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Abstract

Metabolism is central to neuroimaging because it can reveal pathways by
which neuronal and glial cells use nutrients to fuel their growth and func-
tion. We focus on advanced magnetic resonance imaging (MRI) and mag-
netic resonance spectroscopy (MRS) methods used in brain metabolic stud-
ies. 7O-MRS and 3'P-MRS, respectively, provide rates of oxygen use and
ATP synthesis inside mitochondria, whereas 1’ F-MRS enables measurement
of cytosolic glucose metabolism. Calibrated functional MRI (fMRI), an ad-
vanced form of fMRI that uses contrast generated by deoxyhemoglobin,
provides maps of oxygen use that track neuronal firing across brain regions.
3C-MRS is the only noninvasive method of measuring both glutamatergic
neurotransmission and cell-specific energetics with signaling and nonsignal-
ing purposes. Novel MRI contrasts, arising from endogenous diamagnetic
agents and exogenous paramagnetic agents, permit pH imaging of glioma.
Opverall, these magnetic resonance methods for imaging brain metabolism
demonstrate translational potential to better understand brain disorders and
guide diagnosis and treatment.
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1. INTRODUCTION

The complexity of the human brain is often described in terms of its anatomy. The brain consists of
an enormous number of neurons and glial cells (1) making elaborate synapses thatare both chemical
and electrical (2) and that, together, enable us to perceive a range of sensations and be conscious.
Neuroscience has traditionally separated structural and functional studies of the brain (3), but
metabolism is the common thread that connects these apparently disparate areas of neuroscientific
enquiry (4). Catabolic reactions help cells release energy to support multiple functions (e.g., action
potential generation and propagation, synaptic transmission, neurotransmitter recycling, calcium
activities) that allow cells to communicate with one another (5, 6), whereas anabolic pathways sup-
ply the fuel needed to (re)build cellular structures and/or store as energy reserves for later use (7).
Thus, metabolism is central to our understanding of how the brain’s anatomy and physiology
change with aging, disease, and/or injury. The basic question of how much fuel is used for cel-
lular building blocks versus cellular functional activity is fundamental for quantitative functional
imaging of the brain, specifically because the energy demands of normal brain function are very
high (8). But this same question is also relevant to molecular imaging of brain disorders, especially
cancer because it is a disease of uncontrolled cell growth, which requires metabolism of fuel (9).
The anatomical and physiological complexities of the brain are studied with an impressive arse-
nal of biomedical imaging tools, ranging from translational methods such as magnetic resonance
imaging (MRI), magnetic resonance spectroscopy (MRS), and positron emission tomography
(PET), which are used in both preclinical and clinical research, to electrophysiological and optical
imaging methods, which are used primarily in basic science research (Figure 14). However, a
unique property of magnetic resonance versus other methods is its ability to safely, noninvasively,
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and reproducibly map the human brain’s structure and activity at sufficiently high spatial resolu-
tion to enable the study of changes in both gray and white matter on various temporally dynamic
scales (10, 11).

If one is interested in how cells work, what their main nutrients are, how they get the nutrients,
how they use nutrients to support growth and function, and how they eventually malfunction,
then one needs specific in vivo MRI and MRS techniques that quantitatively measure cerebral
metabolism. In addition to the prominence of functional MRI (fMRI) in neuroscience (12), many
MRI and MRS methods for imaging brain metabolism are being used in an attempt to answer
these questions and are having an important and lasting impact on translational neuroscience (13).
Many of these types of metabolic scans from MRI and MRS can even be combined with anatomical
MRI scans to provide insights into differences between health and disease (14).

2. FROM PROTONS TO NEURONS TO METABOLISM

In this section, we provide some background on magnetic resonance (15, 16), activities at the nerve
terminal (3, 16), and cerebral metabolism (4, 16).

2.1. A Primer on Magnetic Resonance

Nouclei containing odd numbers of protons or neutrons have an intrinsic magnetic moment in
the presence of a strong static magnetic field (B,). Typical B, values for in vivo rat and human
experiments, respectively, are 7.0 T (or higher) and 3.0 T; higher B, values lead to a higher
signal-to-noise ratio (SNR). Some biologically relevant nonradioactive isotopes are 'H, ¥C, PN,
170, 1F, #*Na, and *!'P. Sensitivity for an isotope depends on the gyromagnetic ratio and the
natural abundance (Table 1). With 'H, for instance, the main distinction between MRI and MRS
methods is that the exquisite spatial resolution in MRI is due to the strong 'H signal from high
water/fat content in soft tissues (Figure 15), whereas the superior molecular information offered
by MRS comes from the dilute 'H signal from molecules other than water/fat (Figure 1c).

Most MRI methods rely on the transverse relaxation rate (R,* by gradient echo or R, by
spin echo) and longitudinal relaxation rate (R;) of tissue water-'H to map both structure and
function (Figure 15). All of these MRI contrasts enable good visualization of tissue anatomy,
but diffusion-weighted MRI, which maps the extent of the Brownian motion of tissue water—'H,
allows exquisite depiction of white matter anatomy (10, 12). Examples of functional scans include
blood oxygenation level-dependent (BOLD), cerebral blood flow (CBF), and cerebral blood vol-
ume (CBV). CBF is measured by radio-frequency (RF) labeling of blood water-'H that, upon
mixing with tissue water—!H, alters the R; (17). Contrasts such as BOLD (18) and CBV (19) are
reflected by magnetic susceptibility contrast induced by paramagnetic deoxyhemoglobin and su-
perparamagnetic iron oxide (SPIO) nanoparticles within the blood, where intravascular magnetic
fields affect the R,* and/or R, of tissue water—'H. Multimodal BOLD, CBV, and CBF scans are
crucial for calibrated fMRI (see Section 5).

MRS uses differences in resonance frequency between dissimilar chemical groups to mea-
sure the regional concentrations of endogenous molecules, including lactate, glucose, glutamate,
y-aminobutyric acid (GABA), glutathione, and glutamine (15, 16). MRS data can also be viewed
in two or three dimensions with chemical shift imaging (CSI), but the images are not as crisp as
MRI data because the voxels are much larger (Figure 1¢). *C-MRS, in combination with infusion
of BC-labeled substrates such as glucose or acetate, enables detection of the rates of *C-label
incorporation into cell-specific pools (e.g., glutamate and GABA are predominantly neuronal,
whereas glutamine is predominantly glial) (see Section 3). A range of MRS and MRI methods
provide other metabolic measurements (see Sections 4 and 6).
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2.2. A Primer on Neural Activity

The integrity of brain function is maintained by electrical communication among neurons in
an active partnership with astrocytes, where cytological association with the microvasculature
(Figure 2a) provides the framework that links activities at the nerve terminal to energy demand
and blood flow (20). Glutamate is the major excitatory neurotransmitter, and GABA is its conjugate
inhibitory partner; together, they constitute ~90% of cortical neurons (21). Glutamate metabolism
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Table 1  Physical properties of various nuclei used in metabolic measurements by MRI and MRS methods?®

Metabolic measurement
Natural Gyromagnetic
abundance ratio Frequency by MRS Section by MRI Section
Isotope (spin) (%) [10° rad/(s-T)] (500 MHz) (voxel size) of text (voxel size) of text
'H (1/2) ~100 267.522 —500.00 CMRyi(oy) 3 CMRo, 5
(~20 mm?) (~0.5 mm?)
chcle 3
(~20 mm?)
pH (~2 mm?) 6 pH 6
(~0.5 mm?)
BC1/2) 1.1 67.238 —125.725 CMRgj(ox) 3
(~100 mm?®)
chcle 3
(~100 mm?)
170 (5/2) 0.04 —36.281 67.782 CMRo; 4
(~15 mm?)
YF (1/2) ~100 251.815 —470.47 CMRgje 4
(~60 mm?)
3P (172) ~100 108.394 —202.606 CMRATpase 4
(~15 mm?)
CMRck 4
(~15 mm?)

*The spatial resolution indicated for rat brain at a magnetic field (B,) of >9.4 T} substituting the units of cubic millimeters with cubic centimeters roughly
approximates the spatial resolution observed in human brain at a B, value of >4.0 T. Abbreviations: CMRpase, cerebral metabolic rate of ATPase
reaction; CMRck, cerebral metabolic rate of creatine kinase reaction; CMRg., cerebral metabolic rate of glucose consumption; CMRgjc(oy), cerebral
metabolic rate of glucose oxidation; CMRy, cerebral metabolic rate of oxygen consumption; MRI, magnetic resonance imaging; MRS, magnetic

resonance spectroscopy; Veyle, total neurotransmitter cycle flux.

Figure 1

Metabolic methods used in neuroimaging. (#) Spatial resolution (vertical axis) and temporal resolution
(horizontal axis) of different methods, such as electrophysiology, optical imaging, positron emission
tomography (PET), magnetic resonance imaging (MRI), and magnetic resonance spectroscopy (MRS). Each
method measures different tissue- and/or cell-specific components and has specific advantages and
disadvantages. Because demand for energy substrates is a fundamental requirement, energy-based methods
enable quantitative neuroimaging. (»)) MRI measures both brain function [e.g., functional MRI (fMRI)] and
brain anatomy [e.g., diffusion tensor imaging (D'TT)] with high spatial resolution because of the concentrated
water—' H signal (~50 M). (Top) fMRI and (bottorn) DTT maps (from a rat brain) are measured by relaxation
and diffusion rates, respectively, of water. (¢) MRS measures dilute ' H signals (0.5-5 mM) from molecules
other than water (or fat) for molecular imaging [i.e., biosensor imaging of redundant deviation in shifts
(BIRDS)]. MRS detects endogenous [e.g., phosphocreatine (PCr), N-acetyl aspartate (NAA)] or exogenous
[e.g., thulium chelated with 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetrakis(methylene phosphonate)
(TmDOTP*~)] molecules. Diamagnetic endogenous 'H signals such as water, NAA, and PCr span a
chemical shift range of ~5 ppm, whereas chemical shifts of paramagnetic exogenous 'H signals from
TmDOTP’~ span more than 200 ppm. Because these chemical shifts describe the molecule’s structure in
relation to its environment, they can be used for highly specific molecular imaging, such as a temperature
map (from a rat brain) generated from chemical shift imaging of the 'H signals from TmDOTP*~ (see
Section 6.2).
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plays a central role in glutamatergic and GABAergic synapses [i.e., glutamate is a precursor of
GABA, and it is a constituent of both neurons and astrocytes (22)].

Cellular excitability (or signaling) depends on ionic distribution across the cell membrane.
For inactive cells, there is an approximately 10-fold difference in ionic distribution between the
intracellular and extracellular compartments, with higher concentrations of Na*, Ca?*, and CI~
ions outside and a higher but unbalanced concentration of K* ions inside. Ion channels on the
membrane allow ions to move across it. The concentration gradients and ion channel determine
the membrane permeability for each ion; in turn, the membrane permeabilities together determine
the membrane voltage. When neurons are excited, the permeability for K* and Na™ increases,
resulting in a flip in the polarity of the electrical gradient and inflows of Na* and outflows of K.
The membrane voltage polarity switch can cause the neuron to undergo action potentials (firing)
and release neurotransmitters such as glutamate and GABA to, respectively, excite or inhibit other
neurons. However, ATP-dependent ion pumps (e.g., Na*/K* ATPase) are needed to help restore
the ionic gradients to the resting value, allowing the neuron to fire again.

Communication between neurons is characterized by 1-2-ms epochs of electrical discharge
(or depolarization), which are followed by quiescent charging periods lasting a few milliseconds.
Repeated discharges, or action potentials, represent neuronal firing (Figure 24). But synaptic
activity is not exclusively mediated by digital (i.e., all or none) signaling alone, because membrane
potential changes (i.e., field potentials) are also graded (and slow) to produce analog signals.
In contrast to action potentials, the synaptic potentials have a lower amplitude and last several
milliseconds (Figure 2a).

Metal microelectrodes enable extracellular recordings of both action and synaptic potentials
(Figure 2a). If the tip (1-3 um) is situated next to cell bodies and the data are collected with high
temporal resolution (<100 ps), then the extracellular voltage can be measured to enable multiunit
activity (MUA) recordings. The largest signals from neurons closest to the tip are studied, and the
signals from others are ignored. The high SNR of action potentials (or spikes) can be distinguished
from lower-amplitude signals (by spike sorting). The extracellular signal is also susceptible to the
slower waves that represent the local field potential (LFP), which may arise from graded events
at the nerve terminal. Thus, appropriate filtering is applied to separate the MUA (10°-10° Hz)
from the LFP (<10? Hz) signals. MUA signals are typically representative of signals from one or
more neurons in the microelectrode’s vicinity (spanning 10-100 pm). LFP signals can integrate
over much larger distances (micrometers to millimeters) to represent the aggregate activity in that
region.

Figure 2

Function of neuronal/glial cells and their energy demand. (#) The supply of glucose and oxygen supports the electrical and chemical
activities of neurons and astrocytes at the glutamatergic synapse. Extracellular recordings allow measurements of electrical activities
represented by multiunit activity (MUA) and local field potential (LFP), whereas a range of magnetic resonance imaging (MRI) and
magnetic resonance spectroscopy (MRS) methods are needed to measure the energy demand that support these activities. (5) Glucose
metabolism in mammalian cells. Blood delivers glucose [through glucose transporters (GLUTSs)] and oxygen [from oxyhemoglobin,
Hb(O,), (where 4 > n > 1), by passive diffusion] to tissues. Most of the glucose is converted first to glucose-6-phosphate (G6P) by
hexokinase and then to pyruvate and hydrogen ions (H), generating two ATP molecules per glucose. In the presence of oxygen,
pyruvate is oxidized to form carbon dioxide and water (which is extruded out as HCO;3 ™), generating 36 additional ATP molecules per
glucose. But some glucose, beyond G6P, is diverted via the pentose phosphate shunt to support biomass. In the absence of oxygen,
pyruvate is reduced to lactate. Lactate and H™ are transported out of the cell by monocarboxylic acid transporter (MCT) and Na™-H"
exchanger, respectively. However, uncoupling between glucose metabolism (CMRg;.) and oxidative metabolism (CMRo) in unhealthy
(e.g., cancer) cells enhances pathways for biomass and production of lactate and H'. To maintain intracellular pH homeostasis, both
lactate and H are extruded out into the extracellular space to cause acidification.
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2.3. A Primer on Brain Metabolism

In no other organ is the continuous energy supply more imperative than in the brain (23). The
brain comprises only 2% of the body’s weight, but it consumes more than 20% of the oxidative
fuels in the entire body and receives nearly as much of the cardiac output to supply nutrients (i.e.,
glucose and oxygen) (24). Because endogenous energy reserves in the brain—glucose (1-3 mM),
oxygen (50-100 uM), glycogen (2-4 mM), and creatine (8—10 mM)—are small (25), normal brain
function needs an efficient blood circulation system to provide nutrients to the brain and remove
waste generated by the brain (26).

Glucose is the primary energy substrate in the healthy adult brain, although other substrates
(e.g., ketone bodies, lipids) can contribute under specific conditions (16). The energetic costs
of the brain are met mainly by ATP derived from glucose oxidation, where the ATP yield is
~18 times higher during full oxidation than during glycolysis. Transporters located at both the
blood-brain barrier and the plasma membrane mediate glucose delivery. Both nonoxidative and
oxidative pathways help break down glucose to maintain a homeostatic level of ATP (2-4 mM).
Glucose can be stored in glial cells as glycogen. Because astrocytes lack the enzyme to generate
glucose from glycogen, glucose-6-phosphate generated in glia may be transferred to neurons as
lactate (27).

Total creatine, which represents both phosphocreatine (PCr) and creatine (Cr), can undergo
a phosphorylation—dephosphorylation reaction catalyzed by the cerebral metabolic rate of the
creatine kinase (CK) reaction (i.e., CMRck, which is PCr <+ ATP + Cr). Therefore, PCr may
provide an additional energy reserve when oxidative phosphorylation cannot maintain a constant
ATP supply (28). Together, these alternate energy reserves can provide energy support for a
short time, for instance, a few minutes under ischemia (4). These extra nonoxidative pathways,
most of which are cytosolic, may provide a faster ATP production rate (in the millisecond range)
than mitochondrial respiration (27, 28). The unidirectional ATP production rate that is directly
related to supporting cellular function by ATP-dependent ion pumps (e.g., Na™/Kt ATPase) is
the cerebral metabolic rate of ATPase reaction (i.e., CMR7p,ee, which is P; — ATP).

Glucose breakdown to pyruvate generates two ATP molecules per glucose molecule, and in the
presence of oxygen, pyruvate is fully oxidized to carbon dioxide and water (i.e., glucose + 60, —
6CO; + 6H,0) in the tricarboxylic acid (T'CA) cycle, generating 36 additional ATP molecules per
glucose molecule (Figure 24). However, some glucose, beyond glucose-6-phosphate, is diverted to
support biomass. When oxygen is lacking, pyruvate is reduced to lactate. Both of these oxidative and
nonoxidative processes produce lactate and hydrogen ions (H"). However, in disease (e.g., cancer),
uncoupling of cytosolic glucose metabolism (CMR) and mitochondrial oxidative metabolism
(CMRy;) enhances pathways for biomass and production of lactate and H* (9). To maintain
intracellular pH homeostasis, the excess lactate and H* generated have to be transported out of
the cell, resulting in extracellular acidosis.

To assess regional variations of the ATP utilization rate, the degree of glucose oxidation
[CMRgieon ] must be mapped, as reflected in the oxygen-to-glucose index (OGI),

OGI = CMRe,/CMRy, 1)

which can be determined from absolute PET measurements of CMR;. and CMRo; (29, 30).

An OGI lower than six indicates aerobic glycolysis that terminates in generation of lactate
(or other metabolites) that remains in the tissue without yielding carbon dioxide and water [i.e.,
CMR oy < CMRy.]. Conversely, an OGI of six suggests full glucose oxidation [i.e., CMR oy =
CMR ], whereas an OGI greater than six suggests oxidation of other substrates.
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3. IMAGING NEUROENERGETICS AND NEUROTRANSMISSION

Physiological studies by Kety and colleagues dating back to the 1950s showed that the active or
resting brain has very high CMR. and CMRo, despite the brain’s small size in relation to other
organs in the body (24). Despite this disproportionate energy requirement for the brain, prior
to the 1990s (and even now, to some extent) investigators believed that the energies devoted to
brain function were small (31), suggesting that neuronal activity was essentially negligible at rest
compared with the increase in activity measured during sensory stimulation or cognition (32).
Recent in vivo ¥C-MRS studies in rat and human brain (13) have played an important role in
testing these claims and overturning long-held misconceptions about the energetic demand for
neural function.

The ability of *C-MRS to measure the fluxes of the TCA cycle (Virca) and the total neuro-
transmitter cycle (Veyee) is due to the localization of key enzymes and metabolite pools in neurons
and glia and the specificity of *C-labeled precursors to specific cell types (33, 34). Figure 3a
shows a diagram of glucose oxidation in neurons (Vrcan) and astrocytes/glia (Vrcaa) as well
as the interactions between glutamate and GABA neurotransmission and astrocyte metabolism
via the glutamate—glutamine cycle (Veycle Glwain) and the GABA—glutamine cycle (Veyele,GaBA/GIn)-
Excitatory glutamatergic neurons, which account for 80-90% of the neurons and synapses in the
cerebral cortex (1), release glutamate as a neurotransmitter, most of which is taken up by the astro-
cytes (35) and either converted to glutamine or oxidized (36). Neurons lack the enzymes required
for de novo synthesis of glutamate; therefore, they depend on the astrocytes to provide substrates
for the synthesis of glutamate lost during neurotransmission (37). The neurons then convert glu-
tamine to glutamate via phosphate-activated glutaminase. In GABAergic neurons, glutamate is
converted to GABA through an additional step catalyzed by glutamate decarboxylase.

3.1. BC-MRS for Tricarboxylic Acid Cycle Flux

Because Vcy is directly related to oxidative phosphorylation (4), in vivo measurements of Vrca
are an indicator of mitochondrial health in neurons and glia. Figure 34 shows two spectra ob-
tained at a B, value of 4.0 T from human brain localized to the midline occipital parietal lobe
during infusions of two different 1*C-labeled substrates: [1-1*C] glucose and [2-*C] acetate, both
enriched to 99% (33). The difference in 1*C labeling between [1-"*C] glucose and [2-1*C] acetate
reflects their different pathways of metabolism. Glucose is oxidized primarily in the neuronal TCA
cycle, whereas acetate is oxidized first in the astrocyte TCA cycle. As a result, glutamine receives
more *C label when acetate is infused due to it being exclusively synthesized in the astrocyte.
These spectra clearly show *C labeling in the brain pools of aspartate, GABA, glutamine, and
glutamate after ~1 h of infusion of the respective substrates. By following the flow of 1*C label into
these metabolites, 1*C-MRS in combination with metabolic modeling enables measurements of
Vrca in glutamatergic neurons (Vrca nai), GABAergic neurons (Vrca ncasa), and glia (Vreaa),
as well as measurements of Vey e for glutamatergic (Veyele,Glwgin) and GABAergic (Veyele GaBa/Gn)
neurotransmitter cycles (38).

Virca determined by *C-MRS, when expressed as total glucose oxidation [i.e., CMRyi(o],
is in good agreement with earlier PET measurements of CMRg, assuming an OGI of ~5.3
li.e., 2 CMRyic(oy = Vrcal (39, 40). Virca determined by BC-MRS in rat and human cerebral
cortices is also consistent with results using '*C-2-deoxyglucose autoradiography (for CMRy.
measurements) and arteriovenous oxygen difference (for CMR; measurements) (22, 41).

For measurements of Virca n and Vireaa, there is good agreement between three independent
label strategies using [1-*C] glucose, [2-1*C] acetate, and [1-*C] bicarbonate as precursors in
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3.2. 3BC-MRS for Glutamate Neurotransmitter Flux

Although neuronal signaling is conventionally represented by electrical activity (Figure 24), non-
invasive methods are needed to measure neurotransmission or neuronal activity in people. A
potential way to study neurotransmission was suggested by observation of rapid C labeling
from glucose to glutamate and glutamine in human and animal '* C-MRS studies. The glutamate-
glutamine cycle, therefore, is a necessary part of overall cellular excitability but, more importantly,
links electrical membrane depolarization to chemical synaptic activity (2, 22). In the cerebral cor-
tex, glutamate released from nerve terminals is taken up by surrounding glial cells and returned to
the nerve terminal as glutamine (for details of this process, see Reference 45). If glutamine labeling
from the total neurotransmitter cycle, Veycle, could be distinguished from other labeling sources
for glutamine (e.g., removal of brain ammonia in the glia by glutamine synthesis), this pathway of
glutamatergic neurotransmission could be quantitated by '*C-MRS.

In vivo measurements of V. in rat brain were obtained by measuring the increase in the
rate of P’ C labeling of glutamine (from [1-*C] glucose) as a function of ammonia concentration
and then extrapolating to the basal ammonia level (46). As a result of this study, the contribution
of de novo glutamine synthesis in the removal of ammonia was estimated to be no more than
10-20%, even in the anesthetized rat cerebral cortex (where metabolic rates are extremely slow
compared with the awake state). These early > C-MRS measurements of Vyq. were supported by
alternate labeling strategies, with ’N- and *C-labeled precursors enabling separate and direct
measurements of glutamine labeling from both de novo synthesis and the glutamate—glutamine
cycle (36,47). These MRS studies, in conjunction with advanced metabolic modeling (44), support
the idea that the glutamate—glutamine cycle accounts for the majority of mass flow into the brain
glutamine pool (for a review, see Reference 33).

3.3. Energetics of Signaling and Nonsignaling Components

To address the question of the neuronal energy cost of function, simultaneous > C-MRS measure-
ments of Veye and Vrea N [which is equal to 2 CMRyio9,n] were conducted for different brain
electrical activities (48). P C-MRS was localized to the rat somatosensory cortex over a wide range
of activities, from isoelectric pentobarbital anesthesia, under which there is no neuronal signal-
ing, to mildly anesthetized states with higher neuronal signaling. These earlier *C-MRS findings

Figure 3

Metabolic measurements from 13 C-MRS from normal rat and human brain. (#) A four-compartment metabolic model comprising
blood plasma, glutamatergic neurons, GABAergic neurons, and astroglia. There are three specific TCA cycle fluxes and two specific
neurotransmitter fluxes. (b)) Localized '3C spectra acquired in a human brain infused with (top) [1-13C] glucose and (bottomz) [2-1*C]
acetate. (c) Relationship between neuronal activity reflected by glutamate neurotransmitter cycling (Veyele; horizontal axis) and glucose
oxidation in neurons [CMRgie(ox),N; vertical axis] measured by I3C-MRS in rat brain. The 40 different data points represent a variety of
behavioral states—different levels of anesthesia, sleep, seizure, awake, and so forth—from 21 independent studies (see Supplemental
Table 1 and Reference 49 for details). The red line represents the best-fit linear regression (Equation 2a; R> = 0.89). The Veyele/
CMRyjc(ox),N ratio in the awake state in rat and human brain (see the studies marked with an asterisk in Supplemental Table 1 and
Reference 49). (d) Relationship between BIS representing neuronal activity and glucose consumption (CMRg.) derived by EEG and
PET, respectively. The different data points represent a variety of conditions: awake with eyes closed and with eyes open, non—rapid
eye movement sleep, halothane, sevoflurane, propofol, acute vegetative, and persistent vegetative (see Supplemental Table 2 and
Reference 49 for details). The dashed blue line represents the best-fit linear regression (Equation 2b; R? =0.987). Abbreviations: Ace,
acetate; Asp, aspartate; BIS, bispectral index; EEG, electroencephalography; GABA, -y-aminobutyric acid; Gle, glucose; Gln,
glutamine; Glu, glutamate; MRS, magnetic resonance spectroscopy; NAA, N-acetyl aspartate; PET, positron emission tomography;
TCA, tricarboxylic acid. Panel # modified from Reference 34 with permission. Panel 4 modified from Reference 33 with permission.
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(48), in good agreement with results from other *C-MRS experiments in rat brain performed in
several laboratories (Supplemental Table 1; follow the Supplemental Material link from the
Annual Reviews home page at http://www.annualreviews.org), found a strong coupling between
Veyele(ron versus CMRgoy N (Figure 3c¢):

CMRglc(ox),N = O.88VCyde + 0.07. (23)

An approximately one-to-one stoichiometric relation between changes in neurotransmission
(AVyle) and neuronal energy demand [ACMR jeon N] suggests that the oxidative energy required
by neuronsis a very close surrogate of changes in neuronal activity, where one equivalent of glucose
oxidized is accompanied by one equivalent of neurotransmitter glutamate (and GABA) released
and recycled. However, at isoelectricity (i.e., when there is no neuronal signaling or when V.
falls to zero) the remaining CMRgi(oy,n is small but significant [i.e., ~0.1 pmol/(g - min)], equat-
ing to ~20% of CMRgioy,n in the awake state. Thus, in the awake state ~80% of CMRy¢(ox,x is
devoted to events associated with signaling and ~20% of CMRgjc(e, N is dedicated to nonsignaling
processes, including support for cell housekeeping needs [e.g., (re)building cellular blocks, main-
tenance of resting membrane potential]. The separation of signaling and nonsignaling energy
demands contrasts with prior expectations (see Reference 49 for details).

The ratio of Veyee to CMRgieoyn measured in awake human occipital cortex is consistent
with findings in rat somatosensory cortex (Supplemental Table 1), supporting a similarly high
baseline level of neuronal activity (Figure 3c¢). The slightly lower ratio of V. to CMRjeoyn in
the human studies is probably due to sampling a higher fraction of white matter (where relatively
little glutamate neurotransmitter cycling takes place) resulting from the higher percentage of white
matter in human brain (50). A recent cortical energy budget found that, in the awake brain, ~80%
and ~20% of CMRy¢oxx are devoted to signaling and nonsignaling components, respectively,
in both rats and humans (6). A meta-analysis of electroencephalogram (EEG) and PET data
from humans at various levels of activity (Supplemental Table 2) shows a linear relationship
between total EEG power estimated from the bispectral index (BIS) and CMR. measured by PET
(Figure 3d):

CMR ;= 0.003BIS + 0.035. (2b)

Here, BIS versus CMRy. has an intercept at ~15% of the resting awake CMRy. value (i.e., when
BIS approaches zero), suggesting that in the resting awake human there is a similarly high fraction
of energy consumption supporting signaling, as in the rat brain (Figure 3c).

4. IMAGING METABOLIC DEMAND OF RESTING ACTIVITY

Because traditional neuroscientific inquiries have focused largely on neuronal responses evoked
by stimuli, the fact that there is a persistent metabolic demand for resting (or baseline) activity
had escaped attention. Thus, recent quantitative MRS studies of the resting brain have played a
major role in reinvigorating the importance of spontaneous (or resting) activity and its metabolic
demand for neuroscientific studies (51).

4.1. 31P-MRS for Rate of ATP Production

Quantitative PET measurements of OGI in normal human brain show globally uniform glucose
oxidation in gray matter (~5.3) and white matter (~4.8), but the different OGI values between
these tissues suggest that the ATP contribution from glycolytic sources is lower in gray mat-
ter than in white matter (52). Whereas the ATP utilization rate can be estimated from PET
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measurements of OGI by assuming the efficiency of ATP generated from oxidative phosphoryla-
tion (e.g., six ATP molecules per oxygen) and glycolysis (e.g., two ATP molecules per glucose),
it is desirable to directly measure ATP synthesis with *' P-MRS (53), a detection scheme that is
slightly less sensitive to 'H-MRS (Table 1).

Because rates of mitochondrial ATP production and utilization are tightly regulated in normal
brain to maintain nearly constant levels of high-energy phosphate compounds (e.g., ATP and
PCr) and inorganic phosphate (P;), measuring their levels does not provide any information about
how much ATP is generated versus used (54). In vivo *' P-MRS in conjunction with magnetization
transfer (M'T) preparation approaches (55) allows simultaneous measurement of two important
unidirectional ATP production rates associated with the CK reaction (i.e., CMRcg, which is
PCr — ATP) and the ATPase reaction (i.e., CMRaTpqe, which is P; — ATP). The basis for the
3'P-MT-MRS experiment is as follows: A significant magnetization (i.e., MRS signal) reduction
in the PCr and P; resonances is observed during steady-state saturation of the ATP resonance,
and this M'T effect is mediated by CMRck and CMRy1pase, respectively. The intensity reduction
of P; determines the forward rate constant and flux for the ATPase reaction (i.e., CMRapase),
whereas the intensity reduction of PCr determines the forward rate constant and flux for the CK
reaction (i.e., CMRcg).

Early brain studies using *'P-M'T-MRS focused on CMRcx given the higher SNR levels of
PCrin the brain (56). But CMRy1p, is directly related to ion pump activity (i.e., Nat/K* ATPase)
supporting cellular functions. Recent *'P-MT-MRS studies in normal human brain at a higher
B, value of 7.0 T showed that CMRp,s. can be measured directly by detecting the high SNR P;
resonance during ATP saturation (Figure 44). A comparison of the reductions in the PCr and P;
resonances observed during ATP saturation shows that CMRyp,s. is approximately seven times
lower than CMRck (53, 54). This result suggests that the nonoxidative CK pathway may indeed
provide faster ATP (in the millisecond range) than from mitochondrial respiration, reflected by
the ATPase reaction (27, 28). These results also show that CMR yp,s. is approximately three times
higher in gray matter (Figure 44, ) than in white matter (Figure 44, ii). This value agrees with
estimates from previous PET and '* C-MRS measurements (22, 52, 57); details of these '*C-MRS
measurements are described in Section 3.

4.2. 70-MRS and °F-MRS for Oxygen and Glucose Consumption

Recent developments in 7O-MRS and '"F-MRS techniques have enabled measurements of
CMRo; (58) and CMRy (59). Although the very low gyromagnetic ratio and low natural abun-
dance of 7O nucleus seem to suggest poor sensitivity (Table 1), the sensitivity of I7O-MRS at
higher B, values is quite comparable to that of "H-MRS because of the short relaxation times
for 70 (i.e., in the millisecond range), allowing for significant signal averaging (60). By contrast,
the 'F nucleus has a gyromagnetic ratio that is comparable to that of the 'H nucleus, as well as
high natural abundance (Table 1). First we describe the principles of YF-MRS and 7O-MRS,
then show how they are used to measure CMR;. and CMRo;, respectively, similarly to the PET
techniques (29, 30).

In order to measure CMRp, with 7O-MRS, the amount of water-'7O synthesized from
inhaled 7O-oxygen (i.e., 7O, — H,'70O) must be accounted for (versus water—7O recirculated
from elsewhere). Because the MRS signal of 7 O-oxygen is invisible compared with the MRS signal
of water-!7 O, mitochondrial CMRg, determination is quite direct and less model dependent (60)
compared with PET, which requires additional measurements (e.g., CBF by infused water—17O
and/or CBV by inhaled carbon monoxide-!>O). Recent attempts to measure CMRo; with 17O-
MRS in brain used a metabolic model to separate the water—!”O generation (and recirculation)
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from water—'7O clearance so that the amount of water-!” O synthesized from inhaled oxygen—'7O
could be accurately determined (60-62). In the human brain at a B, value of 9.4 T, by correcting
for regional brain tissue mass, an estimate based on quantitative 2*Na-MRS reflecting endogenous
tissue Na*t ions, investigators obtained absolute CMR; maps by 7O-MRS (Figure 4b) that

appear to be in good agreement with absolute CMRo, maps obtained by PET (61).
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CMRy estimation by '"F-MRS involves assessing the trapped '“F-deoxyglucose-6-phosphate
(YFDG6P) synthesized from "F-deoxyglucose (?FDG). Because the MRS signals of YFDG6P
and YFDG are well separated, cytosolic CMRy. determination by "?F-MRS is easier to interpret
(59). In PET estimation of CMRg, one needs to make specific assumptions about the trapped
amount of *FDGG6P versus '*FDG in every voxel [from the lumped constant (24, 29)]. Because
FDG competes with glucose for the hexokinase reaction step, it is important to ensure that the
FDG dose itself does not compromise the physiological state of the brain tissue.

Past YF-MRS measurements of FDG and its phosphorylation in the brain have suffered from
high dose exposure (63). A recent study showed that a safe FDG dose for rat brain studies can be
determined by combining electrophysiological and fMRI measurements to assess the physiological
state of the brain (59). In halothane-anesthetized rats, the localized in vivo "YF-MRS detection
and separation of FDG and FDG6P signals at a B, value of 11.7 T showed that CMR. can be
determined (Figure 4¢) when assessed in conjunction with a metabolic model based on reversible
glucose transport between plasma and brain tissue that includes a nonsaturable plasma-to-tissue
component (59). The cortical tissue value of CMRy. by YF-MRS was in good agreement with
the CMR oy value obtained by '* C-MRS for halothane anesthesia (64).

Quantitative CMR. and CMR(; measurements are important for understanding the role of
metabolism in health and disease (49, 65, 66). Because trace amounts of radioactive tracers are
needed for PET measurements, they are easily used for clinical scans. The 7O-MRS method
is safe to use clinically, but the high cost of the isotope is prohibitive. Thus far, the "F-MRS
method has been safe in preclinical studies, and it is unlikely to be translated into use in the clinic.
Regardless, the combination of 7O-MRS and 'F-MRS in the same experimental setup could be
used to assess the role of OGI in a variety of preclinical disease models, specifically in cancer,
where rapidly growing tumor cells possess elevated CMR. rates but reduced CMR; rates (i.e.,
the Warburg effect) (9). Given the advent of PET-MRI scanners, combining metabolic PET
scans with fMRI (67) and potentially even MRS may provide a metabolic basis for variations in
the resting-state networks of the human brain in health and disease.

5. IMAGING METABOLIC DEMAND OF STIMULATED ACTIVITY

The discovery of fMRI has had a great impact on neuroscience. In fMRI, the BOLD contrast is
used to expose regions of interest in stimulus-based paradigms. The BOLD contrast arises from
the paramagnetic fields generated by deoxyhemoglobin packed inside red blood cells. Because
the magnetic properties of changing blood oxygenation (¥) affect the tissue water—' H MRI signal
through intravoxel spin dephasing (68), changes in Y are differentially captured with the transverse
relaxation rate, as measured by gradient echo (R,*) and spin echo (R,). If the relaxation components
of R,* and R, assigned to non-susceptibility-based effects are ignored (69), then under well-
shimmed conditions their absolute difference yields

R/ (Y) ~ R x(¥) — Ry (Y), (3a)

which is the relaxation component that is reversible (e.g., static magnetic field inhomogeneity,
slow diffusion regime) (69) and directly measurable (69-73). But how much of the BOLD signal is
related to neuronal activity, and therefore related to the energy demand, has been disputed since
the earliest days of fMRI (32).

The field of calibrated fMRI emerged from the need to quantitatively measure brain activity
with metabolic changes as an index of variation in neuronal activity (Figure 3¢,d). By exploiting
the CMRg,—CBF and CBV-CBF couplings embedded within the BOLD response (AS/S), one

www.annualyeviews.org o Metabolic Brain Imaging in Health and Disease

499



can extract the metabolic component (i.e., ACMR,/CMR(y,) (74):
AS/Sy = M[1 — (CMRo:/CMRo,,)“CBF/CBFo)**]. (3b)

Here, the subscript 0 represents the baseline for each parameter, and M represents the maximum
baseline BOLD signal and is proportional to R,'(Y") (69).  describes the CBV-CBF coupling,

(CBV/CBV,) = (CBF/CBF,)", Go)

and is assumed to be 0.4 on the basis of PET primate studies with hypercapnia (75); however, o
can be directly measured in animals (76, 77), and now in humans (78, 79), by use of intravascular
MRI contrast agents based on SPIO nanoparticles. 8 describes the CMR,~CBF coupling and
ranges between one and two according to the dependence of R,’ on the presence of water diffusion

(18):
R, o v, (3d)

Here, v accounts for the susceptibility difference between blood and tissue, and the exponent of v,
introduced by Ogawa et al. (18), was termed S by Davis et al. (74). B is assumed to be 1.5 in human
studies according to simulations of the BOLD effectat 1.5 T (80), and it is assumed to approach 1
at higher magnetic fields (18). But 8 can also be directly measured in vivo (81). Calibrated fMRI
studies have greatly benefited from MRI methods for CBV and CBF imaging (17, 19).

5.1. Metabolic Demands of Neural Hemodynamic-Associated
and -Disassociated Areas

The last decade has witnessed significant advances in calibrated fMRI studies of the human brain
(82-84). Preclinical studies allow electrophysiology to be combined with calibrated fMRI so that
neurometabolic and neurovascular couplings can be examined (85-91). These studies are helping
to answer an important question concerning the metabolic demands of neural hemodynamic—
associated and —disassociated areas of the brain (92). The interpretation of regional BOLD re-
sponses is contingent on whether LFP and MUA are either disassociated or associated.

Inasearch fora specific type of neuronal activity that can be visualized by fMRI, Logothetis etal.
(93) found that the sensory-evoked BOLD response in primate cerebral cortex is better correlated
to LFP than to MUA. Although this result has been used to argue that the cortical BOLD signal
reflects primarily LFP, it also implies that MUA is disassociated from LFP. This type of neural
hemodynamic disassociation has been reported under a variety of other situations (for a recent
review, see Reference 92). Observations of regional dissociation of MUA from LFP, and hence
BOLD or CBF, has been rationalized on the basis of both vascular-based and circuitry-based
differences. To determine whether neural hemodynamic—associated and —disassociated areas have
different metabolic demands, two studies of rat brain at a B, value of 11.7 T compared sensory-
evoked responses of BOLD, CBF, CBV, and CMRy;, from the ventral posterolateral thalamic
nucleus (VPL) and laminae of the somatosensory forelimb cortex (S1gp), and compared these
responses to those from MUA and LFP (90, 91).

The rat VPL and S1gp, are two model regions in which LFP and MUA can be associated or
disassociated from the respective BOLD responses. The capillary density of the thalamus is similar
to that of most cortical structures (94). The VPL is composed of star-shaped thalamic cells, which
possess closed-field geometry such that synaptic field waveforms may cancel out (95). However,
S1pL consists of large populations of pyramidal cells, which are oriented in parallel along the
cortex such that synaptic currents integrate and summate (95). The upper S1y;, segment consists
of neurons projecting to other adjacent cortical areas, the middle S1g, segment contains inputs
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from the thalamus and projections to the spinal cord, and the lower S1g;, segment has reciprocal
connections to and from deeper regions (1, 16).

Forepaw stimulation reproducibly activated the S1g, and VPL, but with different magnitudes
of BOLD response (Figure 54). Layer-specific calibrated fMRI and electrophysiology data in
the S1y, during sensory stimulation (Figure 55) showed that both BOLD and CBV responses
decreased from superficial to deep laminae, but these responses were not well correlated with
either layer-specific LFP or MUA. However, the CBF changes were quite stable across laminae,
similar to LFP. But changes in CMRo; and MUA varied across the cortex in a correlated manner,
and both were reduced in the superficial lamina.

Multiregional calibrated fMRI and electrophysiology data in the S1gy, (middle segment) and
VPL during sensory stimulation (Figure 5¢) showed that BOLD and CBV responses were greater
in the S1gy, than in the VPL, similar to LFP regional differences. Both CBF and CMRy; responses
were comparably larger in the S, and VPL. Despite different levels of CBF-CMR¢, and LFP-
MUA couplings in VPL and S1y., CMRg; was well matched with MUA in both regions.

Overall, these results suggest that neural hemodynamic-associated and —disassociated areas
in brain can have similar metabolic demands. Therefore, these findings challenge the notion that
conventional fMRI can accurately reflect regional changes in neuronal activity unless regionally
calibrated.

5.2. Metabolic Interactions Between Resting and Stimulated Activities

Given the prevailing view of the brain as primarily an interactive organ that is active only when
stimulated, the consequences of baseline activity are often disregarded (96, 97). If baseline activity
were negligible, then the differenced fMRI signal would be a quantitative measure of the neuronal
activity induced by a stimulus or task (Figure 64). However, in the case of high baseline activity,
additional assumptions are required in order to assign incremental activity (Figure 64). Calibrated
fMRI s challenging the assumption in cognitive neuroscience that spontaneous (or resting) activity
does not interact with task-induced activity, thereby justifying ignoring the baseline signal by
differencing or regression (13). However, calibrated fMRI studies show that stimulus-induced
changes in brain activity rely on the magnitude of the resting (or baseline) activity (51, 98-101),
supporting the idea that there are interactions between spontaneous and evoked activities (i.e.,
rest—stimulus interactions).

To date, numerous laboratories (58, 85, 87, 102-114), using a variety of neuroimaging tech-
niques applied to different sensory systems, across various species, and under different conditions,
have observed that the total neuronal activity reached upon stimulation is, to first order, indepen-
dent of the level of baseline neuronal activity (98). Their results show that task-induced activity
and its commensurate metabolic demand depend on the magnitude of the resting (or baseline)
activity and are greater when starting from a lower baseline state (Figure 6b-d). For example,
two conditions representing high and low basal states in rat (Figure 6b) and human (Figure 6c¢)
brain showed that different levels of ACMR, reached nearly the same levels of total CMRpy.
Moreover, in cat brain, ACMRo; is inversely proportional to the magnitude of basal CMR,
(Figure 6d). These findings highlight the danger of ignoring baseline activity, specifically by
differencing (100), when interpreting neuroimaging results from fMRI (115).

6. NOVEL METHODS FOR MOLECULAR IMAGING OF CANCER

Rapidly growing tumor cells demonstrate elevated rates of glucose uptake (CMRgi) in relation
to oxidative phosphorylation (CMR;) (116). Gliomas, specifically brain tumors that progress to
grade IV glioblastomas (GBMs), are very glycolytic (9). Uncoupling of CMR. from CMRpy,
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Metabolic demands of neural hemodynamic-associated and neural hemodynamic—disassociated areas in brain. (#) Blood oxygenation
level-dependent (BOLD) activation maps of the forelimb cortex (S1y1) and the thalamus separated into ventral posterolateral thalamic
nucleus (VPL), ventral posteromedial nucleus (VPM), and posterior thalamic nuclear complex (PO) obtained during right forepaw
stimulation (2 mA, 0.3 ms, 3 Hz) for 30 s (i.e., the horizontal bars in panels # and ¢). ()) Multimodal responses of BOLD, cerebral blood
volume (CBV), cerebral blood flow (CBF), mitochondrial oxidative metabolism (CMR(;), multiunit activity (MUA), and local field
potential (LFP) across cortical S1gy, laminae (upper, middle, and lower segments, each ~600 pm thick). The horizontal bar represents
30 s of forepaw stimulation. The colored bar chart shows the summary of amplitudes of the multimodal functional responses. All data
are shown as mean £ SD (standard deviation). The asterisk indicates that patterns of CMRo, and MUA are quite similar across
cortical laminae. (¢) Multimodal responses of BOLD, CBV, CBF, CMRp;, MUA, and LFP across the cortical S1p;, middle laminae and
VPL thalamic region. The colored bar chart shows summary of amplitudes of the multimodal functional responses, each normalized by
the maximal response to show regional trends. The asterisk indicates that CMRp, and MUA are quite similar between cortical and
subcortical regions. All data are shown as mean + SEM. Panels # and ¢ modified from Reference 91 with permission. Panel # modified
from Reference 90 with permission.
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Implications of high basal activity for interpreting functional magnetic resonance imaging (fMRI) data with blood oxygenation
level-dependent (BOLD) contrast. (#) The neuroimaging signal (S in white and AS shaded) obtained by calibrated fMRI measures
CMRy; directly to reflect S and S+AS under basal (i.e., no stimuli) and task (i.e., with stimuli) conditions, respectively. (/) AS may be

used quantitatively to track task-induced activity in situations of negligible basal activity. (i7) AS cannot be used quantitatively to

measure activity needed to support a task in situations of high basal activity. (») In rat somatosensory cortex, the relationship between

evoked activity (shaded) and basal activity (white) is represented by CMR; (by calibrated fMRI) and neuronal firing (by

electrophysiology). Conditions 7 and 7, respectively, represent high and low basal states reached by low and high doses of «-chloralose

anesthesia. (¢) In human visual cortex, ACMR; and basal CMR(; are compared using calibrated fMRI. Conditions 7 and 7,
respectively, represent high and low basal states reached by two different stimuli: peripheral stimulus (induces a positive BOLD

response) and foveal stimulus (induces a negative BOLD response). (4) In cat visual cortex, ACMR@; and basal CMR; are compared
using '70-MRS (magnetic resonance spectroscopy). Abbreviation: CBF, cerebral blood flow. Panel # modified from Reference 85 with

permission. Panel ¢ modified from Reference 106 with permission. Panel 4 modified from Reference 58 with permission.

otherwise known as aerobic glycolysis (117), enhances pathways for generating biomass and pro-
duction of excess lactate and H* (Figure 25), which, if not extruded out, can hinder intracellular
functions (9). Thus, assessing intracellular pH (pH;) and/or extracellular pH (pH.) is important
for brain cancer research.

3IP-MRS has played an important role in assessing the pH;—pH, gradient in a variety of tissues.
By measuring protonation level of high-energy phosphate compounds, *! P-MRS can estimate pH;
as follows:

pHi = pK, + log [(AS — 81)/(8; — AS)], )

where A§ is the shift difference between the P; and PCr resonances; §; =3.23 ppm and 8, =
5.70 ppm are the corresponding shift differences at low and high pH, respectively; and pK, = 6.77
is the logarithm of the equilibrium constant for the protonating—deprotonating reaction (15). But
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pHe can also be measured by > P-MRS from the shift of exogenous agents such as 3-aminopropyl
phosphonate (3-APP), for which pK, =7.11, §; =20.34 ppm, and é, =23.84 ppm in Equation 4
(118). Previous *'P-MRS studies with 3-APP and P; showed that inside tumors pH, is more acidic
(6.2-6.9) than pH; (7.1-7.6) (119-121).

6.1. Intratumoral pH-Weighted Imaging

A new MRI contrast termed chemical exchange saturation transfer (CEST) is generated when
an RF pulse (B;) saturates a pool of exchangeable protons [e.g., amide/amine (—NH,) or hy-
droxyl (—OH) protons] to decrease the steady-state proton signal arising from bulk water (122).
CEST contrast from diamagnetic molecules is referred to as diaCEST. B, saturation of a pool of
exchangeable protons attenuates the proton signal arising from bulk water by

S/Se 2 1/ [1+k T, )

where S and S, are magnitudes of the bulk water proton signal with and without saturation, k; is
the pseudo-first-order exchange rate constant, and 77 is the longitudinal relaxation time of bulk
(tissue) water (or is 1/R;). For a two-site exchange, k; depends on the rate constant of the agent
(k4), concentration of the agent, and number of exchange sites (). Because kx and 7} vary with
pH, the CEST effect can reflect the agent’s environment, under the assumption that k4 values for
different pools are distinct enough to provide specific CEST contrasts (Figure 7).

Although various diaCEST contrasts can be obtained in theory (123), there are outstand-
ing issues that complicate in vivo diaCEST imaging. Because chemical shifts of the diamagnetic
exchangeable protons are within 1-4 ppm of bulk water protons, accounting for off-resonance
direct saturation of bulk water and/or macromolecular M'T effects from indirect saturation raises
concerns about absolute pH quantification from CEST. Moreover there are unknown differ-
ences of various parameters [e.g., Ry, temperature, water content, protein content, macromolecu-
lar exchange-relayed nuclear Overhauser effects, B, inhomogeneity, B; inhomogeneity] between
healthy and diseased tissues. Another critical issue involves accounting for multiple pools that all
contribute to the CEST effect simultaneously, as CEST effects of different agents do not follow
a general linear model (i.e., CEST ;5 # CEST, + CESTjg) (124). Nevertheless, the greatest
advantage of diaCEST is that it can be clinically applied without any exogenous agent (125).

Amide proton transfer (APT) is a diaCEST contrast generated from proton exchange be-
tween protons of bulk water and —NH, of endogenous mobile proteins and peptides, enabled
by saturation at 3.5 ppm downfield of water (Figure 74). Given that such exchangeable protons
(assumed to be arising from endogenous mobile proteins and peptides in the cytoplasm) are more
abundantin tumor tissues than in healthy tissues (125), generally a 3-4% APT-CEST contrast in-
crease is observed in the intratumoral region compared with the peritumoral region. Although this
APT-CEST contrast increase suggests a pH; increase, quantitative verification is lacking because
the CEST contrast remains qualitative unless the concentration of the exchangeable pool is known.
A recent rat study at a B, value of 7.0 T by Sagiyama et al. (126) used the APT-CEST contrast
to monitor the pH; response of GBM to temozolomide (Figure 75), which is an oral alkylating
chemotherapeutic agent that disturbs DNA replication and induces apoptosis of cancer cells. The
APT-CEST contrast for the intratumoral region decreased in tumors 1 week after a single course
of treatment, compared with untreated tumors. Because no changes in tumor volume, cell density,
or apoptosis were observed in the treated tumors, the authors concluded that the observed change
in APT-CEST contrast is due to a pH; decrease caused by temozolomide.

Amine and amide concentration—independent detection (AACID) is another diaCEST contrast
that includes effects from both amine and amide protons in a ratiometric manner such that the
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Chemical exchange saturation transfer (CEST) in cancer imaging. (2) Illustration of diamagnetic CEST (diaCEST) principles are
shown with a schematic diagram of relevant solute exchangeable proton pools (amide, amine, hydroxyl, each with a specific rate
constant, k,; see Equation 5) that resonate at frequencies that are shifted by a few parts per million from that of bulk water proton.
However, there are other confounding effects from macromolecular exchange-relayed nuclear Overhauser effects (NOE) and
macromolecular magnetization transfer (MT). () Demonstration of amide proton transfer (APT), which is a diaCEST contrast that
depends on amide protons. The rats were either untreated or treated with temozolomide. () Demonstration of amine and amide
concentration-independent detection (AACID), which is another diaCEST contrast that includes effects from both amine and amide
protons in a ratiometric manner. The rats were either untreated or treated with lonidamine. Panel # modified from Reference 126 with

permission. Panel ¢ modified from Reference 128 with permission.

need to know the concentration of the exchangeable pool is removed (127). The AACID-CEST
contrast is enabled by independent saturations at 2.75 ppm (amine) and 3.5 ppm (amide), both
downfield of water (Figure 7). Whereas the pH; derived from AACID-CEST contrast can be
validated by *'P-MRS, it generates a slightly different (opposite) contrast to that of APT-CEST.
A recent rat study at a B, value of 9.4 T by McVicar et al. (128) compared the AACID-CEST and
APT-CEST contrasts to monitor the pH; response of GBM to lonidamine. Because lonidamine
inhibits lactate transport, accumulation of more lactate in the intratumoral region should decrease
pHi compared with the peritumoral region. In agreement with this hypothesis, the APT-CEST
contrast in the intratumoral region was lower than in the peritumoral region (Figure 7¢). As the
APT-CEST contrast is qualitative, the concentration-independent AACID-CEST contrast can
be used quantitatively (Figure 7c).

6.2. Intratumoral and Peritumoral pH Imaging

To circumvent some of the drawbacks of diaCEST imaging, a class of paramagnetic cyclen
derivatives containing paramagnetic lanthanide (Ln**) ions, termed paraCEST agents (129), were
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synthesized to increase the chemical shift separation between the signals arising from a pool of
exchangeable protons in an inner sphere of bound water and bulk solvent water. ParaCEST
agents improve CEST contrast by tuning water exchange kinetics (i.e., higher #; in Equation 5),
chelate structure, and/or choice of Ln** ion. As US Food and Drug Administration—-approved
MRI contrast agents containing Gd** ions that affect bulk (tissue) water R, relaxation are based
on DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid), paraCEST agents are also
DOTA derivatives, but use other Ln** ions such as thulium (Tm?**), europium (Eu’*), and so
forth. However, in vivo paraCEST imaging has been challenging to perform, primarily because
of B, inhomogeneity issues and the need for high B; power (130).

Recently, a new 'H-MRS method termed biosensor imaging of redundant deviation in shifts
(BIRDS) was developed. This method uses probes that are similar to paraCEST agents (131-133).
Although these BIRDS agents contain exchangeable protons (i.e., —OH and —NH,), the main
physiological readout arises from the nonexchangeable protons (i.e., —=CH,). Thus, BIRDS com-
bines high-spatial resolution MRI with high molecular specificity MRS into a three-dimensional
CSI platform. Because BIRDS agents feature both nonexchangeable and exchangeable protons,
both BIRDS and CEST can be carried out with the same probe (134, 135). Unlike the com-
plexity of CEST contrast, with multiple pools of exchangeable protons present (124), a unique
feature of BIRDS is that signals from different BIRDS agents follow a general linear model (i.e.,
BIRDS4. 5 = BIRDS, + BIRDSg) (136). Although BIRDS agents use the DOTA framework,
clinical use will depend on the use of non-Gd** ions.

The BIRDS method is based on detection of the agent itself. A 'H spectrum of the chelate (i.e.,
the compound without the Ln** ion) shows conventional diamagnetic shifts spanning ~5 ppm
(Figure 84). However, a 'H spectrum of the complexed agent (i.e., the compound with the Ln**
ion) shows paramagnetically shifted resonances more than 100 ppm apart (Figure 85). These
enormously paramagnetically shifted resonances (Figure 8¢) have unusual properties because the
chelate’s nonexchangeable protons are juxtaposed near the paramagnetic field of the metal ion
(Figure 8¢).

The chemical shift of a BIRDS agent is affected by the proximity of the nuclear spin to the
unpaired electrons of the paramagnetic metal ion (137). As a consequence, the relaxation times
are severely affected (Figure 8¢). The longitudinal (77 = 1/R;) and transverse (75 = 1/R;) relax-
ation times of nonexchangeable protons are very short (in the millisecond range), enabling high-
resolution, high-speed CSI that is impervious to B, inhomogeneity. Moreover, BIRDS agents
could be used across a range of B, values because the ratio of 75 to 7 remains high and the
molecular readout is largely unaffected by B,,. Because the effect on chemical shift depends on the
vector L between the spin and unpaired electron(s), the effect of factors such as temperature on
L will influence the shift. Similarly, protonation of the complex can alter a molecule’s geometry
and change the relative shift. Variation of the total shift term, Ad, when both temperature (T)
and pH change simultaneously, can be modeled as

ASOZCTAT +CpHApH + CxA[X], (6)

where Cr = (A8o/AT),y is the temperature dependence at a given pH, Cyg =(Ado/ApH)r
is the pH dependence of a given temperature, and the much weaker Cy term is for cation X
(Figure 8¢). BIRDS characterization depends on C7 and Cy in relation to Ado. The molecular
readout does not depend on diffusion or blood flow. Although the distribution of BIRDS agents
may depend on vessel permeability (e.g., normal versus tumor tissue), the readout is independent
of agent dose.

Recent BIRDS studies at a B, value of 11.7 T, using a pH-sensitive Tm?* probe, measured
pH. in both intratumoral and peritumoral regions of rat brain containing various types of gliomas
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Figure 8

Biosensor imaging of redundant deviation in shifts (BIRDS) in cancer imaging. (#) A H-spectrum of the chelate [1,4,7,10-tetramethyl
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetate (DOTMA*")] without the paramagnetic thulium ion (Tm?*). (5) A 'H-spectrum
of the complexed agent with the paramagnetic Tm** ion (TmDOTMA™). (¢) Properties of a pH-sensitive probe [Tm3* chelated is
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetrakis(methylene phosphonate) (TmDOTP?~)]. The paramagnetically shifted 'H
resonances are () more than 100 ppm apart, (i7) have very short longitudinal (77) and transverse (7>) relaxation times, and (7i7)
demonstrate shift-dependent temperature (T) and pH sensitivities. (d,e) Representative extracellular pH (pH.) maps from BIRDS data
of rats bearing (d) 9L and (¢) RG2 tumors. (i) 7>-weighted image shows tumor localization (tumor, blue; brain, brown). (/i) Chemical
shift imaging data for the slice in panel i show TmDOTP?~ throughout the brain. (/i) Examples of spectra from intratumoral and
peritumoral voxels. (i) Quantitative pH, maps from TmDOTP’~ peaks and their respective pH sensitivities (Equation 6). Panel ¢
modified from Reference 132 with permission. Panels 4 and e modified from Reference 138 with permission.

(138, 139). Upon infusion of the BIRDS agent, MRI identified the tumor boundary by enhanced
T; relaxation (because the Tm** probe is paramagnetic and affects tissue water T3), and BIRDS
allowed imaging of intratumoral-peritumoral pH, gradients for different gliomas (138). The pH.
measured by BIRDS was validated by *'P-MRS. Whereas the intratumoral pH, was acidic for
both tumor types, peritumoral pH, varied with tumor type. The intratumoral-peritumoral pH,
gradient was much larger for the 9L tumor (Figure 8¢) than for the RG2 tumor (Figure 84),
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because in the RG2 tumor acidic pH, was found in distal peritumoral regions. An increased
presence of Ki-67" cells beyond the RG2 tumor border suggested that the RG2 tumor was more
invasive than the 9L tumor. These results suggest that intratumoral-peritumoral pH, gradient
mapping is important in monitoring GBM growth and response to treatment.

Because the surgical intervention used to raise the Tm?* probe’s plasma concentration (140)
limits longitudinal BIRDS scans on the same subject, probenecid (an organic anion transporter
inhibitor) can be coinfused with the BIRDS agent to temporarily restrict its renal clearance,
thereby facilitating BIRDS without surgical intervention. In vivo BIRDS data using this coinfusion
method in rat brain bearing RG2, 9L, and U87 brain tumors showed intratumoral-peritumoral
pHe. gradients that were unaffected by the probe dose (139). This coinfusion method can be used
for pH, mapping with BIRDS in preclinical models for tumor characterization and therapeutic
monitoring given the possibility of repeated scans with BIRDS (e.g., over days and even weeks)
in the same subject. Furthermore, compatibility of BIRDS with various nanoensembles, such as
SPIO nanoparticles, liposomes, and even dendrimers (141, 142), may create exciting opportunities
for multimodal imaging of drug delivery with MRI (143) and drug response with BIRDS (144).

7. CONCLUDING REMARKS AND FUTURE PERSPECTIVES

In this review, we have discussed advanced MRI and MRS methods that provide a range of op-
tions to study how brain metabolism supports functional and nonfunctional processes. The ability
to combine these different magnetic resonance methods is already providing unique insights into
metabolic changes in health and disease, and we anticipate that this type of research will rapidly ex-
pand further. For example, a combination of > C-MRS and fMRI could provide novel information
about degenerative and psychiatric disorders (14, 145-147) and responses to various treatments.
Because acidic pH, favors tumor growth and metastasis by activating matrix metalloproteinases
and cathepsins (148) and even drives local tumor cell invasion beyond the tumor core (149), CEST
and BIRDS can help assess the efficacy of different GBM treatments by using pH; and pH, map-
ping. Moreover, all of these methods can be performed in combination with more conventional
MRI and MRS methods. Our focus on magnetic resonance is not intended to dismiss the impor-
tance of other biomedical imaging tools, as the methods utilized should be driven by the questions
being asked, given that different methods can provide complimentary information (Figure 1a).
For example, a recent study used fMRI to identify brain regions with impaired function in children
with dyslexia, and "H-MRS was used to determine the neurochemical abnormalities underlying
these impairments (150). Another recent study found hypofrontality and posterior hyperactivity in
a schizophrenia model with fMRI, but this complex impaired functionality was due to anatomical
abnormalities in white matter within these regions revealed by D'TL; moreover, *C-MRS showed
that these metabolic flux changes underlie the functional alterations in gray matter (14). In the
future, combined metabolic and physiological modalities with MRI and MRS could provide a
chemical fingerprint for the diagnosis and treatment of a range of degenerative and psychiatric
disorders. Although these magnetic resonance methods (e.g., PET combined with MRI/MRS) for
imaging brain metabolism demonstrate the translational potential to better diagnose brain disor-
ders and diseases, their combination with other quantitative methods show even greater promise

(67).
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