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Abstract

Methods for Human Brain Metabolic Imaging using Hyperpolatized [2-"C]Pyruvate

Brian Chung

Hyperpolarized (HP) C magnetic resonance imaging (MRI) has demonstrated the powerful potential
for investigating and assessing tissue metabolism and microenvironmental alterations in diseases.
Monitoring the distribution and biochemical conversion of injected HP “C probes has recently
enabled first-in-man clinical trials using novel quantitative imaging markers and shown an ability for
noninvasive diagnosis and evaluation of many unmet clinical needs including cancer aggressiveness,
response to therapy, and also for cardiac, kidney and liver disease. The modality has shown safety and
feasibility for zz vivo quantitative detection of metabolites in organs including the liver, brain, kidney,
prostate and heart. This dissertation focuses on the development and application of the novel HP C
molecular probe [2-"C]pyruvate, to measure its metabolism for the first time in the brain of healthy
human volunteers. MR spectroscopic data acquired from the first HP [2-"C]pyruvate studies of
human brain metabolism are presented with kinetic models estimating rates showing similar but not
identical inter-subject values, culminating in the first MRI experiments using HP [2-"C]pyruvate with
a spectral spatial excitation pulse spotlighting spatial localization of its conversion to [5-"C]glutamate
and [2-"Cllactate. Methods for introducing new parameters to improve quantification of HP [2-
PClpyruvate to [5-"C|glutamate using a two-site exchange model, and experimental designs to
investigate the effects of unhealthy sleep for early detection of neurodisorders are also presented. The
success of these first HP [2-"C]pyruvate studies of human brain metabolism enables the design of

further investigations and clinical trials to quantify human disease and disorders in new ways.
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Chapter 1

Introduction

Magnetic resonance imaging (MRI) is a widely used, non-invasive and non-radioactive
medical imaging modality. Frequently employed in hospitals, MRI enables clinicians and
researchers to scientifically investigate a wide range of patient information, including
anatomy, fluid perfusion, diffusion and metabolism. While a majority of clinical MRI
studies acquire signal resulting from the magnetic field relaxation of the most abundant
element in the human body hydrogen (1H), isotopes of other elements such as carbon,
sodium, fluorine and phosphorus can also be measured. This has granted an ability to
acquire real-time differences in the rates of independent metabolic processes to
characterize and differentiate degenerate from healthy organ tissue. In the following
studies, Carbon-13 (13C), a stable isotope of naturally abundant carbon, is the primary

target for detection in Hyperpolarized (HP) 13C MR.



HP 13C MR refers to imaging the HP 13C-labeled compound introduced into the subject
and its downstream metabolites. While 13C is the only stable isotope of carbon
detectable by traditional MR], its low natural abundance in most living organisms, and
its fundamental nonpolar characteristics, are two primary limitations for this
technique’s sensitivity. To enhance total signal from 13C-labeled compounds, a process
called hyperpolarization (HP) may be performed, drastically increasing the polarization
while simultaneously maintaining neutral chemistry and stability for safe injection. The
resulting HP 13C solution is then injected in vivo and measured and identified by unique
resonant frequencies as it undergoes chemical transformations within the subject. If the
13C-labeled compound is an active metabolite, then rates of metabolic processes may be

modeled and quantified.

An active and significant challenge for the translation of HP 13C is the non-renewable
and quick decay of the HP state, also unique to individual molecular probes and
dependent on chemical structure. The most widely studied compound at the time of this
dissertation is [1-13C]pyruvate due to its favorable polarization properties and crucial
role in a number of significant metabolic pathways. Monitoring metabolic changes using
[1-13C]pyruvate has enabled researchers to explore and investigate a number of
pathologies, including cancer, heart disease, inflammatory arthritis, and traumatic brain
injury in new ways. However the pathway detectable by [2-13C]pyruvate commonly
known as the TCA cycle cannot be measured by [1-13C]pyruvate in vivo in humans. This
metabolite-specific imaging requires development and optimization of the RF pulse design,

width, time-bandwidth, repetition time, and other parameters, resulting in techniques which



achieve spectral suppression and ultimately highlight metabolites of interest, which for this

work includes [2-13C]pyruvate, [2-13C]lactate and [5-13C]glutamate.

The first chapter introduces fundamental concepts of MR and dissolution dynamic
nuclear polarization (dDNP), providing the reader with a scientific and technical
background to HP 13C MRI and further outlining theory, principles, and technical
challenges. Chapter 3 then explains biological significance of [2-13C]pyruvate and
translation of the technology from animal to human studies and clinical applications.
Chapter 4 describes and presents the first-in-human initial HP 13C studies of [2-
13C]pyruvate metabolism in the human brain. This approach was then significantly
advanced as described in Chapter 5 to enable first-ever HP [2-13C]pyruvate imaging with
whole brain coverage critical for impactful human studies. Chapter 6 describes signal
and post-processing techniques on acquired data to improve quantification of [2-
13C]pyruvate to [5-13C]glutamate conversion. Finally, Chapter 7 contains additional
material on the design of novel sleep studies and early-stage clinical research on
neurodisorders for the reader, outlining potential steps for future direction and

application.



Chapter 2
Scientific and Technical

Background

The following contains background information regarding scientific principles that enable
MRI and HP 13C MRI, necessary to accomplish and comprehensively understand the

experimental methods in this dissertation.

2.1 Fundamentals of Magnetic Resonance Imaging

2.1.1 Spin, Magnetic Resonance, Polarization

Nuclear spin is a concept interpreted and transcribed by physicists and engineers as a
quantum mechanical angular momentum, physically manifesting in a phenomenon known

as nuclear magnetic resonance (NMR)1. In attempts to visualize intrinsic physical properties,



subatomic particles deemed nucleons considered to be charged spheres embody a magnetic
moment, or “spin.” On Earth, many atoms with odd numbers of protons and neutrons possess
this quantum property known as spin, and as protons (1H) are the most abundant nuclei,
they exhibit the simplest and easiest to acquire case of NMR from ubiquitous natural
abundance. In humans and other known forms of life, 1H is also the most abundant and

easiest NMR visible nucleus and it comprises a majority of living tissuel2.

Y>0 Y<0
Magnetic Magnetic
o moment J moment

\

Spin angular \
momentum Spin angular
momentum

Figure 2.1: Spin angular momentum, magnetic moment and gyromagnetic ratio. Adapted
from Levitt [3].
Spin can be written as a vector S with directionality aligned along its axis of rotation®. The
magnetic dipole moment pu is related by an approximate experimental real constant unique
to the material, defined as the gyromagnetic ratio (y)3:

n=vSs (2.1)
The sign of y describes whether the net effect is parallel or antiparallel to the direction of S.
The bulk magnetization vector M can be used to represent a macroscopic summation of

magnetic moments:

M=%XYu (2.2)



In quantum mechanics the spin angular momentum may also be written as a fundamental
vector quantity where h is Planck’s constant (h = 6.62606957 x 10-3* m2 kg / sec) and I is the
fundamental spin operator:

S=-—1 (2.3)
At thermal equilibrium (no heat or work entering or leaving the system) and with no applied
external magnetic field (Bo), spins orient in random directions resulting in net zero
magnetization3. These spins align with the direction of an applied external magnetic field
leading to a net difference in charge carrier populations and a nonzero magnetization vector.
In this case the total magnetization at equilibrium is the net difference when the nuclei spins

are aligned and anti-aligned with the applied field3:

M, = 0% (2.4)

The potential energy E of a magnetic moment (u) in the presence of a B field aligned along
the z-direction is!:

E= —u-B=—u,B, =-yS,B, (2.5)

For hydrogen and other particles with spin = %2, we can write the difference in the two energy

states as!:
= hX
AE =h - Bo (2.6)
Where the ratio of these populations follows the Boltzmann distribution equation and k is
Boltzmann'’s constant (k = 1.3806488 x 10-23 m2 kg s—2 K-1)1:

2t = gAE/KT (2.7)

n-
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Figure 2.2: Splitting of energy levels in the presence of a magnetic field. Energy absorbed by
the system creates two distinct energy levels when pulse frequency approximately matches
AE. Adapted from Bottomley et al. [2].

When there is an excess of spins in one energy state than another, uneven distribution of
spins forms the basis of NMR signal. Polarization is defined similarly to optoelectronic charge

carriers in semiconducting metals considering the ratio of spins aligned with Bo over total

spin population?:

_ eDE/RT_4

p ="l = tanh(w) (2.8)

ny+n_  eAE/kT4q 2kT

2.1.2 RF Excitation

NMR signal arises from precession of the net magnetization M originally aligned with a main
magnetic field Bol. When M is tipped away from Bo, namely by another external magnetic

field B1, M precesses about Bo, described by the following equation?:

= =MxyB, (2.9)

Particular solutions for the above equation oscillate at the Larmor frequency (y) defined by:
w = YB, (2.10)
Nuclei have a specific gyromagnetic ratio inherent to the isotope at a given field strength Bo

as shown in Table 2.11.



Table 2.1: Natural abundance, gyromagnetic ratio (y) and Larmor frequency (w) at field
strength Bo = 3 T for selected nuclei. Adapted from Nishimura [1].

Nuclei Natural Abundance y (MHz/Tesla) w (MHzatB,=3T)
1H 99.99% 42.58 127.7
13C 1.1% 10.71 32.13
31p ~100% 17.24 51.72
19F ~100% 40.05 120.2
23Na ~100% 11.26 33.78

We define the z-direction of Bo as longitudinal and corresponding orthogonal xy-plane as
transverse such that at M aligns with Bo at equilibrium and no external field Bi. When we

apply B1 as an RF pulse, it induces a torque on M away from equilibrium along the z-axis*.

s(t)

Figure 2.3: Following an RF pulse, the magnetization vector is tipped by a flip angle 6 into
the transverse plane (left), and then precesses and decays about Bo inducing an
electromotive force in receiver coil (right). The force may be recorded as free induction
decay (FID), translated to NMR or MRI signal s(t), and Fourier transformed to recover
desired spectra. Adapted from Swisher et al. [5].

Following excitation, the resulting Free Induction Decay (FID) signal as the tilted M

precesses around the z-axis at the Larmor frequency may be detected using RF coils



according to Faraday’s law of induction. The actual flip angle rotation (6) of M as a result of
B1 may be determined considering its behavior where T is total experiment time?l.2:

0 = w,T for constant B1

0=y fOT B, (t)dt for time-varying B1(t) (2.11)
Hence a 90° (r/2) RF pulse flips M onto the transverse plane comprising the highest
transverse signal. However if this B1 pulse is removed or changed in time, the magnetization
vector will incline to relax along its predilected orientation along Bo and the flip angle (6)
will vary accordingly#. Similarly, a 180° () RF pulse will invert M to have no transverse

components and no signal.

Non-selective excitation is another name for the first case of a B1 field with constant
amplitude and angle of excitation without a slice-selection gradient on2. After the
magnetization vector is tipped from its original alignment with Bo, transverse components
in the orthogonal plane can be calculated from trigonometric identities: the transverse mxy
is the traditional sine of the flip angle and longitudinal m; is the cosine of the flip angle. For
HP experiments involving dynamics and imaging where magnetization is non-recoverable,
the flip angle employed is often much less than 90° to optimally preserve target

magnetization®.

For the cases of time-varying B1 fields, the shape of the applied Bi(t) pulse is determined
through relative timings and strengths of directional gradients*. Slice selection can be
achieved using a sinc-shaped Bi(t) pulse and a constant gradient that imposes a linear

variation on frequencies in space such that”:



f(2) == (B, +Gy) (2.12)
Thereby limiting the cases to such that only an RF excitation pulse of Larmor frequencies
that match the frequencies of the oscillating magnetic field is excited. Adjusting the
bandwidth of the selective pulse and the amplitude of the slice selective gradient are
additional parameters that modify overall slice thickness* While optimizing the shape of the
RF pulse this way in time can improve overall spatial selectivity, in practice there are
limitations as an infinitely long sinc pulse is unreachable and a windowed sinc is often

employed for imperfect and approximate slice selection.

The excitation profile of a Bi(f) is the Fourier transform of B1(t) for small flip angles less than
90°. The RF excitation results in the magnetic moment being tipped away from the direction
of the static field, with the duration of the RF pulse at the Larmor frequency often affecting
and determining the angle between the static field and net magnetization axes!. Excited
nuclei, considered to be in a higher energy state due to the absorption of energy, eventually
return to a lower energy state emitting at the Larmor frequency through free induction decay
(FID)2. This precession and decay about the static magnetic field is the recordable

phenomena known as relaxation?.

2.1.3 Relaxation

The resulting signal expected from RF excitation is an oscillation at the Larmor frequency
bounded within a decay envelope. This decay may also be considered macroscopic relaxation
of the net magnetization vector back to its original axis described using two relaxation time

constants T1 and Ta.
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Figure 2.4: Magnetization decay and recovery governing T1 and T2 relaxation processes.
Particular solutions to the differential equations are exponential, resulting in characteristic
critical points from real approximations of e. Adapted from McRobbie et al. [7].

T1 is known as the spin-lattice relaxation time, and it describes the recovery of the

magnetization’s longitudinal component, seeking to restore Boltzmann equilibrium3:

dM; _  M;—M,
=T (2.13)

In this first order differential equation, M: is the time-dependent longitudinal component of
magnetization and Mo is the magnetization at equilibrium. After M is tipped away from the
longitudinal axis, the remaining M: component is always less than the original longitudinal
magnetization and should eventually recover to this pointl. Mechanisms governing spin-
lattice relaxation result from induced field fluctuations due to molecular motion and include
dipolar coupling, quadrupolar coupling, spin rotation, paramagnetics, and chemical shift
anisotropy (CSA)8. To summarize, local fields experienced by nuclei change with molecular
reorientation, however in HP 13C studies it has been shown as B, increases, T1 decreases due

to dominant CSA relaxation mechanisms at higher fields, resulting in unintuitive faster HP

11



13C MR signal decay?+.

T2 is known as the spin-spin relaxation time, and it relates to the decay of the magnetization’s
transverse component, resulting from interactions within a large number of microscopic

magnetic dipoles?3:

AMyy _  —Mxy
dt T,

(2.14)

T2 relaxation following an excitation pulse occurs in the transverse plane. After all dipoles
are initially in phase, the spins almost immediately lose coherence and generate magnetic
fields affecting other nuclei in tissue, on the local order of approximately 1 mT5%. These
varying local magnetic fields embody a transfer of energy from dipole to dipole, with the rate
of transfer related to the rotation, translation and proximity of dipoles, increasing as the
frequency of the variation of local magnetic fields approaches Larmor frequencyl4. As an
example, pure H20 has a longer T2 than when found in tissues and macromolecules, because
nuclei can move considerably more unabatedly than at Larmor frequency, and hence T2 is

longer.

The actual decay of the transverse magnetization is a combination of the native decay
constant T, and another term which depends on the homogeneity of the samplel. This is a

similar constant T, that is specific to the material and defined as3:

1 1 1
T_Z*_T_2+T_2’_E+]/ABO (215)

when considering a theoretical uniform magnetic field and no susceptibility effects, T, is

equivalent to Tz. In clinical settings, T, is more practical as an experimental value due to

12



imperfections in the static magnetic field Bo and possible susceptibility effects in the patient
and sample, as it is proportional to the inhomogeneity of the field strength.
Solutions to these differential equations yield?!:
m,(t) = M, + (m,(0) — M,)e~*/™ (2.16)
Myy (£) = Mye™t/T2 (2.17)
T1 and T2 relaxation are independent processes, and Ti is often much longer than Ta.
Reformulation of these equations into a singular combination known as the Bloch Equation
provides a more complete and generalizable form!%. For HP experiments, a long Ti is
desirable as a short T1 can limit the acquisition time of the experiment and hence both the
resolution and acquired temporal specificity. A long T, and minimization of AB, is similarly

optimal to increase SNR and enable acquisition at increased spatial resolution®.

2.1.4 Bloch Equations and Chemical Exchange

When precession and relaxation are combined simultaneously considering both transverse

and longitudinal components10:

dM My i+myj m,—My)k
_:MX,VB_ X - y _( 4 0)
dt T, Ty

(2.18)
This phenomenological description of magnetization vector dynamics are known as the
Bloch equations. The Bloch equations are a powerful set of coupled differential equations
used to describe the behavior of a magnetization vector under any conditions. When

integrated, the Bloch equations yield dimensional components of magnetization as functions

of time10,

13
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Figure 2.5: Bloch equations in component form evaluated and solved using a variety of
mathematical software.

The Bloch equations are particularly useful when introducing additional experimental
parameters such as chemical exchangel2. In this form, the Bloch equations can be modified
considering relaxation as a result of chemical reactivity, defined as chemical exchange.
Chemical exchange is any process where a nucleus exchanges energy between two or more
environments affecting its measurable NMR parameters including chemical shift, dipolar
coupling, and relaxation rate. Examples include intracellular phenomena such as protein

folding or enzyme catalyzed reactions, binding, and protonation>.

The Bloch equations for a spin that can be in state A or B in the absence of exchange:

M
— =M XyBy — Ry(My — My) (2.19)

dM,
—, = M; XyBy — Ry(Mz — M) (2.20)
where R; and R, are matrices containing relaxation parameters for state A and B
respectively and M are longitudinal and transverse magnetization vectors as functions of

time or initial conditions11.12,

Assuming exchange from state A to B and its reverse are instantaneous, the equations

14



modified to include exchange with the addition of a first order kinetics term>12;

dM4

— = M; XyBy — Ry(My — M) + k(M5 — M) (2.21)
am
d_t2=M2 X yBz — Ry(My — M) + k(M4 — M) (2.22)

The differences in J-coupling constants primarily characterize exchange regimes. Fast
exchange (k « |§; — 6,]) results in a single resonance shifted by a weighted average of two
independent chemical shifts. Intermediate exchange (k = |§; — §,|) results in coalescence
observed through line broadening. Slow exchange (k > |6; — §,|) results in separate lines

observable for each state, with theoretical line broadening = k/m.

In NMR spectroscopy a rotating coordinate frame is used, the rotation frequency of which
equals the Larmor frequency of the nuclei. The Bloch equations conveniently consider all

nuclei rotating with the Larmor frequency fixed in this coordinate frame1.10.

Comparable with the 21st century’s rise of linear algebra engineering applications resulting
from the popularity of software algorithms and transistor logic over other rigorous forms of
mathematics including multivariate calculus and topology, an ingenuity underlying the Bloch

equations is in the succinct form which allows it to represent imaging concepts.
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Figure 2.6: Characteristic exchange regimes with approximate scale. Slow exchange is ideal
for rigorous models to determine kinetic rates. Adapted from Swisher et al. [5].

2.1.5 Chemical Shift

In practice a particle’s spin resonance at a given field strength is only approximated by the
Larmor frequency. At theoretical equilibrium, orbiting electrons can shield nuclei from a
primary magnetic field Bo resulting in actual spins experiencing a slightly lower field than
applied!. The difference in the chemical environment and nature of electron densities is
recorded as a frequency deviation known as chemical shift. The following comprises the

fundamentals of magnetic resonance spectroscopys3.

Factors influencing chemical shift include the previously mentioned nuclei and electron
density interactions, as well as the electronegativity of nearby groups, and anisotropic

induced magnetic field effects. If a particle is in the vicinity of an electronegative atom, it may

16



experience a reduction in its own electron density, also resulting in deshielding of its nuclei.
Anisotropic induced magnetization field effects can result from the appearance of locally
induced magnetic fields and can be paramagnetic when parallel to the applied field or
diamagnetic when opposed. This phenomenon corresponds with another change in the local

magnetic field resulting in a chemical shift of the recorded Larmor frequency?3.

When orbiting electrons shield nuclei from the primary magnetic field Bo, the spins
experience a slightly lower field. The change in frequency can be written as!:

w =yB,(1-0) (2.23)
The varying peak locations across an acquired NMR spectrum are the primary result of
chemical shift. In practice, varying Bo and taking multiple measurements with respect to a

reference characterizes and measures chemical shift.

Origin of Chemical Shift Sample 13C Spectrum
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183 179 176 171
ppPm  ppm ppm ppm

Figure 2.7: Chemical shift from an induced magnetic field in addition to the main field,
resulting in a molecular dependent shift of the Larmor frequency. Sample HP 13C spectrum
with chemical shifts. Adapted from Swisher et al. [5].
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In one-dimensional NMR, the signal is recorded as a function of time and then Fourier
transformed to yield a spectrum as a function of frequency. This may be extended to further
dimensions when recorded as a function of additional independent time variables from the
linearity superposition principle of the Fourier transform!3. The horizontal axis of a
traditional NMR spectra ranges in reverse from left to right, with 0 ppm shift representing

the reference sample with greatest electron shielding and least frequency change?.

2.1.6 Magnetic Resonance Imaging Principles

MRI is a standard medical imaging diagnostic modality that can provide excellent contrast
for investigating soft tissue in regions such as the brain, abdomen and pelvis. It employs
three primary types of magnetic fields: Bo (main static field), Bi(t) (RF excitation), and G(t)
(gradients for spatial and temporal localization)l. The general solution to the Bloch
equations in 3-dimensions can be written as a signal equation of the form10:
s(t) = [[ m(x,y)e” #lkxOx+ky(OY] gy dy (2.24)
k() = = [, G(@) dr (2.25)
Here s(t) is recognized as the 2D transform of m(x,y) at spatial frequency k(t). In practice,
sampling across a range of spatial frequency “space,” also known as k-space, and
subsequently applying a 2D Fourier Transform (2DFT) on the resulting signal yields
magnetization information contrast as an image!3. Adequate k-space coverage and sufficient
sampling by strategically varying the magnitudes and durations of gradient fields as well as

acquisition timing determines the overall quality of the imagel.
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Figure 2.8: A 2D FT imaging sequence. Adapted from McRobbie et al. [7].

Gx(t) and G,,(t) are defined as standard readout and phase encoding gradients respectively.
A standard 2DFT imaging sequence and the subsequent traversal through k-space, where
Gy (t) encodes along k, and G, (t) moves along k,, is shown1#. Considering the linearity of the
Fourier transform, these concepts and equations can be extended to additional imaging
dimensions, by adding k, and G,(t) or likewise terms. Magnetic resonance spectroscopic
imaging (MRSI), also known as chemical shift imaging (CSI), is one example and an extension
of MR spectroscopy where the distribution of multiple metabolites in an excited region is
detected by introducing a spectroscopic dimension?®. In this case, k¢ is not traversed across
arange of frequencies with the application of gradients but rather in an absence of gradients

as with traditional NMR4.

Spectroscopic imaging techniques acquire spectral information in each spatial voxel,
reducing need for prior knowledge about spectral resonances of HP compounds, with
amplitudes and shapes of acquired peaks illustrating information about the chemical

behavior and spin coupling of each compound?>.
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Figure 2.9: Pulse sequences for rapid HP 13C acquisitions: 2D multislice EPI and 2D EPSI.
Adapted from Chen et al. [16].

While narrow-band excitation pulses with multifrequency shifts in series can sufficiently
superimpose over the 13C spectrum of interest, this strategy is not ideal for slice-selective
imaging applications due to spatial mis-registrations in the presence of chemical shift!’. For
broadband spectral excitations, spectral-spatial pulses can offer advantage through

simultaneous control of frequencies, locations, and flip angles for HP 13C acquisitions?°.

Traditional acquisition techniques enable detection of all 13C resonances across the spectral
bandwidth by encoding for each spatial k-space location, however requiring numerous
phase encodes that can be time costly. To accelerate this, one simple strategy is to interleave
spectral and spatial encoding using techniques such as Echo Planar Spectroscopic Imaging
(EPSI), and spiral CSI2?0. These types of sequences feature shorter bandwidths due to
shortened echo-spacing, a phenomenon where the symmetry of free induction decay is taken
advantage of by recording the readout of successive RF pulses separated with a

predetermined echo time (TE)1618, Fast readout trajectories such as echo planar, spiral, and
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concentric ring reduce overall sampling speeds and improve spatial resolution and

coveragel8-20,

The following inverse relationships apply to real image and k-space in the readout

direction!¢:
FOV = — (2.26)
1 1
6= Ko =m (227)

Where FOV is the real image field of view, Ak is the k-space sampling rate, K,,,,, is the total
window width determined by the product of number of samples n and sampling rate, and §
is resolution. The relationships also apply to phase-encoding directions if the gradient is

activated prior to data sampling!8.

Total SNR is directly correlated with resolution in each dimension, and also the square root
of total acquisition time, which itself is a product of acquisition time for a single TR
(repetition time, often related to echo time TE) unit, number of phase encodes, and number
of signal averages ignoring transverse decay effects!. Hence to maintain equivalent SNR for
a twice-fold resolution improvement in each dimension, the total scan time should be

increased by at least a factor of sixteen>.
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2.2 Introduction to Hyperpolarized 3C Magnetic

Resonance for Molecular Imaging

2.2.1 Dissolution Dynamic Nuclear Polarization

The relatively low polarization of nuclear spins of low concentration metabolites at thermal
equilibrium and nuclei with rare natural abundance results in low sensitivity for MR
molecular imaging. Even using high concentrations, large sample volumes and acquisition
strategies with time intensive signal averaging, the applications of NMR are limited to detect
some nuclei with small gyromagnetic ratios in the clinical setting. For carbon, approximately
999% of its natural abundance is 12C and not NMR detectable; however 1% is 13C and NMR

detectablel4.16,

Dissolution Dynamic Nuclear Polarization (dDNP) is a technique that overcomes this
challenge by providing over 10 times signal enhancement for HP 13C MR resulting in great
increases in SNR21. The transfer of spin polarization from electrons to nearby nuclei is
performed by microwave irradiation at a cryogenically low temperature in a sustained
magnetic field; the nuclei and electrons are in close proximity while a free radical is
introduced in the dissolution process. The irreversible processes that govern the transfer of
electron polarization in close proximity to the 13C nucleus include solid effects, cross effects,
and thermal mixing from electron-neutron spin interactions1821. Nuclear spins can also
homogenously distribute polarization to and through neighboring nuclear spins via spin

diffusion3.
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Figure 2.10: Polarization vs. temperature (K) for subatomic particles. Electron polarization
at 1 Kis nearly saturated and 1000x greater than 'H and 13C nuclei. DNP enables the transfer
of polarization by biasing a considerable redistribution of spins compared to thermal
equilibrium and increasing SNR by > 104, Adapted from Milshteyn et al. [14].

Oscillating microwave irradiation transmitted via RF coils at a frequency that is the sum or
difference of the electron and nuclear Larmor resonant frequencies induces the coupled
interaction of spins. The magnetic field frequency matches the nuclei’s resonant frequency
energy and the sample’s magnetic moment changes direction resulting in RF excitation and

a net change in magnetization!416, The HP MR signal is irreversible and temporary as the

sample immediately begins to relax to thermal equilibrium when no longer irradiated?1.
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Figure 2.11: HyperSense (left) commercially available preclinical polarizer. 5T GE SPINlab
(right) clinical polarizer for up to 4 sample vials in parallel with sterile fluid paths and a QC
system for safe human injection. Standard operational steps of the HyperSense include: (1)
the buffer is heated and pressurized, (2) the sample space is pressurized, (3) the sample is
raised out of the liquid Helium, (4) the dissolution stick is lowered docking with the sample
holder, (5) the solvent is injected dissolving the sample while preserving enhanced
polarization.

2.2.2 Hyperpolarized 3C Magnetic Resonance Imaging with [1-

13C]Pyruvate

[1-13C]Pyruvate features excellent properties for DNP with a long T1, a high polarization
ceiling enabling high SNR and an important role in cellular metabolism>. Following
preclinical studies monitoring tumor progression, formation, and response to therapy, the
probe was rapidly translated for use in clinical trials in prostate cancer patients,

demonstrating great promise for HP 13C technology?2.
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Figure 2.12: Clinical 3T GE MR Scanner at the UCSF Surbeck Laboratory for Advanced
Imaging, 32-channel head coil with de-tunable transmission birdcage and receiver array
used for human volunteer studies.

Metabolite-specific broadband EPI pulse sequences designed for rapid and robust
volumetric imaging of HP [1-13C]pyruvate and other molecules have employed built-in
spectral-spatial RF pulses and flip angle schemes optimized for pyruvate and other
metabolites, and enabled specific patient studies with capabilities to integrate customized
pulses and flip angles1617.20, Commonly used techniques include ramp-sampling, partial-
Fourier, and Nyquist ghost corrections, and sequences are compatible with clinical MR

scanners and reconstruction and analysis softwarel8.
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System Components for HP 13C MR Clinical Research
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Figure 2.13: Schematic illustrating system components for Hyperpolarized 13C MR clinical
research. A clinical-grade sterile pharmacy manufacturing and GE SPINlab with built-in QC
system are used for sample preparation. Experiments are conducted with specifically
engineered MR detector hardware, a traditional MR scanner and fast 13C pulse sequence
designs. Following post-processing steps, and combined with pre-clinical studies, FDA
regulatory approval requirements are met to translate experimental methods to patient
research. Adapted from Wang et al. [23].

To date [1-13C]pyruvate is the most widely studied and used HP 13C probe?22. Pyruvate is an
important product of the glycolytic pathway with an ability to report on the Warburg effect
observed in many cancer cells. HP [1-13C]pyruvate MR metabolic imaging has been applied
to identify tumor metabolism?22.24, assess aggressiveness2>, evaluate treatment responseZ6,
and probe organ functionZ427, [t is therefore hypothesized HP [2-13C]pyruvate with the 13C
isotope enriched in the 2-position can provide novel metabolic information for human brain

studies?8 considering its unique position atop multiple anaplerotic and cataplerotic cascades

in the tricarboxylic acid (TCA) cycle.
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The power of metabolic imaging HP 13C-labeled cell substrates is the information it provides
on dynamic processes. However, one weakness is it provides no information on the
concentrates of the labeled substrates and therefore quantitative information on flux cannot

directly be determined or expressed>.

Regarding practical requirements for HP 13C MRI, the high costs of a dedicated polarizer in
the million-dollar range and a state-of-the-art MR scanner currently limit the feasibility of
performing the high-end imaging modality primarily to non-academic institutions, where
the interprofessional collaborations among many physicists, scientists, engineers,
pharmacists, technologists, and nurses contributes significantly to its competitive success.
Finally the evidence of clinical utility in Phase II and III clinical trials has yet to be
demonstrated for the FDA to approve the HP 13C imaging modality for routine clinical

usel8?22,
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Chapter 3
Translation of HP “C MR for

[2-°C]Pyruvate Human Brain Research

3.1 Motivation for Hyperpolarized 3C Magnetic

Resonance Imaging with [2-13C]Pyruvate

HP 13C MR molecular imaging provides a unique ability to image and measure human
metabolic processes in novel ways to acquire insight about how cellular bioenergetic
pathways are organized and function. The modality utilizes the engineered phenomenon of
dissolution dynamic nuclear polarization (dDNP) where nuclear spins in the solid state are

hyperpolarized through coupling with unpaired electrons added via an organic free
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radicall2. Dissolution DNP provides over 10,000 fold signal enhancement for HP 13C MR,
enabling a novel stable-isotope molecular imaging approach for preclinical and recently
clinical research studies demonstrating both safety and translational potential for human HP

13C molecular imaging?-.

HP [2-13C]Pyruvate HP [2-13C]Lactate
o @)
OH |* ’
LDH OH
O
OH
PDH
Acetyl-CoA
/ \ PDH = Pyruvate Dehydrogenase
OAA Citrate LDH = Lactate Dehydrogenase
/ \ GLDH = Glutamate Dehydrogenase
Malate Isocitrate
Fumarate x-KG |—
N~ GLDH ®NHj
Succinate HP [5-13C]Glutamate

Figure 3.1: Diagram illustrating [2-13C]pyruvate metabolism investigated by this HP 13C MR
study of the human brain. HP pyruvate with the 13C isotope enriched in the 2-position ([2-
13C]pyruvate) have successfully shown direct detection of downstream metabolites such as
[5-13C]glutamate following its conversion to acetyl-CoA.
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Although HP [1-13C]pyruvate is the most widely utilized molecular contrast agent for MR
metabolic imaging, there may be similar strong diagnostic potential for HP [2-13C]pyruvate
in particular investigating human brain metabolism. In a [1-13C]pyruvate study bicarbonate
signal, indicating flux of [1-13C]pyruvate through pyruvate dehydrogenase (PDH) resulting
in COz and its rapid conversion to bicarbonate, had a similar consistent spatial distribution
and was also highest in many similar regions such as the occipital lobe as [1-13C]lactate, a

metabolic byproduct of [1-13C]pyruvates.

MR detection of the conversion of HP [1-13C]pyruvate to [1-13C]lactate catalyzed by lactate
dehydrogenase (LDH) has demonstrated research value and clinical potential in Phase I
trials of cancer patients spotlighting the Warburg Effect? with greatly upregulated LDH
activity®’. In approaching the TCA cycle however, [1-13C]pyruvate is enzymatically
metabolized via PDH and the HP 13C label is transferred to 13CO2, preventing direct detection
of downstream TCA cycle metabolites. Prior animal studies using HP pyruvate with the 13C
isotope enriched in the 2-position ([2-13C]pyruvate) have successfully shown direct
detection as the HP 13C labeled atoms are carried over into acetyl-CoA, a precursor to the
TCA cycle, and then on to [5-13C]glutamate (a key neurotransmitter), acetyl-carnitine and

other metabolites as shown in Figure 3.18°.

Motivation for this chapter included identification of novel metabolic imaging biomarkers
and translation of previous protocols for molecular probes. Additional quality control
experiments ensured a manufacturer of [2-13C]pyruvate met processing qualifications in

accordance with its Good Manufacturing Process (GMP) certification.
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3.2 Biological Significance of [2-'3C]Pyruvate and TCA

Cycle Metabolism

The TCA cycle is the major metabolic cellular bioenergetic pathway performing a central role
in the breakdown of large organic fuel molecules such as pyruvate, glucose, and some amino

acids, enabling fuel oxidation and cataplerosis for biosynthetic pathways of lipids and

proteins10.
O
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Figure 3.2: Diagrams highlighting intracellular [2-13C]pyruvate metabolism. TCA cycle
metabolism is detectable by HP [2-13C]pyruvate in its conversion to [5-13C]glutamate, but is
not directly detectable with [1-13C]pyruvate. Enzymes including pyruvate dehydrogenase
(PDH) catalyzing biochemical reactions are noted. Adapted from Timm et al. [11].
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Figure 3.2 illustrates [2-13C]pyruvate metabolism along the bifurcated pathway to the TCA
cyclell, Pyruvate is first metabolized via PDH and converted to Acetyl-CoA. This principal
molecule undergoes multiple reactions in the TCA cycle as enzymes catalyze specific
biochemical reactions and a single reaction would potentially release much less energy in
usable form12-14, Acetyl-CoA is catalyzed via citrate synthase to citrate, and then to cis-
aconitate and isocitrate via aconitase. Finally isocitrate dehydrogenase (IDH) is responsible
for conversion to alpha-ketoglutarate (a-KG), which is converted to glutamate via glutamate

dehydrogenase (GLDH) in a reversible reaction shown in Figure 3.312,

CH,—COO~ CH,—COO~
Glutamate

CHa Dehydrogenase oz
| : |

H—C —CO0O~ YT O0=C —CO00O~
NH," NAD  NADH

+
Glutamate NH,* o-Ketoglutarate

Figure 3.3: An essential reaction in the TCA cycle intermediate production catalyzed by
GLDH. The conversion of glutamate to a-ketoglutarate and ammonia is reversible and vital
in amino acid synthesis. Adapted from Brandt [12].

For this study [2-13C]pyruvate, [2-13C]lactate (product of anaerobic glycolytic metabolism)
and [5-13C]glutamate (neurotransmitter generated through oxidative TCA metabolism) were
selected as metabolites of interest due to biological relevance and hypothesized presence of
signall4-16, Pyruvate is the end-product of glycolysis and derived from additional sources in

cellular cytoplasm. It is transported to the mitochondria where it drives ATP production by

oxidative phosphorylation and multiple biosynthetic pathways. Mitochondrial pyruvate
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metabolism is regulated by many enzymes including PDH and pyruvate carboxylase that

modulate overall pyruvate carbon flux!?.

Mono-carboxylate transporters (MCTs) are primarily responsible for transferring pyruvate
and lactate from cell to cell with defining electrochemical affinities141517.20, MCT4 is one type
that regulates excretion of lactate produced by glycolysis, and it has recently been shown in
cancer cells that MCT4 is upregulated and is involved in tumor growth and infiltration, and
its expression is indicative of an aggressive phenotype in a number of cancers>1820.21,
Lactate is a crucial indicator of cancer development, regulation, and metastasis with high
MCT4 export performing a major role in creating the high lactate levels in the tumor
microenvironment and is correlated with increased metastasis, tumor recurrence, and poor

outcomes?1,
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Figure 3.4: Metabolic interactions between astrocytes and neurons showing major reactions
including glutamate (GLU) and a-ketoglutarate (a-KG). Adapted from Cakir et al. [22].
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In the human brain, glutamate is the most abundant excitatory neurotransmitter with
powerful transporters (GLUT) helping prevent excess activation of receptors through
continuous removal from extracellular fluid23. Neuronal uptake of lactate makes use of MCT2
with high affinities whereas astrocyte uptake primarily functions through MCT1 and MCT4
with low affinities24. For de novo glutamate synthesis in astrocytes, oxaloacetate formed by
pyruvate carboxylation condenses with acetyl-CoA and is converted to a-ketoglutarate as
part of the TCA cycle and further to glutamate?2. Depicted in Figure 3.4, astrocytes are a type
of glial cell that maintain homeostasis of synapses, regulate neuronal signaling, structurally
support and insulate neurons, supply nutrients and oxygen, and in aging, destroy pathogens
and remove dead neurons, as well as clear neurotransmitters from the synaptic cleft and

provide distinction between arrival of action potentials13.14.22.26,

Glutamate performs a crucial role in brain development, learning and memory, with cells
featuring sensitive receptors reactive to the right amount of glutamate at the right times23.
Hence, glutamate dehydrogenase (GLDH) is a significant enzyme as it occupies a pivotal
position between carbon and nitrogen metabolism10.1523, The three basic types of GLDH
enzymes include those cofactor-specific for NAD, for NADP, or dual co-enzyme specific for

either cofactor!4.

Na*-dependent excitatory amino acid transporters (EAATs) maintain low extracellular

glutamate levels in the central nervous system against the concentration gradient as

secondary active transporters. Several plasma membrane glutamate transporters are known
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to exist with varying electrochemical affinities, with high-affinity transporters including five

EAATS that have been identified and cloned to date?327,

Glutamate can enter various metabolic pathways in accordance with cellular demand and
tissue-specific function requirements4. In skeletal muscles, glutamate is an anaplerotic
precursor of the TCA cycle for enhancing oxidative metabolism?28. Growing tumor cells have
also been found to increase the uptake and synthesis of glutamate as an alternative carbon

sourcel415.24

Data acquired in a rat brain following an injection of HP [1-13C]ethyl pyruvate, a lipophilic
probe known to cross the blood brain barrier (BBB), showed a comparable average lactate
level as injecting [1-13C]pyruvate2®. However, toxicity was a factor limiting this HP agent.
Alternatively, [2-13C]pyruvate is non-toxic and has a strong likelihood to provide more
information, due to the functional significance and biological relevance of its conversion to

[2-13C]lactate, [5-13C]glutamate and other TCA cycle metabolites.
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3.3 Preclinical Quality Control

Table 3.1: Chemical shift, in vivo T1 and upper limit polarization values for metabolites of
interest calculated in theory and taken from literature. Two chemical shift values correspond
with the downfield and upfield peaks for a doublet. T1 values at field strength Bo = 3 T.
Adapted from Bottomley et al. [16].

Metabolite of Interest Chemical shift (ppm) T1 (sec) Polarization
[2-13C]Pyruvate 206.00 40 27%
[5-13C]Glutamate 181.8 10 25%
[5-13C]Glutamine 179.56 - 28%
[1,2-13C]Pyruvate 172.28|170.30 - -

[2-13C]Lactate 72.39167.90 25-30 20%
[2-13C]Pyruvate-Hydrate 95.44 - -

L~
1bﬁ,\wm~ Al
ﬁﬁ Lot#MBm! ¢

Figure 3.5: [2-13C]Pyruvate received from Isotec Stable Isotopes of Millipore Sigma, recently
approved under a GMP for human studies.

Prior to use in human studies, [2-13C]pyruvate received from Isotec Stable Isotopes of
Millipore Sigma was tested measuring Ti, polarization and purity to ensure it matched

expectationslé. In addition in vivo spectroscopy was performed in Sprague-Dawley rats to
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observe successful detection of metabolites30. Table 3.1 contains relevant expected and

calculated chemical shift, T1 and polarization values for referencel®.

3.3.1 T, and Polarization

T1 and polarization were tested first. Table 3.2 summarizes QC HP experiments conducted
using a HyperSense measuring T1 and polarization of [2-13C]pyruvate. T1 relaxation times
and liquid-state polarization levels of [2-13C]pyruvate measured with independent
characterization experiments reaffirmed literature values!®. Total polarization over the
thermal signal was determined by back-calculating from the time of injection to the start of
signal acquisition. In vivo T1 values are expected to be approximately half as measured ex

vivo.

Table 3.2: Summary of QC HP experiments recording T1 and polarization of [2-13C]pyruvate
with most values slightly lower yet close to expected values shown in Table 3.1. Polarization
values were back-calculated using transfer time.

Date T4 Transfer Time Polarization pH
05.15.2016 52 sec 42.94 sec 17.80% 7
02.21.2017 51 sec 47.63 sec 16.36% 5.5
03.16.2017 48 sec 50.53 sec 20.70% 6.5
03.20.2017 42 sec 45.85 sec 10.20% 5
05.15.2017 47 sec 45.25 sec 15.61% 7
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Figure 3.6: T1 exponentially fit curve for 05.15.2016 in MATLAB (left). Polarization
measurements for 05.15.2016 in MATLAB (right) using transfer times from injection to
acquisition. The polarized signal is orders of magnitude higher than the thermal signal noting
intensity scales verifying successful hyperpolarization.

A 13C pulse sequence with a nonselective 500 psec hard pulses and a flip angle 8 = 5° was
implemented for RF excitation. T1 values were determined following exponential fitting
using MATLAB. T1 and polarization values were found to be in relative agreement although
slightly lower than anticipated. For reference, typical polarization values for [1-13C]pyruvate
are expected about 25%16. Experiment #3 was found to be a primary outlier - a slightly lower

pH measurement immediately following the experiment indicated a compound imbalance

presumably in the dissolution process.
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Figure 3.7: [2-13C]pyruvate QC HP experiment measuring Ti and polarization of [2-
13C]pyruvate representing a sample with reduced formic acid. The fit T1 curves yielded
values roughly on the order of 50 seconds, with polarization values about 17%. This is in
agreement with literature values where the T1 of [2-13C]pyruvate is known to be about 10

seconds shorter than [1-13C]pyruvatelé.

The HyperSense has a lower field of 3.35 T and operates at a higher temperature of 1.3 K

than the SPINlab at 5 T and 0.77 K which may potentially contribute to slightly lower

polarization values preclinically than for human studies (Eqn. 2.8).
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3.3.2 Purity

An emerging health concern in the clinic is the potential toxicity of the gadolinium contrast
agent used in traditional MRI3L Safety precautions similarly require 13C organic contrast
agents, including C2-labeled pyruvate, to meet purity qualifications to be approved under a

Good Manufacturing Process (GMP) for human studies with sterility and endotoxin testing?!.

Pyruvic acid solution NMR testing was performed using a Varian VNMRS 500 MHz (Varian
Medical Systems, Palo Alto, CA) to confirm the absence of impurities. Formic acid, a naturally
occurring simple carboxyl acid, and alpha-ketoglutarate (a-KG), a TCA cycle intermediate
metabolite, were two peaks recorded, to which reduced amounts were confirmed in
subsequent samples. Formate was measured to be reduced from 0.2967% to 0.0946% and

o-KG from 0.2655% to 0.0940%.

While HP [2-13C]pyruvate differs from the widely used HP [1-13C]pyruvate by the position of

the 13C label, many protocols for its use are identical?>.
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Figure 3.8: Pyruvic acid solution (205.94 ppm) NMR testing using a Varian VNMRS 500 MHz
confirming reduced amounts of formic acid (172 ppm) and a-KG (170.0 ppm) further
verifying absence of impurities.
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Figure 3.9: Subsequent 2018 samples featuring reduced impurities of formic acid (172.2
ppm) and a-KG (170.1 ppm).
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3.3.3 in vivo Spectroscopy

In vivo spectroscopic animal studies were performed prior to human volunteer studies
following Institutional Animal Care and Use Committee (IACUC) approval. Non-localized
dynamic 13C NMR spectra were acquired in slabs with hard-pulsed excitation (TR/TE = 3
sec/35 msec, bandwidth = 10kHz, pulse width = 248 psecs) on a 3T GE MR clinical scanner.
Following injection, two Sprague-Dawley rats were scanned for a total of 10 scans each using
a variable flip angle scheme. 4,096 total timepoints were acquired at center frequency =
32,135,355 Hz with a fixed urea phantom as reference signal. Animal breathing rates were
recorded at approximately 40 breaths per minute indicating that animal vital signs remained

stable. Data was processed using the UCSF software package SAGE.

[5-13C]glutamate and [2-13C]lactate, in addition to other possible metabolite resonances such
as acetylcarnitine and acetoacetate were detected. Figure 3.8 shows characteristic peaks
assigned by Park et al. from studies of HP [2-13C]pyruvate in the murine brain30. The
spectrum is normalized to the [2-13C]pyruvate peak and the pyruvate doublet at 172.9 ppm

is from naturally abundant 13C in the C1 position of the HP substrate.

Metabolic products of [2-13C]pyruvate were successfully measured in vivo in two rats using
NMR spectroscopy prior to human studies32-34. Figure 3.10 depict acquired spectra using
SAGE following phase corrections focusing on the chemical shift range pertaining to TCA
cycle metabolites. The resulting signal is believed to primarily originate from the abdomen

and intestines, evidenced by the presence of glutamate, acetoacetate and acetylcarnitine. The
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splitting of the urea reference is potentially due to the presence of bubbles and imperfect

shim corrections.
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Figure 3.10: [2-13C]Pyruvate NMR spectrum acquired in a murine brain with labeled
characteristic peaks of [5-13C]glutamate, [1-13C]citrate, [1-13C]acetoacetate, [1-
13C]acetylcarnitine and [1-13C]pyruvate. Liquid state polarization = 25.5%, T1 = 50 sec, FID
spectroscopy sequence with spectral width = 10 kHz, nominal flip angle = 11.25°, TR = 3
seconds, slice thickness = 8 mm, signal time-averaged over first 20 timepoints. Adapted from
Park et al. [30].
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Figure 3.11: Non-localized test spectrum after injection of [2-13C]pyruvate in a rat study.
Peak assignments and chemical shifts were calibrated and labeled denoting approximate
values with respect to [2-13C]pyruvate’s chemical shift of 207.8 ppm.
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Figure 3.12: Polarization buildup curves. Timepoints extend into the page with frequency
units (ppm) along the x-axis. Signal decay from HP compounds is unrecoverable.

In summary HP [2-13C]pyruvate from a new specialized manufacturing process was
investigated and in vivo metabolism was observed, demonstrating significant progress and
potential for future clinical translation of this molecular probe. T1 and polarization data were
in accordance with expected values and [5-13C]glutamate and other TCA cycle metabolic

products were measured using NMR spectroscopy.
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4.1 Abstract & Introduction

Methods for the preparation of hyperpolarized (HP) sterile [2-13C]pyruvate were developed
to test its feasibility in first-ever human NMR studies following FDA-IND & IRB approval.
Spectral results using this MR stable-isotope imaging approach demonstrated the feasibility
of investigating human cerebral energy metabolism by measuring the dynamic conversion
of HP [2-13C]pyruvate to [2-13C]lactate and [5-13C]glutamate in the brain of four healthy
volunteers. Metabolite kinetics, signal-to-noise (SNR) and area-under-curve (AUC) ratios,
and calculated [2-13C]pyruvate to [2-13C]lactate conversion rates (kp.) were measured and
showed similar but notidentical inter-subject values. The kr. measurements were equivalent

with prior human HP [1-13C]pyruvate measurements.

HP [2-13C]pyruvate provides novel metabolic information different from HP [1-13C]pyruvate
due to its unique positioning atop multiple anaplerotic and cataplerotic metabolic cascades
in the TCA cycle with known fast conversions!l. Prior preclinical studies have shown
differences in [2-13C]pyruvate to [5-13C]glutamate metabolism with isocitrate
dehydrogenase (IDH) mutations in brain tumor models not detected by HP [1-13C]pyruvate

MR2.

The goal of this study was to develop methods for the hyperpolarization and preparation of
sterile [2-13C]pyruvate with FDA-IND and IRB approval for first-ever human studies3. We
sought to investigate HP [2-13C]pyruvate conversion to [2-13C]lactate and [5-13C]glutamate
in the normal brain in four volunteers, demonstrating a significant first step for HP metabolic

imaging to diagnose neurological disorders potentially at an early stage and monitor
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treatment response. Unlike animal studies, the human experiments were performed without

anesthesia that significantly reduces brain pyruvate metabolism*.

4.2 Experimental Methods

4.2.1 [2-13C]Pyruvate: FDA-IND, IRB, Human Volunteers

[2-13C]pyruvate was produced by MilliporeSigma Isotec Stable Isotopes (Miamisburg, OH)
following GMP for first-ever use in human HP MR studies. All human studies followed an IRB
and FDA IND-approved protocol with informed consent. Proton T2-FLAIR anatomical

reference imaging scans showed volunteers had no acute abnormalities.

4.2.2 Clinical Preparation: Hyperpolarization, SPINlab

A 1.46 g sample of 14 M 99% enriched [2-13C]-labeled pyruvic acid (Millipore-Sigma,
Miamisburg, OH) mixed with 15 mM trityl radical®> (GE Healthcare, Oslo, Norway) was pre-
filled in a single-use, pharma-kit polymer fluid pathway and polarized for over 2 hours in a
SPINlab polarizer (General Electric, Niskayuna, NY) operating at 5 Tesla and 0.77 Kelvin,

with microwave irradiation frequency in the 94.0 - 94.1 GHz band.

Following the protocol approved by the University of California San Francisco IRB and the
FDA IND, and after dissolution and meeting all quality control specifications and pharmacist
approval, 0.43 mL/kg of the hyperpolarized pyruvate solution (250 mM) was injected
intravenously at a rate of 5 mL/s using a power injector (Medrad Inc.,, Warrendale, PA)

followed by 20 mL of sterile saline.
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4.2.3 MR Protocol

Volunteers were measured using a 3T MR scanner (MR750, 50 mT/m gradient amplitude,
200 T/m/s slew rate; GE Healthcare, Waukesha, WI) and scanned with a volume excitation
and 32-channel receive 13C array coil for brain studies®. A 400 psec hard pulse excitation
provided an approximately 2.5 kHz excitation bandwidth, with a nominal flip angle of 40° at
the center frequency of 141 ppm calibrated using a built-in urea phantom. The [2-
13C]pyruvate, [5-13C]glutamate, and [2-13C]lactate doublet resonances were excited with 7°,
30° 5° and 2.1° flip angles respectively. The acquisition used temporal and spectral

resolutions of 2 sec and 2.4 Hz across 30 timepoints for a total scan time of 2 minutes.

4.2.4 Data Analysis

Dynamic spectroscopic data yielding kinetic rates and curves was reconstructed after zero-
filling free induction decays. The 32-channel data was combined with a phase-sensitive

summation followed by line broadening of 5 Hz?.

For the pyruvate-to-lactate conversion (kr.) kinetic model, the measured pyruvate
magnetization functioned as the input for fitting the lactate magnetization. The MATLAB
model was solved based on minimization of a constrained least-squares error computed
across measured and estimated lactate using a trust-region-reflective algorithm. The input-
less fitting was chosen over integral ratios due to improved accuracy by accounting for
variability in delivery times8. Analytical methods are available from the Hyperpolarized MRI

Toolbox via the Hyperpolarized Technology Resource Center®.
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Quantitative data processing and display were achieved using MATLAB (The MathWorks
Inc.,, Natick, MA) and MestReNova (Mestrelab, Santiago de Compostela, Spain). Zero- and
first-order phase corrections were performed, and baseline was subtracted by fitting a spline
to signal-free regions of the smoothed spectrum. Metabolites of interest were quantified
following prior assignments by selecting and integrating across peak boundaries??. Single
timepoint data 16 seconds following injection was further analyzed and interpreted

following singular value decomposition (SVD) signal enhancement techniques811-13,
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Figure 4.1: Representative Carbon-13 NMR summed spectrum from the brain of a healthy
volunteer acquired with a 32-channel head coil following an injection of 1.43 mL/kg of
250mM [2-13C]pyruvate. Peak identification was assigned following those by Park et al. from
studies of HP [2-13C]pyruvate in the murine brain10: A) [2-13C]pyruvate, B) [5-13C]glutamate,
C) [1-13C]citrate and/or [5-13C]glutamine, D) [1-13C]pyruvate (natural abundance doublet),
E) [2-13C]pyruvate-hydrate, F) [2-13C]lactate doublet.
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downfield by approximately one half.
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Figure 4.3: Spectra for four volunteers at a single timepoint 16 seconds post-injection.
Similar levels of [5-13C]glutamate and [2-13C]lactate reflect the underlying biochemistry of
the healthy human brain of similar rates of conversion of [2-13C]pyruvate to [2-13C]lactate
catalyzed by LDH as [2-13C]pyruvate to [5-13C]glutamate catalyzed by PDH.
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Figure 4.4: Time dynamics illustrating rapid conversion of metabolites. As shown in the
corresponding Figure 4.3, the rates of conversion of [2-13C]pyruvate to [5-13C]glutamate are
similar in the normal human brain.
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Figure 4.5: Time dynamics illustrating rapid conversion of metabolites. From this rotated
orientation, we clearly observe the rise and decay of metabolic signals, highlighting the
significant benefit hyperpolarization grants us in drastically increasing the SNR of TCA cycle
intermediate metabolites to observe kinetics.
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Figure 4.6: Dynamic plots of metabolite kinetics from four volunteers. Results were
consistent noting minor differences in intensity scale.
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4.3 Experimental Results

4.3.1

Volunteer Spectra

HP [2-13C]pyruvate, [2-13C]lactate, [5-13C]glutamate and other metabolites were successfully

observed and quantitatively measured for the first time in four volunteers. Figure 4.1 shows

arepresentative summed spectra over the total 2 min scantime for a healthy volunteer using

a pulse and acquire scheme with the RF profile shown in Figure 4.2. Figures 4.3, 4.4, 4.5 and

4.6 depict spectra and kinetics of measured metabolite resonances.

Table 4.1: SNR for each volunteer from a single timepoint 16 seconds post-injection with
calculated mean and standard error.

Volunteer [2-13C]Pyr [5-13C]Glu [2-13C]Pyr-Hyd [2-13C]Lac [2-13C]Lac
(Left Peak) (Right Peak)
1 885.93 91.18 169.68 24.63 9.55
2 1278.34 68.36 265.33 42.58 18.55
3 2114.06 83.03 428.07 72.67 32.95
4 964.09 57.43 219.63 50.93 22.05
Mean 1310.61£486.57 | 75.00£13.03 | 270.68+96.96 | 47.70£17.27 | 20.77+8.38
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Table 4.2: AUC metabolite ratios for each volunteer summed across all timepoints with
calculated mean and standard error.

Volunteer Lac / Pyr Glu / Pyr Pyr-Hyd / Pyr Glu / Lac
1 0.024 0.027 0.163 1.125
2 0.030 0.045 0.178 1.500
3 0.028 0.030 0.180 1.071
4 0.038 0.037 0.191 0.974
Mean 0.030+£0.005 | 0.035%0.007 0.178+0.010 1.168+0.199
4.3.2 SNR & Metabolite Ratios

Tables 4.1 and 4.2 summarize measured SNR from the single timepoint data and AUC
metabolite ratios summed across all timepoints for the 4 volunteers. Measured values and
calculated mean and standard error across volunteers were consistent within expected
ranges®. The observed variations in SNR can be attributed to multiple factors including brain
volumes, polarization values, and delivery times from the polarizer to the subject. These
demonstrated however minimal effects on the ratios and kinetic values that showed tight
agreement between volunteers. The third volunteer dataset showed the highest SNR with
AUC ratios near median and was hence selected as the representative spectrum for peak
identification in Figure 4.1. The [2-13C]lactate (left and right peaks) correspond to the left
and right resonances of the [2-13C]lactate doublet in the 13C MRS spectra. The left (downfield)

resonance is about two-fold higher due to the excitation profile shown in Figure 4.2.
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Figure 4.7: Plots of kr. analysis demonstrated similar results for a dataset previously
acquired with [1-13C]pyruvate from a volunteer (left) and [2-13C]pyruvate from volunteers
acquired in this study, with the mean + standard error for all 4 volunteers (right).

4.3.3 [2-3C]Pyruvate kpr Model

Figure 4.7 shows a MATLAB plot of a measured [2-13C]pyruvate kp. value from the volunteer
studies with calculated mean and standard error of 0.011 * 0.002 sec'l. The values were
consistent with prior [1-13C]pyruvate kp. values of 0.012 sec'! acquired using a similar setup
and non-selective pulse-acquire strategy®10. Identical results of pyruvate to lactate kinetics

across a previously processed [1-13C]pyruvate dataset and newly acquired [2-13C]pyruvate

datasets from volunteers lends verification to the robustness and consistency of approach.
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Figure 4.8: [2-13C]pyruvate signal acquired using a metabolite-specific flip angle schedule
and echo planar imaging (EPI) readout overlaid on reference 'H proton images. The pulse
sequence was designed with: resolution = 2.5 x 2.5 cm?, slice thickness = 5 cm, bandwidth =
6 kHz, TR = 3 sec, TE = 2.8 sec, Opyr = 10°. Average SNR = 682.
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Figure 4.9: [5-13C]glutamate signal acquired using a metabolite-specific flip angle schedule
and echo planar imaging (EPI) readout overlaid on reference 'H proton images. The pulse
sequence was designed with: resolution = 2.5 x 2.5 cm?, slice thickness = 5 cm, bandwidth =
6 kHz, TR = 3 sec, TE = 2.8 sec, Oclu = 60°. Average SNR = 31.1.
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4.3.4 Initial Volunteer EPI Studies

Figures 4.8 and 4.9 show initial data and feasibility of HP 13C imaging of the [2-13C]pyruvate
conversion to [5-13C]glutamate using the specialized 13C 32-channel head coil. Not only was
the uptake of HP [2-13C]pyruvate in the human brain observed, but also its metabolic
conversion to [2-13C]lactate, [5-13C]glutamate, and other metabolites, similar to prior animal

study results10.

4.4 Discussion & Conclusion

In this study we worked with the ISOTEC Stable Isotope Division of MilliporeSigma, Merck
KGaA to develop GMP grade 99% enriched [2-13C]pyruvate meeting the purity specifications
established for [1-13C]pyruvate used in numerous human studies following FDA-IND and IRB
approved protocols. Prior to human studies with HP [2-13C]pyruvate, we first tested the
purity and polarization through in vitro NMR analysis and performed a process qualification
for testing and demonstrating the sterility of the polarized solution. The NMR spectra in
Figure 4.1 and quantitative values in Tables 4.1 and 4.2 demonstrated excellent data
repeatability affirming the consistency of the preparation and processing methods.
Metabolite ratios and dynamic plots in these initial studies directly reflected the excitation
profile of the RF pulse optimized to capture the bandwidth encompassing metabolic
byproducts and provided normative values for future human brain HP [2-13C]pyruvate NMR
studies. Lastly pyruvate to lactate kinetic modeling from these [2-13C]pyruvate studies
yielded kp. values that were consistent with results from a prior HP [1-13C]pyruvate dataset

in healthy human brain.
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This study demonstrated feasibility and initial normative values for HP [2-13C]pyruvate NMR
and thus serves as the groundwork for designing new studies of neurological disorders.
These future studies would clearly benefit from an imaging approach to investigate HP [2-
13C]pyruvate MRI variations associated with anatomy and pathology and examine
differences using centrality metrics and connectomic analytical methods with HP [1-
13C]pyruvate MRI!2, HP metabolic information can also be linked with modalities such as
functional and diffusion MRI to build increasingly comprehensive representations of neural
function, structure and metabolism!4. Centrality metrics processing higher-order
descriptors of multi-valued metabolite kinetics with advances in machine learning may

further elucidate new methods for detecting early stages of neurological disorders?5.
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5.1 Abstract & Introduction

Hyperpolarized (HP) 13C Magnetic Resonance Imaging (MRI) was applied for the first time
to measure and quantify the uptake and metabolism of [2-13C]pyruvate in the normal brain.
Intravenously injected HP [2-13C]pyruvate was imaged in 5 healthy human volunteers using
a specialized spectral-spatial multi-slice echoplanar imaging (EPI) pulse sequence to acquire
13C-labeled volumetric and dynamic images of [ 2-13C]pyruvate and downstream metabolites
[5-13C]glutamate and [2-13C]lactate. Metabolic ratios and apparent conversion rates of
pyruvate-to-lactate (kp.) and pyruvate-to-glutamate (kr¢) were further quantified with
whole brain coverage probing glycolytic and oxidative metabolism in a single injection and
exam.

Hyperpolarized carbon-13 MR using dissolution Dynamic Nuclear Polarization! (dDNP) has
been investigated in animals?3 since 2006 to provide a unique window into cellular
metabolism enabling the quantification of enzyme-catalyzed conversion rates that inform on
critical cellular biochemistry in both normal and pathologic conditions234. A first-in-human
proof of concept clinical trial of HP [1-13C]pyruvate completed in 2013 demonstrated
feasibility and safety in patients®. The subsequent development of commercial research
polarizers enabled new technical developments and initial human studies over the past 5
years in a variety of applications including prostate cancer, brain tumors, renal cancer,
cardiac disease, pancreatic cancer, traumatic brain injury and breast cancer®-23. Since 2018,
studies have investigated cerebral energy metabolism with [1-13C]pyruvate in the normal
brain and neuro-pathologies?.14-23, demonstrating novel insights into brain bioenergetics by
measuring HP pyruvate conversions to lactate catalyzed by the enzyme lactate

dehydrogenase (LDH) and to bicarbonate via pyruvate dehydrogenase (PDH). Technical
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advances have included new specialized acquisition and analysis for brain studies®21, A
variable resolution HP 13C EPI approach!8 was developed that enables the acquisition of the
injected HP [1-13C]pyruvate at a higher spatial resolution than its metabolic products lactate
and bicarbonate with their lower inherent SNR18. Also benefiting this and other studies is
the development of a denoising method using a patch-based higher order singular value
decomposition (HOSVD) method?2! that was applied for the first time for [2-13C]pyruvate HP

MRI in this study.

HP 13C MRI with [2-13C]pyruvate has clinical potential to investigate TCA cycle metabolism
and assess pyruvate-to-glutamate conversion rates in addition to pyruvate-to-lactate
through whole brain signal acquisitions with sufficient signal-to-noise ratio. Although [1-
13C]pyruvate has successfully been utilized as a primary probe particularly to obtain kpy, its
metabolism and conversion to 13CO2 prevents direct detection of downstream TCA cycle
metabolites including [5-13C]glutamate. [2-13C]pyruvate is also converted to [2-13C]lactate in
addition to [5-13C]glutamate enabling direct detection and calculation of both pyruvate-to-
lactate kp. and pyruvate-to-glutamate kpc conversion rates. Glutamate is the most abundant
free amino acid in the brain and is at the crossroad between multiple metabolic
pathways?425, Also, glutamate is a neurotransmitter that is critical for neuronal signal
transmission in the brain and throughout the nerves in the body and plays an important role
during brain development, learning and memory?4. Glutamate has also shown to be
decreased in aging and neurodegeneration2>. The initial first-in-human study?¢ using non-
localized HP 13C MR spectroscopy demonstrated the feasibility of obtaining human HP [2-

13C]pyruvate brain data, but did not provide the ability to image metabolic conversions
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throughout the brain as is required for detection of both normal and pathologic variations.
In this new project multi-slice, dynamic HP [2-13C]pyruvate echo-planar imaging (EPI) was
developed and applied in healthy volunteer studies with whole brain coverage to investigate

its application for human brain studies using HP [2-13C]pyruvate.

5.2 Methods

Imaging studies were performed on a 3T clinical MR system (MR750, GE Healthcare,
Waukesha, WI) using a commercially available 8-channel 1H / 24-channel 13C head coil
(RAPID Biomedical, Germany) with an integrated 13C birdcage for RF transmit. The 13C RF
power was calibrated using a head phantom containing natural abundance ethylene glycol
prior to the study. Four healthy volunteers were imaged following an IRB-approved protocol.
Persons ranging in age from 29-60 years old were imaged at approximately midday with 1

volunteer scanned on two different days yielding a total of 5 datasets.

5.2.1 [2-13C]Pyruvate Preparation

Hyperpolarization was performed on a 5T SPINlab polarizer (GE Healthcare) operating at
0.8K. Samples containing 1.47g [2-13C]pyruvic acid (MilliporeSigma Isotec Stable Isotopes)
and 15mM electron paramagnetic agent (AH111501, GE Healthcare) were prepared the
morning of the study and polarized for at least two hours. Samples were then rapidly
dissolved using superheated water and the electron paramagnetic agent was removed by
filtration prior to neutralization with a TRIS-buffered NaOH solution. Prior to injection, the
pH, pyruvate and residual EPA concentrations, polarization, and sample temperature were

rapidly measured with an integrated quality control (QC) module. In parallel, the integrity of
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the 0.2 um sterile filter was tested in agreement with manufacturer specifications prior to
injection. After release by the pharmacist, a 0.43 mL/kg dose of 241 + 7 mM pyruvate (n =5)
was injected at a rate of 5 mL/s, followed by a 20 mL sterile saline flush (0.9% sodium

chloride, Baxter Healthcare Corporation).

5.2.2 Human MR Imaging Protocol: [2-13C]Pyruvate Spectral-
Spatial Pulse with EPI

All data were acquired with a variable resolution, metabolite-selective EPI pulse sequence
using the RF toolbox available from the Hyperpolarized MRI Toolbox via the Hyperpolarized
Technology Resource Center website28. The single band spectral-spatial (SPSP) RF pulse
(18.1 ms duration) was designed to independently excite [2-13C]pyruvate, [5-13C]glutamate,
and downfield and upfield resonances of [2-13C]lactate with minimal off-resonance
excitation shown in Figures 5.1 and 5.2. To avoid J-coupling artifacts, the downfield and
upfield peaks of [2-13C]lactate were acquired independently. Using a multi-resolution
approach, [2-13C]pyruvate was acquired with in-plane spatial resolution of 7.5 x 7.5 mm? and
20° tip angle, while the downstream metabolites [5-13C]glutamate and the [2-13C]lactate
doublet were acquired with an in-plane resolution of 22.5 x 22.5 mm? and 60° tip angle. Five
3-cm slices were acquired with a field of view (FOV) of 24 cm x 24 cm. 20 timeframes were
acquired per metabolite with 3 second temporal resolution (TR) for a total scan time of 60
seconds. T1 weighted 1H IR-SPGR (spoiled gradient recalled) images were acquired for

anatomical reference.
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Figure 5.1: Optimized spectral-spatial RF pulse and EPI readout showing simulated
responses from [2-13C]pyruvate, [5-13C]glutamate and [2-13C]lactate to demonstrate the
effectiveness of designed pass & stopbands. Upper left: Representative NMR spectra
acquired determining targeted frequencies for [2-13C]pyruvate and separation of
metabolites. The asymmetry of the lactate doublet is primarily due to the RF excitation band
used. Upper right: Sequence diagram illustrating the metabolite-selective EPI acquisition.
Lower: The spectral-spatial response of the 2D RF pulse used to selectively excite [2-
3C]pyruvate (207 ppm), [5-13C]glutamate (182 ppm), and the [2-13C]lactate doublet (72, 67
ppm) with minimal off-resonance excitation. See Figure 5.2 for frequency responses of the
specialized RF pulse when centered on other resonances.
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Figure 5.2: Simulations of on and off-resonance responses for four frequencies
corresponding to metabolites of interest. Independent peak excitations contributed to
minimizing both unintended metabolite excitations and J-coupling artifacts resulting from
peak proximity in the [2-13C]lactate doublet.

5.2.3 Data Analysis and Quantitative Post-Processing

Following k-space noise pre-whitening, optimal coil combination techniques?’ were
performed across multichannel datasets with [2-13C]pyruvate end of scan timeframes
serving as signal-less floors to determine noise covariance?l. Image reconstruction was
performed using the Orchestra toolbox (GE Healthcare) in MATLAB. The HP 13C data was
denoised using patch-based higher order singular value decomposition (HOSVD) method?1.
In this study the following parameters were used in denoising all cases: Kgiobal = 0.4; Kiocal =
0.8 (scales used to determine thresholds); step = 2. In low-resolution cases: patch size = 3;

search window size = 4; and in high-resolution cases: patch size = 5; search window size = 6.
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Signal maps for each metabolite were generated by normalizing voxels to global peak
pyruvate signal. Maps of [5-13C]glutamate to [2-13C]pyruvate and [5-13C]glutamate to [2-

13(C]lactate ratios were further calculated and analyzed.

Voxel-wise krc and kpL calculations were performed with two-site exchange models28 also
from the Hyperpolarized MRI Toolbox. For the glutamate-to-lactate conversion (kr¢) model,
similar calculations were performed using the measured pyruvate magnetization as input to
fit the glutamate magnetization through a minimization of constrained least-squares
difference across estimated and measured signal. Mean parameter values were determined
voxel-wise after applying a minimum SNR mask of 0.18. Brain masks used for displaying AUC

images overlaid on 'H images were created using T2-fast spin echo images with thresholds.
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5.3 Results

5.3.1 Hyperpolarized [2-13C]Pyruvate MR Imaging
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Figure 5.3: 3D dynamics of HP [2-13C]pyruvate, [5-13C]glutamate, [2-13C]lactate (downfield
peak) and [2-13C]lactate (upfield peak) from a human brain volunteer. Displayed images
show the first 10 timeframes with TR = 3 seconds for a total of window of 30 seconds
following denoising using a patch-based HOSVD method?1. Shown on the left are 1H IR-SPGR
anatomy images capturing average of slices. Upper window levels for [2-13C]pyruvate data
were adjusted to 20% of the maximum intensity.
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Figure 5.4: AUC images from a volunteer summed over 20 timeframes as shown in Figure
5.3 overlaid on 1H IR-SPGR images. [2-13C]lactate images illustrate acquired signal after
summing both downfield and upfield peaks. High resolution (0.75 x 0.75 cm?2) pyruvate data
shows strong arterial and venous signal, and a brainmask to reduce the pyruvate signal from
muscle high localization and spatial variations of grey and white matter was consequently
applied.

Figure 5.3 shows dynamic images of signal from [2-13C]pyruvate, [5-13C]glutamate, and
upfield and downfield [2-13C]lactate in the brain of a healthy volunteer. Maximum signal

intensity from this volunteer were normalized to the pyruvate signal and demonstrated a

SNR gain for pyruvate was 6.6, and 6.3 for glutamate and 4 for lactate.

High resolution [2-13C]pyruvate data acquired at 0.75 x 0.75 cm?2 shows strong arterial and
venous signal well separated from surrounding tissue. Courser resolution glutamate and
lactate data acquired at 2.25 x 2.25 cm? achieved sufficiently high SNR for whole brain
coverage. Area-Under-Curve (AUC) images were composed following a complex summation

of data. Figure 5.4 shows AUC images for a volunteer overlaid on 1H IR-SPGR images.
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We observe a good detection of lactate, which is better with [1-13C]pyruvate, however at
lower fields, the greater chemical shift separation of [2-13C]pyruvate and [2-13C]lactate can
lend practical conveniences and data integrity. Results of separately acquiring two peaks of
the lactate doublet agreed with total lactate signal combining downfield and upfield lactate
images, and the lactate distribution appeared similarly across images of downfield and

upfield signals prior to summation. Artifacts arising from J-coupling were not observed.

Sagittal [2-13C]Pyruvate [5-*C]Glutamate  Z[2-'3C]Lactate

Intensity (a.u.)

Figure 5.5: Sagittal and overlaid mid-slice axial T1-weighted 13C AUC images for another
volunteer with 3 cm slice thickness. AUC images summed across 20 timeframes are shown
with intensity scales below for each metabolite in this central slice and the [2-13C]pyruvate
image at resolution 0.75 x 0.75 cm? and metabolites at 2.25 x 2.25 cm?2.

Figure 5.5 shows representative 13C area-under-curve (AUC) images of pyruvate, glutamate,
and summed lactate (downfield and upfield) from a volunteer. The sagittal image depicts the
anatomical position calculated from the DICOM header of the acquired slice. Adjacent signal

overlays show the distribution of [2-13C]pyruvate and downstream metabolites of [2-

13(C]lactate and [5-13C]glutamate.
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5.3.2 Metabolite Ratios & Kinetic Rates (kpc, krr)

Table 5.1 summarizes calculated metabolite ratios, krg, and kp. values for each dataset.

Table 5.1: Summary of calculated AUC ratios and apparent kinetic rates for each denoised
volunteer dataset zero-filled to match [2-13C]pyruvate signal matrix sizes (32 x 32). Mean
and standard deviation are reported observing disparities in experimental values.

Experiment | [5-13C]Glu : [2-13C]Pyr | [5-13C]Glu : 3[2-13C]Lac kpg (sec?) kp, (sec?)

1 0.039 0.31 0.0022 0.017

2 0.031 0.26 0.0019 0.022

3 0.026 0.26 0.0013 0.022

4 0.036 0.39 0.0018 0.015

5 0.028 0.34 0.0013 0.012
Mean + S.D. 0.032 £ 0.005 0.31+£0.06 0.0017 £ 0.0004 0.018 £ 0.004

5.4 Discussion & Conclusion

Hyperpolarized (HP) [1-13C]pyruvate is the most widely utilized molecular contrast agent
for MR metabolic imaging to characterize abnormal metabolism in patients with tumors,
based on the measured glycolytic metabolism of [1-13C]pyruvate-to-[1-13C]lactate
conversion upregulated in tumors. The application of [1-13C]pyruvate, however, is limited
for assessing the flux of pyruvate to TCA cycle only through pyruvate dehydrogenase (PDH)
because the 13C label is lost as COz during the conversion to Acetyl-CoA. Alternatively,
labeling the C2 position of pyruvate provides access to the TCA cycle as the labeled carbon
is carried over to acetyl-CoA and eventually to the glutamate pool, but is more difficult to
image because of a shorter T, a less sparse spectrum, and peak-splitting due to Jcu coupling.
The safety and feasibility of using HP [2-13C]pyruvate for measuring its conversion to [2-
13C]lactate and [5-13C]glutamate in the brain of healthy volunteers was previously

demonstrated with non-localized dynamic 13C MR spectroscopy?t. However, these
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previously published methods were limited and not useful to enable whole brain HP [2-
13C]pyruvate MRI that is required to study both normal variations and localized pathologic
alterations of the metabolic parameters provided using this new HP agent. In this project,
multi-slice, dynamic HP [2-13C]pyruvate echo-planar imaging (EPI) was developed and
applied in healthy volunteer studies with whole brain coverage to investigate its application
for human brain studies using HP [2-13C]pyruvate. A variable resolution multislice EPI
approach!® to achieve whole brain coverage was utilized enabling the acquisition of
glutamate images and a quantification of spatial and temporal distribution for future studies
and pathology. Patch-based higher-order singular value decomposition (HOSVD) denoising
methods?! were also applied to datasets leading to further improved visualization of the

metabolite signals and quantification of kr. and kpc kinetic conversion rates.

This research project developed a new approach and HP 13C MR RF pulse sequence
improvements for acquiring volumetric and dynamic EPI of HP [2-13C]pyruvate metabolism
to [5-13C]glutamate and to [2-13C]lactate probing glycolytic and oxidative metabolism
simultaneously. This study demonstrated feasibility and initial results in five normal
volunteer studies. The strategy of separately exciting the two peaks of the lactate doublet
was shown feasible for imaging metabolites with signal splitting. In combination with a
variable resolution approach, the hyperpolarized metabolite signals were utilized for
quantifying kr. and kps throughout the brain of healthy volunteers providing new measures
of cerebral energy metabolism. This study quantified the metabolism of hyperpolarized [2-
3C]pyruvate to [2-13C]lactate and [5-13C]glutamate in the healthy human brain for the first

time. Measuring of spatial localizations of pyruvate-to-lactate and pyruvate-to-glutamate
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conversions signifies an important step to use HP [2-13C]pyruvate to investigate cerebral
energy metabolism and potentially characterize brain tumors with isocitrate dehydrogenase

(IDH) mutations.
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6.1 Abstract & Introduction

This technique development project was designed to better quantify [2-13C]pyruvate-to-[5-
13C]glutamate apparent conversion rates (krc) using two-site exchange input-less kinetic
models!. Previous published work investigated new methods for mapping [1-13C]pyruvate-
to-[1-13C]lactate (kpr.) and [1-13C]pyruvate-to-[1-13C]bicarbonate (krs) conversion rates with
whole-brain coverage2. A data-driven approach was used to select an optimal model for

fitting the data as well as determine an appropriate goodness-of-fit metric.

Due to the multitude of downstream metabolites of [2-13C]pyruvate, prior kinetic models
using two-site exchange are limited in their accuracy of kp¢ fitting and quantification and are
further sensitive to noise from the distribution of magnetization corresponding to signal loss
through relaxation and biochemical conversion!-6. The goal of this work was to incorporate
and investigate a SVD (singular value decomposition) denoising algorithm to enable more

repeatable and robust kr¢ quantification.

Quantitative techniques to resolve artifacts from metabolites with multiple peaks due to J-
coupling and splitting from spin-spin interactions similarly utilize density matrix theory to
both numerically and analytically derive coherences arising during RF excitation and
readout. For the [2-13C]lactate doublet in particular, a combination of computer simulations
and experiments has been shown in conjunction with a highly narrow RF pulse band to
successfully image and improve quantification measuring individual peaks’. The inherent

low SNR of the [5-13C]glutamate singlet in addition to its proximity with other metabolite
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peaks of interest presents different challenges yet is hypothesized to benefit from a kindred

combination of simulations.

6.2 Methods

An echo-planar imaging (EPI) MR approach using a spectral-spatial excitation pulse was
developed and implemented measuring HP [2-13C]pyruvate to [5-13C]glutamate conversion
in volunteers. Using a specialized 13C 32-channel head coil8, the excitation pulse was
designed to robustly increase signal from metabolites with known chemical shifts3.69. Single
time point data was further selected for analysis based on SNR with appropriate time

windows comparing model results.

dpjt(t) = —RipPy(t) = kpPz(2) + u(?)
dL%t(t) = —RuLz(®)+kp P2(d) (6.1)

kpc calculations were performed comparing values with “ground-truth” constant delay shifts
to account for intermediate conversions. MATLAB models were resolved based on
minimization of the constrained least-squares error computed across measured and
estimated glutamate using a trust-region-reflective algorithm. Prior kp. methods,
implemented in similar studies using HP [1-13C]pyruvate, were obtained and modified from
the Hyperpolarized MRI Toolbox via the Hyperpolarized Technology Resource Centerl0. SVD
signal enhancement was performed following Brender et al. on volunteer datasets using

MATLAB and MestReNovall.
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M = oymv! + ooupvl - o,u,vh = UZVT
(6.2)

From the SVD theorem (6.2), the signal matrix M was decomposed into a linear combination
of vectors representing spectra (u) and corresponding kinetics (v) utilizing the separability
of the time-independent chemical shift signalll. Piecewise [2-13C]pyruvate uptake curve data
points and corresponding estimated fits were further analyzed for dynamic chemical shift

ranges.

Pyruvate Signal (Measured) } { Glutamate Magnetization

[ Nonlinear Least-Squares ][ N =500 ]

kpa Estimate (Residual \ 959% Confidence Intervals on kpc

Jacobian) J Estimate

Figure 6.1: Input-Less kr¢ Fit: The measured pyruvate magnetization is the input for the
kinetic model at each time point. The glutamate magnetization is then fit using a constrained
nonlinear least-squares fit. The benefit to input-less fitting over integral ratios alone includes
accounting for variability in delivery times as it is insensitive to bolus delivery using any
sampling strategy.
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6.3 Results

Voxels for improved quantification of kr¢ rates were compared for highest SNR without
spatial or anatomical information. Iterations of centrality metrics detailing inner-voxel
kinetics containing anatomical spatial diffusion information utilizing simulation
approximations from machine learning training to determine parameters such as ROI

boundaries and chemical shift ranges were tested, but not confirmed.

|

L | ‘_LL_L’ L__L“

Figure 6.2: Voxel comparison of healthy brain (left | up) and tumor (right | down) tissue
NMR spectra. Volunteer data acquired using a 32 channel head coil with spectral-spatial
excitation: BW = 8 kHz, TR = 20 secs, spatial resolution = 2.5 cm, Bpyr = 5°, Omets = 20°.

The kp¢ values after SVD were found to compare more favorably with AUC ratios. For one
model with a constant delay shift of 2 timepoints ( = 4 seconds) with SVD denoising (rank =
10), kpc values were found to increase by a factor of about 1:20, with values ranging from
0.0017 sec! to 0.0045 secl. Models also showed similar but not identical inter-subject

values. Previously processed and recently acquired [2-13C]pyruvate datasets from

volunteers showed similar results.
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SVD theory indicates a rank approximately equal to the number of metabolite resonances
yields ideal noise-free, low-rank approximations. Experimental results demonstrated a

slightly greater optimal rank of 10 for low SNR timepoints beyond three T1 decay times.

Figures 6.3 and 6.4 show a representative kr¢c dataset summed as a linear combination of 10
spectra with greatest SNR before and after SVD with rank = 10. Singular vectors yield
dominant noise components. Relative frequency units along the x-axis are shown prior to
MestReNova analysis. Figures 6.5 - 6.8 show SVD results using 4 methods: (6.5) No SVD, No
Delay; (6.6) SVD rank = 10, No Delay ; (6.7) No SVD, Delay = 2 seconds ; (6.8) SVD rank = 10,

Delay = 2 seconds. Figures 6.9 - 6.12 show corresponding krc model fits.

Pyruvate (data)
<eeeeees Pyruvate (fit)
Glutamate (data)
-------- Glutamate (fit)

Pyruvate (data)

-------- Pyruvate (fit)

Glutamate (data)
-------- Glutamate (fit)

HP-"3C signal (AU)
HP-3C signal (AU)

........ I-S’.’WG,= 1.7e-3 sec!

kpg = 1.8e-3 sec?

1% 2-0 3‘0 4‘0 5'0 6‘0 10 2b 36 aAo sb 60
3 o Ti After Injecti
Time After Injection (Seconds) ime; Ater: Injection (Seconds)

Figure 6.3: Representative kr¢ data and model fits averaged for a volunteer dataset before
(left) and after (right) SVD denoising with a constant delay shift of 2 timepoints = 4 seconds.
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Figure 6.4: SVD signal enhancement (rank = 10) performed on a representative summed
spectra dataset. This project demonstrated that SVD noise reduction can improve
quantification of low-SNR metabolites including HP [5-13C]glutamate.
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6.3.1 Singular Value Decomposition
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Figure 6.5: Method 1 - No SVD, Delay = 0 sec, kr¢ = 0.0011 sec'?
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x108 uncorrected
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Figure 6.6: Method 2 - SVD Rank = 10, Delay = 0 sec, krc = 0.0011 sec!
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Figure 6.7: Method 3 - No SVD, Delay = 4 sec, kr¢ = 0.0011 sec!

104



4 X1 08 uncorrected
T T T T

0 500 1000 1500 2000 2500

«108 rank = 10

: s

0 500 1000 1500 2000 2500

Figure 6.8: Method 4 - SVD Rank = 10, Delay = 4 sec, kr¢c = 0.0012 sec!
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6.3.2

[2-13C]Pyruvate krc Model Fits
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Figure 6.9: kpc Fit 1 - No SVD, Delay = 0 sec, kr¢ = 0.0011 sec!
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Figure 6.10: kp¢ Fit 2 - SVD Rank = 10, Delay = 0 sec, kr¢ = 0.0011 sec!
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Figure 6.12: kp¢ Fit 4 - SVD Rank = 10, Delay = 4 sec, kr¢ = 0.0012 sec!
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6.4 Discussion & Future Directions

Non-invasive detection of alterations in metabolic flux may offer prognostic value and
improve monitoring of treatment responsel213, In a prior clinical research investigation
using HP [1-13C]pyruvate?, a total of 10 brain tumor patients were scanned using an EPI
sequence and statistical analysis suggested an input-less model provided the best agreement
with data. In addition, post-fitting error criteria to select voxels was found to improve

precision than SNR cutoffs alone.

In this work, measured values and calculated mean and standard error across volunteers
were consistent within expected ranges. Results were further in agreement with a larger set
of data from previous kp. studies using [1-13C]pyruvate. Observed noise variations in
datasets may be attributed to multiple factors including subject brain volumes and
polarization levels. Overall kpc values ranged from 0.0010 sec'! to 0.0045 sec! with values
less than 50% that of average kp. values, and were lower than expected from AUC ratios
suggesting further improvements to the kinetic model. Prior conceptions may be challenged

to find values close to 75%.

For representative models with SVD rank = 10 and delay = 4 seconds, kp fits improved with
values increasing about 10%. Observed noise variations across datasets may be attributed
to multiple factors including subject brain volumes and polarization levels. Experimental
results demonstrated an optimal rank of 10 for low SNR timepoints, extending beyond three
T1 decay times. Reasons may include low confidence in the separability of the spectra, such

that “phantom” eigenvectors in low signal regions may encapsulate valuable signal without
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appropriate destructive interference. In one comparable study it was found that at higher
levels of noise, the metabolite signal possessed a slight tendency to drift towards the kinetics
of the stronger pyruvate signal, and a hypothesized origin of error at low SNR stemmed from
the 4th and 5th eigenvectors corresponding to a single metabolite!l. For [2-13C]pyruvate, the
chemical shift range containing TCA cycle intermediates near 180 ppm is particularly
challenging to resolve and the low SNR regime is often at risk to even minor phase and
baseline correctionsl®. Machine learning with simulated training may seek to further
optimize data processing for more accurate peak quantification, with neural network

architectures serving to perform these functions1419-21,
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Figure 6.13: Schematic of architecture and training using a convolutional neural network
(CNN) to simulate spectral brain data for improved quantification. The CNN was trained to
improve on data with low SNR while testing misregistered linewidth, phase shift, and
spectral baseline limits. Adapted from Lee et al. [14].
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In considering complex networks such as those postulated by biologists as landscapes for
human metabolism?516, centrality metrics seeking to capture and preserve individual nodal
characteristics while simultaneously considering neighboring behavior may be
considered7.18, However self-organization in metabolism may exist only when a forward
drive is predictable. Katz centrality has been found the best predictor among several
methods for correlating neurons with firing rates given a neural network structure, including
for purely excitatory and excitatory-inhibitory networks, with either homogeneous

connections or small-world structurel?.
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Figure 6.14: Nodal ranking methods using centrality metrics illustrating disparate
characterizations through vector representations of this often-studied network with 34
nodes and 78 links. Adapted from Liao et al. [17].

In Figure 6.14 multiple independent methods may be used to order or rank a network. Both
the network structure, with features such as connectedness and path length, and the nodal

ranking method considered, including eigenvector and PageRank, affects nodal relationships

through measured activity and influencel?.
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While a multitude of engineering advancements benefit from phenomenological symmetries
in nature through mathematics, complex systems with examples ranging from discrete
Markov chains to non-uniform diffusion to economic markets feature “broken” symmetries
of heterogeneous interacting parts. One traditional approach to discern patterns in complex
systems is to investigate remnant local symmetries to serve as potential building blocks if
remaining functional - another approach is to assume no symmetries and identify common

behavior from uniform prior knowledge?22.

Further improvements extending beyond the two-site model include dynamic delay times
employing Bayesian statistics linking enzymatic activity with uptake rates through bolus
tracking. In one experiment design, a Bayesian inference forward model may approximate
dynamics by Brownian diffusion in configuration space and update damping voxel ranking

parameters with AUC trends.

6.5 Summary

Novel methods were investigated and compared to improve quantification of HP [2-
13C]pyruvate to [5-13C]glutamate in human brain volunteer data. By incorporating SVD
denoising and signal processing techniques with delay shifts, kr¢ values ranging from 0.0017
sec1to 0.0045 sec! were calculated and found to favorably compare with AUC ratios. These
methods may be utilized for future studies of localized metabolic kinetic rates, such as to

investigate manifested effects of poor sleep quality on neurometabolism.
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7.1 Application: IDH-Mutant Glioma

The following section summarizes the initial patient experience of using HP [2-13C]pyruvate
to acquire brain tumor MR HP 13C spectroscopic imaging data in patients with IDH-mutant
gliomas measuring both aerobic glycolysis ([2-13C]lactate) and oxidative metabolism ([5-
13C]glutamate) for rapid application. Isocitrate dehydrogenase (IDH) is an essential enzyme
that catalyzes the oxidative decarboxylation of isocitrate and plays a key role in TCA cycle
metabolism!. However, many brain tumors exhibit a mutation in this enzyme resulting in the

production of 2-hydroxyglutarate (2HG) instead of glutamate?23.

0.03 0.0104

0.0052

kes (s*1)

Figure 7.1: T1-weighted images and overlaid maps of kp. and krs based on kinetic modeling
dynamic HP 13C EPI data acquiring [1-13C]pyruvate, [1-13C]lactate and [1-13C]bicarbonate
signal. Adapted from Autry et al. [2].
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An initial imaging study of [1-13C]pyruvate metabolism in normal-appearing white matter
(NAWM) compared volunteers and patients to evaluate variation across exams and assess
metabolism in tumor lesions for alterations relative to NAWM?2. Figure 7.1 shows images and
maps used to characterize serial dynamic HP 13C images with a kinetic modeling approach in
healthy volunteers and glioma patients who received treatment. Serial measures of HP [1-
13C]pyruvate metabolism displayed consistency in the NAWM of healthy volunteers and
patients. Both kp. and kps values were globally elevated following bevacizumab treatment
while progressive disease demonstrated elevated kpr. in gadolinium-enhancing and non-

enhancing lesions2.

Prior 13C metabolic flux analysis suggested IDH1-mutant cells exhibit increased oxidative
TCA cycle and suppressed glutamine metabolism3. It was hypothesized HP [2-13C]pyruvate
could provide additional information to HP [1-13C]pyruvate investigating altered

metabolism in IDH-mutant gliomas.

Two patients who presented with IDH-mutant gliomas (43 year-old male, grade II
astrocytoma, RT/TMZ; 33 year-old female, grade III oligodendroglioma, no RT/TMZ) were
considered radiologically stable post resection and imaged using a 2D MR spectroscopic
imaging (MRSI) sequence (spatial resolution = 15.6 cm3 - 18.8 cm3, acquisition time = 20 sec)
following injection of 0.43mL/kg of 250mM HP [2-13C]pyruvate. Proton MRI exams revealed

no gadolinium enhancing lesions.
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HP [2-13C]pyruvate, [5-13C]glutamate and [2-13C]lactate resonances were quantified within
a lesion voxel and contralateral normal-appearing voxel. Proton images were aligned to HP
data enabling quantification of apparent diffusion coefficients (ADC), perfusion peak height
(PH), and MR spectroscopy choline-to-N-acetyl-aspartate indices (CNI). ADC (nADC) and PH

(nPH) values were normalized by the median value in NAWM.

For the T2-hyperintense lesion (T2L) in Patient#1/Patient#2: volume T2L = 18.4/4.2cc;

median ADC T2L = 1.86/1.64; max CNI T2L = 3.2/6.5; 90th percentile nPH T2L = 1.09/2.11.

HP data displayed maximum signal-to-noise ratios (SNR) for [2-13C]pyruvate, [5-
13C]glutamate, and [2-13C]lactate of 1360, 44 and 400 respectively. HP CSI data for Patient
#1/Patient#2 contained 15.9/13.7 (%T2L); 15.1/4.1 (%NAWM); 15.7/22.0 (%GM) in

selected lesion voxels while contralateral voxels 100 (%9NAWM).

Lesions demonstrated reduced HP glutamate/pyruvate ratios [#1: 0.0089/0.0102
(lesion/normal voxel); #2: 0.0170/0.0269] and elevated HP glutamate-to-glutamine ratios

in both patients [#1: 0.81/0.66; #2: 0.84/0.66].

In summary initial patient experience with HP [2-13C]pyruvate showed adequate SNR for
quantifying HP [2-13C]pyruvate, [5-13C]glutamate and [2-13C]lactate resonances. Future
studies will optimize imaging protocols and expand patient cohorts to further evaluate

aberrant metabolic reprogramming related to IDH-mutant tumors.
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7.2 Early-Stage Neurodisorders

Metabolic changes are increasingly recognized as key players in neurodisorders, with
energetic imbalance and aberrant metabolism implicated in most neurodegenerative
disease including Alzheimer’s, Parkinson’s, Huntington’s diseases and multiple
sclerosis®1328, Similar to upregulated enzymatic activity in cancer, multiple causes of
metabolic alterations from normal activity may occur directly or indirectly to the brain tissue
itself or from systemic modifications?. Recently sleep and wakefulness have been found to
produce distinct plasticity effects on neuronal networks in keeping with predictive coding -
the brain contains a representation of the reality used during wakefulness for unconscious

inferencell,

Studies have shown norepinephrine levels are correlated with total REM duration and
enhanced fatty acid oxidation through increased flux of acetyl-CoA. Norepinephrine may also
induce processing of the sole residual mismatch between external information and inner
model linked via a dramatic improvement in energy efficiency2830. Similar to pseudo-
progression in tumors resulting from allergic reaction inflammation, early-stage

neurodisorders may be misregistered threats.

7.2.1  Schizophrenia

Associated with elevations in glutamatergic metabolites across several brain regions, a
recent analysis of 1H MRS studies totaling 1686 schizophrenic patients and 1451 healthy
individuals found significant elevations of glutamate in the basal ganglia of schizophrenic

patients, however no region showed reduction of glutamate*. Secondary analyses revealed
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that elevated medial frontal levels were evident in individuals at high risk for schizophrenia
but not in those with first-episode psychosis or chronic schizophrenia. Elevated glutamate
and glutamine in the medial temporal lobe was seen with chronic schizophrenia but not in
high-risk or first-episode groups*. In another study schizophrenic patients with different
outcomes entered with similar putamen and caudate nucleus volumes2?. Putaminal but not
caudal volumes were significantly smaller at the time of follow-up, hence the rate of decline
in volumes of the putamen were greatest in patients with poor outcomes. Caudate volumes

were lower in schizophrenia patients than healthy subjects, both at baseline and follow-up.

Further imaging studies have initially suggested general hypometabolism resulting from
mitochondrial enzyme deficiencies, with increased activity of dehydrogenases in later
sections of the TCA cycle potentially reflecting a compensatory response to reduced earlier

activity>12,

7.2.2 Bipolar Disorder

Bipolar disorder and schizophrenia share common clinical features with family, twin and
adoption studies showing a genetic correlation of around 0.6 substantiating evidence for

partial overlap of genetic influences®.

A recent review for post-mortem, pharmacological, fMRI and molecular imaging studies of
dopamine function in bipolar disorder that a state of hyperdopaminergia underlies manic
phases and increased dopamine transporter levels underlies depressive phases, but changes

in other aspects of dopaminergic function were inconsistent leading to speculation a failure

120



of dopamine receptor and transporter homoeostasis may underlie the pathophysiology of

this disorder?.

Dopamine and glutamate systems cross-talk at multiple levels such as the postsynaptic
density, a structural and functional protein mesh implicated in dopamine and glutamate-
mediated synaptic plasticity28. Brain pyruvate, lactate and glutamate levels are elevated in

bipolar disorder®.

7.3 Anesthesia

Brain activity during wakefulness is frequently associated with high metabolic rates for
supporting information processing and memory encoding. During sleep, cerebral aerobic
glycolysis and lactate concentration is reduced, while neuronal TCA metabolism may be

correlated with sleep-state dependent sympathetic activation in the brain stem and spinal
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Figure 7.2: In vivo time courses measured in rats after injection of HP [1-13C]pyruvate to
bicarbonate (left) and HP [2-13C]pyruvate to [2-13C]lactate and [5-13C]2-oxoglutarate (right)
into femoral vein under different anesthesia. TR = 1.5 second (left) and 1 second (right).
Adapted from Marjanska et al. [15].
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Figure 7.2 shows a recent study using HP [1-13C]pyruvate and HP [2-13C]pyruvate measuring
brain metabolism in two rats during anesthetized sleep!>. Single-shot 1H decoupled 13C
spectra were acquired following injection of HP solution into the femoral veins under
anesthesia at the same time point from beginning of injection. For HP [1-13C]pyruvate, time
courses show integrals of bicarbonate signal following administration of four types of
anesthesia demonstrating varying levels of sensitivity. HP [2-13C]pyruvate time courses
under morphine show significantly increased detection of downstream [5-13C]2-

oxoglutarate, another name for a-ketoglutarate, and citrate, another TCA cycle intermediate.

Extended sleep disruption may lead to a state of sustained microglia activation and perhaps
increase the brain’s susceptibility to other forms of damage20-22. Experimental evidence
supports a cerebral metabolic shift taking place during sleep suppressing aerobic
glycolysis16. While it is unknown whether or how astrocytes regulate reciprocal neuronal
activity to promote sleep and wake cycles, a recent study showed within the lateral
hypothalamus a glutamate transporter mainly present on astrocytes (GLT1) distinctly
modulates excitatory transmission in a cell-type-specific manner and according to sleep
history20. Rapid and substantial decreases in glucose tolerance have been found to suggest
neuronal activity during slow wave sleep (SWS) may be an important determinant of glucose

homeostasis, independently of sleep durationl?.

In a 2016 positron emission tomography (PET) imaging study, young narcoleptic patients
presented hypometabolism in the right mid-frontal lobe and angular gyrus, and

hypermetabolism in the olfactory lobe, hippocampus, parahippocampus, amygdala,

122



fusiform, left inferior parietal lobe, left superior temporal lobe, striatum, basal ganglia,

thalamus, right hypothalamus, and pons compared to controls!8,

Brain concentration of lactate varies as a function of sleep state, and similar to slow wave
activity (SWA) in the electroencephalogram (EEG) it increases as a function of time spent
awake or in rapid eye movement sleep and declines as a function of time spent in slow wave
sleep (SWS). These distinct temporal dynamics render the hypothesis that SWA is a direct
function of lactate concentration untenable: lactate concentration approaches asymptote
values within less than an hour whether increasing or decreasing, while SWA drive continues

to build over periods of hours of wakefulness?®.

7.4 Study Designs

In healthy volunteers following sleep disruption or poor quality of sleep, we may observe
increased TCA cycle metabolism particularly in the basal ganglia if there is compensatory
behavior to account for lack of SWS. This increase in TCA cycle metabolism may be noticeable

in the mornings and exacerbated in the afternoons.

In one study design, a cohort of healthy volunteers ranging in age and gender may self-report
quality of sleep and seek metabolic imaging in the same 24-hours and repeat scans the
following day. Student populations in the United States may volunteer as available initial
cohorts representing diverse backgrounds and lifestyles with a potentially lower likelihood

for previously diagnosed neurodisorders.
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Figure 7.3: Overview of human brain development and physiological requirement of iron
for growth in infancy and childhood. The upper part illustrates important prenatal events
and the lower shows physiological requirements for growth in different stages during
infancy and childhood. Similar study designs may seek to qualify stages of development
measuring TCA cycle metabolism and quality of sleep. Adapted from Wang et al. [22].

Cognitive routine, physiological development and similar potential indicators for continued
growth may be noted as more or less adaptive for a given age and pertinent to critical claims
in developmental neuroscience of brain development as a lifelong process?3. Several lines of
evidence support a hypothesis that eating patterns reducing or eliminating nighttime eating
and prolonging nightly fasting intervals may result in sustained improvements to human
health?2526, Such studies investigating physiological mechanisms leading to improved health

outcomes may elucidate imperative appetite and sleep connectedness via circadian biology

compared with diverse gut microbiomes or modifiable lifestyle behaviors.

124



Highest risk of
myocardial infarction

. Best coordination
Highest testosterone

secretion

Greatest cardiovascular

Melatonin and muscle strength

A Wake/feeding
secretion stops

Highest blood

Rise in blood o
pressure Circadian pressur
coordination
of metabolism Highest body
Highest and energetics temperature
probability
of death
Cholesterol
* synthesis elevated
Lowest body Sleep/fasting
temperature

Melatonin
00:00 secretion starts

Midnight
Deepest / | \ Menopausal hot flashes
sleep at worst

Figure 7.4: Circadian regulation of behaviors, hormones, physiology, metabolism, and
energetics. Adapted from Patterson et al. [24].

ROIs for HP [2-13C]pyruvate sleep studies may include the cerebellum (brain stem), basal
ganglia (corpus callosum) and corona radiata (cortical gray matter or deep NAWM)?7. If
relatively high kpc in the brain stem is observed, it may indicate a greater sleep stage
differential with a volunteer more likely to report dreams. Machine learning simulations
with hyperparameters from self-reported data may motivate healthy and deductive sleep
pattern recognition. Experimental controls may be thought at risk in the sense a subject can
possibly be affected or features a strong resemblance, however a natural perception of

creative experimentation is to dismiss prior notions and explore new ideas.
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Metabolic imaging quantitatively measures how a human body converts, transports, and
uses molecules for energy, with appetite and diet embroiled as significant and diverse inputs.
The burgeoning research in food and nutritional science including fasting benefits future
metabolic imaging studies as overall directedness toward improved, healthier lifestyles

increases with investigations in sleep and relations for mental health.
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