plays an important role in assessing functional cell processes such
as oxidative metabolism in mitochondria. These hetero-nuclei include carbon-13
(13C), sodium-23 (#Na), phosphrous-31 (3'P), oxygen-17 (*’O), etc. This thesis
focused on 3P and 'O for assessment of mitochondrial oxidative capacity in
skeletal muscle and cerebral oxygen metabolism, respectively. Novel approaches
for imaging 3'P and 1O with high spatial resolution and temporal resolution were

developed and demonstrated in small animals at high fields.

This chapter outlines future directions for the 3!P and 'O MRS/I studies
described in the previous chapters. Three aspects will be discussed: 1) further
improvements of the proposed 3P and 'O MRS/l methods from the perspective of
signal acquisition and reconstruction strategies; 2) general applications of the fast
31p MRS/I methods in preclinical and clinical studies; 3) potential clinical

applications of the ’O MRI method in stroke patients.
6.1. Further Improvements of the *'P and 'O MRS/l Methods

SNR is the fundamental factor that limits the utility of hetero-nuclei MRI
due to the intrinsic low MR sensitivity and low in vivo concentrations. In order to
maximize SNR without sacrificing spatial or temporal resolutions, it is crucial to
optimize signal acquisition approaches, from coil design to pulse sequence design.

The following paragraphs will discuss optimized coil design, pulse sequence design,
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and the potential to borrow dynamic MRI techniques that have been extensively

used in proton MRI to accelerate hetero-nuclei MRI.

6.1.1. Coil Design

Quadrature coils are known to yield as much as 40% SNR increase
compared to single coils by detecting signals from two orthogonal channels (242).
This increase in SNR without sacrificing spatial resolution and temporal resolution
is beneficial to all imaging and spectroscopy studies in general, but is particularly
important to hetero-nuclei imaging given the low in vivo concentrations and low
MR sensitivity of almost all hetero-nuclei. A quadrature surface coil has been used
to measure 17O relaxation times in vivo in rat brain at ultra-high field with excellent
SNR (215). Quadrature coils have also been reported to measure 'O and ?*Na
signals in human brain (165,243). For 1’0 inhalation studies in the mouse brain and
81p MRSI studies in rat hindlimb, the size of the coils has to be relatively small to
achieve optimized sensitivity. Despite the challenge to build very small coils and
distribute tunable capacitors on it, quadrature coils are undoubtedly promising to
enhance SNR for preclinical hetero-nuclei imaging studies with no penalty in

spatial and temporal resolutions.

Another issue that should be considered is the potential coupling between
the hetero-nuclei coil and the proton coil since the smaller hetero-nuclei coil is
placed within the relatively big proton coil in order to acquire both proton reference
images and hetero-nuclei images without moving the animal. In the current studies,
the two coils are placed in the orientation that the directions of two B fields are

perpendicular to each other to minimize the coupling. Active decoupling between
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the coils or dual-tune *H/3'P (or tH/'0) coils might solve this issue better for future

studies.

6.1.2. Sequence Design for 3P Studies

In the current 3P MRSI study, a uniform density single-shot spiral
trajectory was designed and implemented for spatial encoding. A total of 20 spirals
were acquired continuously in one TR for spectral encoding without extra echo shift
combining SPICE reconstruction. Alternatively, variable density multi-shots
spirals can be employed and it may allow for more flexible spatial-spectral

encoding schemes under SPICE framework.

Another direction for investigating mitochondrial function using 3P MRI is
to employ chemical selective MRI instead of MRSI as introduced in Chapter 1.3.4.
The current 3P MRSI study using SPICE described in Chapter 3 achieved
unprecedented spatial resolution and temporal resolution, which is unrealistic using
any conventional MRSI methods. Nevertheless, the SNR in rat skeletal muscle is
still very low with such a high spatial resolution (nominal voxel size 0.78x0.78%1.6
mm?) within 30s acquisition time. In order to measure mitochondrial oxidative
capacity, only the quantification of PCr is required. It would be beneficial to
quantify Pi and the chemical shift between Pi and PCr as well to calculate pH.
Therefore, chemical selective imaging focusing on PCr and Pi can potentially yield
better SNR due to the reduction of chemical shift dimension and still provides
sufficient information for assessment of mitochondrial function. Particularly, a
balanced steady-state free procession (bSSFP) framework has the potential to

accelerate PCr imaging due to the short repetition time. In addition, T2/T1 contrast
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provided by bSSFP is beneficial given the relatively long T2 value of PCr (22,244).
bSSFP-based sequence has been shown to achieve higher SNR per unit time
especially for long T2 values compared with FLASH-based sequence using

optimized flip angle (136).

6.1.3. Sequence Design for 'O Studies

In the ’O-water injection and '’O-gas inhalation studies as described in
Chapter 4 and 5, 3D spatial encoding was achieved by a stack-of-stars ultrashort
echo time sequence. This encoding approach yields fine in-plane resolution while
relatively large voxel size in the third dimension. Moreover, the view sharing
reconstruction was performed in kx-ky plane only, which did not take full advantage
of 3D k-space sampling. In order to explore view sharing in all three dimensions, a
3D center-out radial trajectory based on golden-ratio profile order is worth
investigation. A 3D radial trajectory (sampling from -Kmax t0 kmax) using
multidimensional golden means has been reported to achieve improved temporal
stability and robustness against artifacts in dynamic imaging for breast tumor
diagnosis (245). This approach can be easily adapted for the design of golden-angle
3D center-out radial trajectories (sampling from k-space center to kmax). In brief,
the location of the tip of a 3D spoke is determined by 2D golden means, ¢, and ¢,
which are derived by solving the eigenvalue and eigenvector of the 3x3 modified
Fibonacci matrix (245). Figure 6.1 shows the first five spokes designed by this
approach. Combined with KWIC reconstruction, this acquisition scheme is

promising to achieve more undersampling, which can be translated into higher
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temporal resolution and/or spatial resolution, compared with the stack-of-stars

sampling combined with in-plane KWIC reconstruction.

p=cos'(Imps]) &
a=2m-fmg}

Figure 6.1. 3D center-out radial trajectory using multidimensional golden means. The first
five spokes are shown and labeled with red numbers. The k; location (angle B) of each
spoke is determined based on ¢;. Once the kz location is fixed, the polar angle a in ky-Ky
plane is determined by ¢,. [me,] is the fractional part of m¢, redistributed in the range
of [-1,1]; {me,} is the fractional part of m¢,. ¢, = 0.4656 and ¢, ~ 0.6823 are derived

from the 3x3 modified Fibonacci matrix. m =1,2,3,...

6.1.4. Dynamic MRI Techniques

A variety of fast imaging techniques exploiting temporal and spatial
redundancy of the images have emerged in recent years. These approaches boost
the performance of dynamic imaging significantly by reducing scan duration,
improving temporal resolution, and increase spatial resolution. Among these
techniques, view sharing approaches such as MR fluoroscopy (246), keyhole

(247,248), BRISK (249), CURE (250), TRICKS (251), TWIST (252), etc. exploit
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temporal redundancy of the images; k-t approaches such as UNFOLD (253), k-t
BLAST (254), k-t SENSE (254), etc. utilize spatiotemporal redundancy jointly.
More details of the development of these techniques and the connections between
them have been described in a comprehensive and insightful review by Tsao and
Kozerke (255). Though these methods have been mainly used for proton imaging
such as fMRI and MR angiography, they have great potential for dynamic hetero-
nuclei imaging because the properties of the image function are essentially the same

in spite of relatively low SNR.

In the 3'P MRSI study described in Chapter 3, a successful attempt has been
made to apply *H SPICE approach to 3'P by exploiting the multi-dimensional
correlations of the image function. On the other hand, the O MRI studies
described in Chapter 4 and 5 borrowed the concept of view sharing that is widely
used in proton imaging and demonstrated the utility of this approach to measure
water movement across blood-brain barrier and CMROz2 successfully. Alternatively,
k-t approaches (e.g., k-t BLAST) and compressed sensing techniques (143) are also
potentially applicable to dynamic hetero-nuclei imaging. It is known that PCr
follows an exponential function during recovery; and the concentration of
metabolically produced H2!’O during inhalation can be modeled as a linear function.
SPICE or k-t approaches may take advantage of these unique temporal properties

of the image function for further accelerations.
6.2. Preclinical and Clinical Applications of *'P MRS/I in General

In this thesis, the 3P MRS method was applied to an animal model of type
2 diabetes to investigate the link between mitochondrial function in skeletal muscle
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and insulin resistance. Diabetes is one of the most important applications of
dynamic 3P MRS/I. Nevertheless, the applications of 3P MRS/I are not limited to
diabetes. Indeed, pathophysiological changes in high-energy metabolism
associated with or without diseases can all be investigated using 3P MRS/I. In
preclinical studies, 1P MRS/I has been used to investigate altered energetics in
animal models with disease in heart (36,256,257), liver (258), and brain (37,39,259).
In clinical studies, it has also been applied to characterize muscle energetics
(48,260,261), and alterations in energy metabolism in patients with fatty liver
disease (41,168), lymphoma (52), schizophrenia (99), etc. Therefore, translation of
the proposed fast 3P MRS/l method to clinical scanners is worth exploring for
metabolic investigations in a variety of organs in clinical research. Compared with
preclinical studies in small animals at high fields, the lower field strength
commonly used in clinical studies (e.g. 3T) can be compensated by much larger

voxel size in humans to avoid SNR loss.

In addition, 3P MT techniques allow in vivo quantification of metabolic
fluxes via CK and ATP synthase at equilibrium conditions. This technique has been
widely applied to quantify the CK reaction rate in heart, brain, and skeletal muscle
(14,23,262-267). Pi to ATP flux has also been investigated in liver, heart, brain,
and skeletal muscle (267-271). Combination of 3P MT and dynamic 3P MRS/I
allows for non-invasive measurements both at equilibrium and during metabolic
perturbations, and thereby provides comprehensive information on energy
metabolism. Therefore, implementing both techniques in one study is worth

exploring in future.

111



6.3. Potential Clinical Applications of *’O MRI in Stroke Patients

The proposed 'O MRI method was demonstrated in mouse models in this
thesis, however, it can be easily translated to clinical research. In YO inhalation
studies in human brain, a voxel size of 8~8.5 mm? was typically achieved using 3D
radial acquisition with a frame rate of 40~50 s at high fields (>7T) (165,272). As
shown in Figure 5.3, an acceleration factor of ~5 was achieved without SNR loss
using the golden-angle radial acquisition approach combined with view sharing
reconstruction. Given the relationship between acquisition time and SNR,
performing this method in human brain would allow for ~2.2 folds SNR gain with
the same voxel size and temporal resolution (assuming other factors such as coil
sensitivity and shimming conditions are the same). The SNR increase can be
exchanged for either higher temporal resolution (from 50 s to 10 s) or smaller voxel
size (from ~8 mm3to ~4 mm?®). In addition, as discussed in Chapter 6.1.3, 3D radial
acquisition combined with 3D view sharing provides more potential for data
undersampling and thereby more acceleration compared to the current stack-of-star
approach. Hence, an acceleration factor of 5 is a conservative estimation and more

acceleration is very promising for CMRO:z imaging in clinical studies.

The identification of ischemic penumbra is a widely recognized problem in
the treatment of stroke due to the absence of robust measurement techniques.
CMRO:2 imaging by ’O MRI in addition to perfusion and diffusion measurements
provides comprehensive information about metabolic changes that is potentially

helpful to identify penumbra. Therefore, the potential clinical application of the
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proposed 'O MRI method is promising to provide a sensitive and robust tool for

penumbra identification and treatment evaluation in stroke patients.

In conclusion, the challenges of dynamic hetero-nuclei MRI in preclinical
studies may be addressed by optimized coil design, sequence design suitable for the
unique MR properties of the target nuclei, and dynamic imaging techniques that
can be borrowed from proton imaging. Improvements of the aspects above will
undoubtedly give rise to better SNR efficiency, higher spatial resolution or
temporal resolution. The development and optimization of dynamic hetero-nuclei
MRI techniques will open the door of non-invasive metabolic imaging and provide
numerous opportunities to reveal alterations in metabolism and the underlying
mechanisms associated with various diseases. These methods are also promising to

be translated to clinical research for disease diagnosis and treatment evaluation.
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