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1. Introduction

Since its discovery in the 1940s, magnetic resonance
spectroscopy (MRS) has developed into a major technique
used by chemists to elucidate molecular structures. The
underlying principle of MRS is the generation of radiofre-
quency (RF) signals by magnetic nuclear spins that are
excited with a specific RF probe in an external magnetic
field By. The magnetic resonance frequency wy is linearly
dependent on By and the gyromagnetic ratio of the nucleus
y, as wy = yBy. The MR signal intensity depends on the
concentration of nuclear spins, the magnetic field strength
By, and the gyromagnetic ratio y of these spins. The
magnetization signal in MRS is characterized by two rate
constants, the spin—lattice (or longitudinal relaxation time)
T, and the spin—spin (or tranverse relaxation time) T,. Since
the resonance frequency of a particular nucleus is dependent
upon its chemical environment, an important aspect of MRS
is the ability to distinguish a nucleus with respect to its
environment in the molecule. Because the molecular structure-
based frequency shift and the resonance frequency are
directly proportional to the strength of the magnetic field,
the frequency shift is converted into a field-independent
dimensionless value known as the chemical shift. Since the
frequency shifts are extremely small in comparison to the
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resonance frequency, the chemical shift is expressed in parts
per million (ppm). The chemical shift is typically reported
relative to a reference resonance frequency. MRS therefore
provides information about the chemical environment of the
nuclear spin such as number of chemical bonds, neighboring
nuclei, and overall chemical structure. As a result, each peak
in an MR spectrum has a characteristic chemical shift that
is dependent upon the chemical structure of the metabolite
or compound and a peak area that is proportional to the
concentration of the compound. Scalar spin—spin interac-
tions, or J-couplings, produce fine multiplet structures that
can be used to further analyze the chemical structure of a
given molecule.

Within the past two decades, the same principles of
chemical shifts, magnetic moments, relaxation rates, and
deriving concentrations from peak integrals have been
applied in several preclinical and clinical studies to advance
cancer discovery, diagnosis, and treatment. Incorporating
imaging techniques with MRS has resulted in the develop-
ment of MR spectroscopic imaging (MRSI) where the
chemical information is spatially phase encoded,! > providing
images of specific chemical compounds such as metabolites,
reporter probes, labeled substrates, or drugs. The purpose
of this article is to review recent developments and examples
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of the use of multinuclear MRS in cancer and its integration
with multimodality imaging in cancer discovery and treatment.
The ability of cancer cells to adapt and survive treatments,
and the collateral damage to normal cells as a result of several
cancer treatments, continue to make the successful treatment
of cancer a major challenge for the 21st century. Tumor
recurrence and metastasis are the leading causes of morbidity
and mortality from cancer, and despite major advances in
cancer research and treatment, cancer continues to evade
cure. This is not surprising given the complexities of a tumor
and the genomic plasticity of cancer cells and stromal cells
that are co-opted within the tumor. A schematic of the
different components of a tumor is shown in Figure 1.
Physiological conditions such as hypoxia and acidic
extracellular pH (pHe) that exist in the tumor microenvi-
ronment, the interactions between cancer cells and stromal
cells such as endothelial cells, fibroblasts, and macrophages,
the extracellular matrix, and the numerous secreted factors
and cytokines cumulatively influence progression, aggres-
siveness, and response of the disease to treatment. Hypoxia,
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in particular, is a major cause of radio- and chemoresistance
in cancer cells. Because of the remarkable ability of cancer
cells to adapt and survive, finding effective treatments against
cancer depends upon identifying and attacking targets and
pathways that are critically important for the cancer cell.
Multinuclear MRS provides unique opportunities for mo-
lecular and functional imaging of cancer in preclinical and
clinical studies, as well as for imaging interactions between
cancer cells and stromal cells. Some of these applications
of MRS, the nuclei commonly studied, and the information
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Figure 1. Schematic of the components of a tumor. Cancer cells are embedded within the extracellular matrix (ECM). The ECM consists
of a complex meshwork of structural extracellular proteins. The tumor microenvironment (TME) contains the ECM and stromal cells such
as endothelial cells, fibroblasts, and macrophages that are co-opted by the tumor. The TME is typically characterized by hypoxia, acidic
extracellular pH (pHe), and substrate depletion.
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Table 1. Nuclei Commonly Studied in Order of Sensitivity of Detection and Some of Their Preclinical (+) and Clinical (*) Applications in Cancer”

Sensitivity

Nucleus | y [MHz/T] | o+ jotection

Applications

H 42.58

* Total choline+*

* Lactate+*

* Lipid+*

» N-acetyl-aspartate+

* Citrate+

* Extracellular pH (pHe)+

* Treatment efficacy+*

* Detection of metastasis+*
* pO2+

9F 40.08

* Drug pharmacokinetics+*

* pHe+

* pO2+

* Enzyme activity+

* Labeled substrate utilization+

81p 17.25

» Energy metabolism (ATP, PCr, Pi)+*
* Intracellular pH (pHi)+*
» Phospholipid metabolism+*

3¢C 10.71

* Labeled substrate utilization to evaluate
drug pharmacokinetics and metabolic
pathways+*

“The intensity of the MR signal depends on the concentration of nuclear spins and the gyromagnetic ratio y of the spins. The detection limits
of 'H and '?F MRS are typically within the mM range, with higher concentrations required for less-sensitive nuclei such as *'P and '*C.

that can be obtained are summarized in Table 1. From this
table, it is apparent that multinuclear noninvasive MRS
methods have wide-ranging applications in cancer that can
translate from bench to bedside. The chemical structures of
various compounds referred to in this review article are
summarized in Tables 2 and 3. Table 3 also provides details
regarding administration and dose of the contrast agents
described here.

The past decade has seen major advances in sequence
design, development of novel reporter probes, and techno-

logical advances that have significantly increased the uses
of MRS in molecular and functional imaging applications
in oncology. Some of the recent applications of 'H, 13C, *'P,
and "°F MRS in preclinical models of cancer are reviewed,
and examples of biomedical MRS applications for each
nucleus are shown in Figure 2. New developments, such as
hyperpolarization of spins to increase the sensitivity of
detection of the MR signal of '*C-labeled substrates, are
discussed. Advantages and limitations of the spectroscopic
techniques and challenges for the future are outlined.
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Table 2. Chemical Structures of Metabolites Referred to in This Review Article
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Compound Name Chemical Structure Detected Nuclei | References
0
HO
N-acety] aspartate OH 'H 1822
Citrate 'H 1822
IH 13C
N _13 - _13 _ . )
Glucose, [1-7C]-[U-"C] hyperpolarized 15-18,63-68.71
glucose e
lH 13C
Lactate, [3-"*C]-lactate, . 1518636871
[1-"*C]-lactate g}g)erpolanzed
1H,
[1-*C]-pyruvate hyperpolarized 0719
13C
[1,4-C,]-fumarate Hyperpolarized | 70,95
’ C
Choline (Cho) 'H e
Phosphocholine (PC) 'H,%P 7581
Glycerophosphocholine IH.3p 75-82
(GPC) ’
0y O
Phosphoethanolamine (PE) ;P\) TNk, 'H,*'P S84
H H
OH
Glycerophosphoethanolamine OH ey 31 82.84
(GPE) He H,”'P
O—R—O\/\NH 3
0
Triacylglycerides, example of | | C_O)W\/\/\AA/\
C4sH,40,, palmitic acid, oleic | - | o H 49.95
acid, alpha-linolenic acid HC’—O)W/\/\/\/
(from top to bottom) | 3 1215
H,C—07 Y A
HoN
=N
— pan ,>
Nucleoside triphosphates ? 2 Q Q N up 57.5596.101
(NTP), example of ATP 0= -0-f—0—-P—0 N
o o o o
OH OH
NH;
N
o g9 7 SN
Nucleoside diphosphates HO—P—=0—F—0 N N/) np 575896101
(NDP), example of ADP OH  OH o
OH OH
| [¢]
HO,
Phosphocreatine (PCr) HO’\Ff NY N \AOH 'H, 3'P 575896-101
1
O NH,
i
Tnorganic phosphate (Pi) O0—P—0" 3p 57:5896-101
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Table 3. Chemical Structures of Reporter Molecules Referred to in This Review Article

Compound Name Chemical Structure Dlszccl:;d ;R,:g;gi; Co]:ceg:tl::l:lion References
. disi (.:Ha (.:HS o D%rec? tissiﬂe
examethyldisiloxane HAC—S8i—0—8i—CH | xygen injection o 126
(HMDSO) 3 (':IH c'IH 3 H Tension 50 l pure
s 3 HMDSO''
. i . Dircct tissuc
Hexafluorobenzene (HFB) :@[ 1R ?ggﬁg‘; Lrg epfltl;())tl;rgf 125,126
F £ I
r HFB'®
o
Nitroimidazoles, for example |0z i7nstrI:vgé rlifus
2-Nitro-a-[(2,2,2- e
trifluoroethoxy)methy!]- )\N/Y\O/Y Flop ](?:gsglz?l ﬁjlesc(t;on of TF- | 128130
imidazole-1-ethanol (TF- N\;I F (dissolved in
OH F
MISO) saline)'?
0 3'P, pH-
A - dependent Endogeno
vani : 0—P—0 P , ) : genous, 57,58.96-101
Inorganic phosphate (Pi) | chemical pH, mostly pHi 1 mM
o shift
Intraperitoneal
. 0 injection of 0.3
éa/r\n}l)rgpropylph%phonate HO-P—" NH; p pHe mlof 63.8 136207
) OH mg/ml 3-APP in
saline'*
H Intraperitoneal
N N
2-imidazole-1-yl-ethoxy HE | W injection of 0.15
AP . mlof 310 mM | 13710048
carbonyl propionic acid H H H H pHe IEPA solution
(IEPA) Al o ed ™
H_| T 0_‘": ‘f ﬁ OH per 25 mg
HH OH O mouse! 37142148
Endogenous
o tissue pH,
Endogenous amide /(%\ _R "H CEST biodegradable ~50 mM 112113149
hydrogens in proteins R "“ molecular
R imaging
reporter
OH OH,
AW
Paramagnetic lanthanide N\\ QOH H No in vivo
chelates (ParaCEST), for Ho/\”"/E"\ ) ParaCEST studies ~10 mM 150-153
example EuCNPHC* \\/"L&/’;Z/v@/m: available
NH;
o) o o Catheter-based
\c/ | | intravenous
. . B - — c Hyper- injection of 0.2
E;?;aggnme’ ratio of H™CO, (|)H ho” ow polarized | Tissue pH mlof 100 mM | '
2 sc hyperpolarized
H"CO;
solution'*®
H Drug Delivery | Humans are
9 . N 0 19 and given a ~0.7 199
[5-"*F]-fluorouracil (5-FU) j F Metabolism of | mM dose of [5-
N~ F Chemothera- | '*F]- FU'*
peutic Agent 5-
FU
Intraperitoneal
o N NH, p
. = Pro-dru injection of 3-
[5-“F]-fluorocytosine (5-FC) U Y Therapyg . é e |
F 450 mg/kg™
NH, Catheter-based
o PN intraperitoneal
[*C]-temozolomide (TMZ) " T 3o Dfn]l‘%v[ DZehvery 1n1fusf1(;n of/0.115 204
N Ne O ml of 3 mg/m
N Sen, [PCITMZ in
° saline’™

The use of MR biomarkers such as the total choline (tCho)
signal and perfusion are already being explored clinically
for characterizing tumors and following treatment response.*~’
The elevation of choline compounds presents a unique target
to exploit for molecular targeting; such targeting can be
imaged noninvasively with MRS.%° Both pharmacological

and molecular approaches are being developed to target
choline metabolism, specifically choline kinase activity,
which is the first step in choline phospholipid biosynthe-
sis.

The interaction between cancer cells and the tumor
microenvironment is providing new insights into the etiology
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'H MRS
Lac/Lip-CH,-
tCho Lip-CH,
tumor
PC
FC
GPC
GPC Lac
cell extract \Cho Gho
s
‘L PPM 3.24 3.20
MJI ] _—
— . o
ppm 35 3.0 2.5 2.0 1.5 1.0
1P MRS
oc NTP  NTP
\ o {\ NAD
H ‘ , ‘\/DPDE B-NTP
PDE
tumor }‘l I | por | ‘0
Uw»r\ \ ) \U\J‘\
\/.s-,w/\\ s b g
T T T T T T
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Figure 2. Examples of multinuclear MRS applications. From top
to bottom: Representative in vivo single-voxel '"H MRS of an MDA-
MB-231 breast tumor xenograft model obtained at 4.7T, and ex
vivo high-resolution '"H MRS of a water-soluble MDA-MB-231
cell extract obtained at 11.7T.!7 The insert shows an expanded
region around 3.2 ppm, demonstrating that human breast cancer
cells exhibit low GPC levels, high PC levels, and high levels of
total choline-containing metabolites. Representative in vivo single-
voxel 3P MRS of an MDA-MB-231 breast tumor model obtained
at 4.7T."' Time course of in vivo '*C MRS of a RIF-1 tumor
obtained at 9.4T using heteronuclear cross-polarization.”> The
animal was injected with 900 mg/kg of [1-'*C]-labeled D-glucose.
The glycolytic rate of the tumor can be determined by kinetic
analysis of [3-"*C]-lactate build-up. Representative in vivo '°F MRS
of the conversion of prodrug to anticancer drug in an MDA-MB-
231 breast tumor model.*! The animal was injected with 450 mg/
kg of [5-'°F]-fluorocytosine at 24 h after injection of a cytosine
deaminase-containing nanoplex, and the conversion of the pro-drug
[5-1°F]-fluorocytosine to the anticancer drug [5-'°F]-fluorouracil was
followed by F MRS at 4.7T. Assignments: Cho, free choline;
5-FC, [5-'°F]-fluorocytosine; 5-FU, [5-!°F]-fluorouracil; GPC, glyc-
erophosphocholine; GPE, glycerophosphoethanolamine; NAD, nic-
otinamide adenine dinucleotide; DPDE, diphosphodiester; NDP,
nucleoside diphosphate; NTP, nucleoside triphosphate; Lac, lactate;
Lip-CH,—, methylene groups of mobile lipids; Lip-CHj;, methyl
groups of mobile lipids; PC, phosphocholine; PE, phosphoethano-
lamine; PCr, phosphocreatine; Pi, inorganic phosphate; tCho, total
choline-containing compounds (Cho + PC + GPC). Adapted from
refs 17, 52, 191, and 201.
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and progression of cancer. For example, oxygen partial
pressure (pO,) in tumors can be imaged by both 'H and '°F
MRSL!'*!!" Oxygen is sensed by administration of reporter
molecules through changes in the spin—lattice relaxation rate.
Integrating MRSI with MRI and other imaging modalities
such as optical and nuclear imaging is providing useful
insights into the dynamics between hypoxia and the tumor
extracellular matrix (ECM), vascularization, extracellular pH,
interstitial fluid transport, and metabolism in preclinical
models.!>”'* These insights can be exploited to find effective
treatment strategies.

2. Metabolic, Molecular, and Functional MRS of
Cancer Cells and Their Microenvironment

2.1. Metabolic MRS

Along with, and frequently because of, aberrations in their
genome and proteome, cancer cells exhibit a unique meta-
bolic phenotype characterized by high glucose uptake,
increased glycolytic activity and lactate production, decreased
mitochondrial activity, low bioenergetic status, and aberrant
phospholipid metabolism.!*"!® In addition, tissue-specific
metabolites such as N-acetyl aspartate in the brain, and citrate
in the prostate, decrease as the cancer cell population in the
tissue expands.'®™?? The chemical structures of glucose,
lactate, N-acetyl aspartate, and citrate are shown in Table 2.
MRS or MRSI detection of the 'H or 3'P MRS signals of
these endogenous metabolites can assist in the diagnosis of
cancer®® # and in monitoring anticancer therapy in cases
where these metabolites have been established as surrogate
markers for a specific therapy, as discussed in section 3.2.
Detection of aberrant metabolism with MRS can also lead
to the identification of enzymes as novel anticancer
targets.9’17’47_51

Labeled Substrates

In addition to the detection of endogenous metabolites
using 'H or 3'P MRS, *C MRS detection of *C-labeled
metabolites can be performed following administration of
suitable '*C-labeled substrates in cancer cells and solid
tumors to study glycolysis (see Figure 2) or other metabolic
pathways such as choline metabolism.® The flux of substrates
through metabolic pathways can be evaluated by detecting
the incorporation of '3C label into downstream metabolites
and products with *C MRS, followed by metabolic model-
ing. The relatively low sensitivity of '*C MRS can be
improved by a number of magnetization transfer techniques
such as nuclear Overhauser effect (NOE), heteronuclear
cross-polarization (HCP) experiments,’” and indirect inverse
detection methods.> Such methods enable detecting *C label
with sensitivity close to that of 'H MRS, which significantly
increases the detection sensitivity of '*C-labeled metabolites
in vivo. Weak '*C signals are enhanced by transferring strong
magnetization from the neighboring protons via space using
dipole—dipole spin coupling (in NOE methods) or through
chemical bonds via J-coupling between '3C and 'H spins. In
direct detection methods such as NOE, distortionless en-
hancement by polarization transfer (DEPT), insensitive nuclei
enhanced by polarization transfer (INEPT), and HCP, the
enhanced '3C signals are detected directly with broadband
proton decoupling. In the indirect detection scheme, the
magnetization is transferred from 'H to '3C and then back
to protons in heteronuclear multiple quantum coherence
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(HMQC) and heteronuclear single quantum coherence (HSQC)
methods. The '*C signals are thus detected indirectly as 'H
frequencies with significantly enhanced sensitivity due to the
higher gyromagnetic ratio y of 'H.%

Glucose/Lactate

Cancer cells exhibit high glycolytic activity even in the
presence of oxygen, ™ an observation made by Otto
Warburg in 1930 and subsequently called the “Warburg
effect”. The molecular mechanisms underlying this aerobic
glycolysis are mediated, in part, through the stabilization of
the hypoxia inducible factor alpha (HIF-10).> HIF-1a
expression mediates a switch in glucose metabolism through
the induction of lactate dehydrogenase, which converts
pyruvate to lactate, and by the inactivation of pyruvate
dehydrogenase, the enzyme responsible for the conversion
of pyruvate to acetyl—Coenzyme A.>® The poor blood flow
in tumors and the resulting hypoxia also contribute toward
increasing anaerobic glycolysis.’”*® Glucose uptake within
cells also increases through up-regulation of glucose trans-
porter GLUT-1 and -3 expression, and possibly other
GLUTs.?% As a result, cancer cells rapidly metabolize
glucose to form lactate. Intravenous infusion of [1-'3C]-
labeled glucose enables the investigation of glycolysis in vivo
and detection of the kinetics of [3-'*C]-labeled lactate
formation, as shown in the '3C MR spectra in Figure 2.
Glucose uptake, delivery, and glycolytic breakdown, as well
as lactate synthesis and clearance from the tumor, can be
derived by following the '*C-label of these substrates.5!
Several factors, such as tumor hemodynamics, substrate
supply, hypoxia, venous clearance, glucose supply, extent
of necrosis, and degree of inflammatory cell infiltrate,
contribute to lactate levels in tumors.®> Multiple signaling
pathways and oncogenes can regulate glycolysis.’* Decreas-
ing tumor oxygenation correlated with increasing glycolytic
rate in a murine mammary carcinoma model in a study using
volume-localized '*C MRS with "H—"3C cross-polarization
to detect the conversion of [1-'3C]-glucose to [3-'3C]-
lactate.®® Several studies showed that [1-*C]-labeled glucose
is metabolized to lactate in poorly differentiated tumors.%* %
High-resolution (HR) *C MRS studies of tumor or organ
extracts from animals infused with [1-'*C]- or [U-'"*C]-labeled
glucose reveal complex '*C-labeling patterns of various
metabolites that can provide insight into metabolic compart-
mentalization, shuttling of metabolites between cell types
or organs, and metabolic fluxes.®® See Table 2 for the
chemical structures of glucose, pyruvate, and lactate.

Hyperpolarization

The large increase of sensitivity introduced by the use of
dynamic nuclear polarization (DNP) for solution-state mag-
netic resonance spectroscopy (DNP-MRS)® for in vivo MRS
and MRSI detection of hyperpolarized '*C-labeled substrates
has revitalized '*C MRS studies.”®”! Theoretically, DNP can
increase the detection sensitivity of hyperpolarized '*C-
labeled substrates and their metabolites by as much as
10 000-fold, without background signal from nonpolarized
material.”>’! DNP is based on polarizing nuclear spins in
the solid state.”” The mechanism requires the availability of
unpaired electrons, which are added to the sample as
homogeneously distributed organic free radicals before
cooling the sample.%’ In the solid state, the high electron
spin polarization is, in part, transferred to the nuclear spins
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by microwave irradiation and subsequently brought into a
liquid solution after rapid dissolution.®” With this method, it
is possible to bring the polarized, cold, solid sample into
solution while preserving its nuclear polarization for a short
time, sufficient for spectroscopic imaging.®® However, com-
plexities in terms of the physical chemistry of achieving
hyperpolarization in the solid state, the appropriate free
radicals, and the limited number of molecules amenable
reduce the achievable sensitivity. Commercial DNP-MR
spectrometers and hyperpolarizers are currently becoming
available. Elevated hyperpolarized lactate and possibly
alanine produced from hyperpolarized [1-*C]-labeled pyru-
vate are being actively investigated as noninvasive biomar-
kers of cancer presence and histologic grade in preclinical
models, which may be used in the future for the detection
and management of cancer in humans.”! An alternative
mechanism to hyperpolarize '*C nuclei includes the use of
parahydrogen to hydrogenate multiple bonds in chemical
structures containing enriched *C isotopes (PASADENA).”>7
Parahydrogen based hyperpolarization requires '*C substrates
with a specific chemical structure, which may limit its general
applicability in comparison to DNP-based methods.

Choline Phospholipid Metabolism

Choline phospholipid metabolism is significantly altered
in cancers, as validated by several preclinical and clinical
studies.”>”7° Almost all cancers display elevated phospho-
choline (PC) and increased total choline-containing metabo-
lites (total choline, tCho).”~7 A switch from high glycero-
phosphocholine (GPC)/low PC to low GPC/high PC can be
detected following malignant transformation in breast®® and
ovarian®! cancer cells by HR 'H or 3'P MRS of cell extracts
(see '"H MRS of cell extract in Figure 2). These metabolic
changes can be detected in vivo and in biopsied tumor tissue
ex vivo by 'H or 3'P MRS of the endogenous metabolites.
The predominant 'H MRS signals from water-soluble choline
metabolism intermediates arise from the nine chemically
equivalent protons in the choline —N(CHj3); groups between
3.2 and 3.3 ppm. Because nine protons contribute to the
signal, it displays a relatively higher signal intensity than
'H signals detected in chemical groups with fewer equivalent
protons. Free choline (Cho) is typically detected at 3.21
ppm, PC at 3.23 ppm, and GPC at 3.24 ppm, measured at
pH 7.4 with 3-(trimethylsilyl)propionic-2,2,3,3-d, acid as
a chemical shift reference, in HR MR spectra of cell or
tissue extracts, or in HR magic angle spinning (MAS) MR
spectra of biopsies. In the in vivo setting, the spectral
resolution that can be achieved even at high magnetic
fields is much lower and unable to resolve Cho, PC, and
GPC, as evident in the 'H MR spectra in Figure 2. Instead,
an overlap of these three signals is detected as the tCho
signal. The chemical structures of Cho, PC, and GPC are
shown in Table 2.

Currently, clinical multicenter trials are underway to
establish '"H MRS of a single voxel covering a region of
interest, such as, for example, a lesion for breast cancer
detection. Single-voxel 'H MRS detects a single localized
MR spectrum. Alternatively, in vivo 'H MRS imaging
(MRSI) can be performed of one or multiple slice(s) through
a region of interest. Multi-voxel techniques, in which multiple
spectra are acquired over a slice or volume of tissue, enabling
the detection of the spatial distribution of tCho (as well as
other metabolites), are being developed. Such two-dimen-
sional or three-dimensional MRSI have been used to detect
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elevated tCho in vivo in several types of cancer as discussed
in section 3. The *'P-containing choline metabolites can also
be detected with *'P MRS, as shown in Figure 2. HR 3'P
MR spectra of extracts detect PC at 3.9 ppm and GPC at
0.5 ppm, upon chemical shift calibration to a reference
compound, such as methylene diphosphonic acid at 18 ppm.
Phosphorus MRS in vivo detects a mixed phosphomonoester
(PME) signal comprising unresolved PC and phosphoetha-
nolamine (PE) resonances, and a mixed phosphodiester
(PDE) signal comprising unresolved GPC and glycerophos-
phoethanolamine (GPE) resonances. PC and PE, and/or GPE
and GPC, can be partially resolved in clinical studies by using
'H-decoupled *'P MRS techniques at 1.5T,% as well as at
higher field strengths that are clinically available, such as
3T. However, in vivo clinical studies often favor '"H MRS
because of its higher sensitivity and better availability on
clinical scanners when compared to *'P MRS. Neither 'H
nor 3'P MRS in routine in vivo settings are able to spectrally
resolve Cho, GPC, and PC as individual signals. As a
consequence, noninvasively detected PME, PDE, and tCho
changes in in vivo 3'P and 'H MR spectra often arise from
changes in the concentrations of several different metabolites.
In some cases, this can be overcome by acquiring consecutive
proton-decoupled *'P and 'H MR spectra.®? Recently, a novel
'H to 3'P polarization transfer method was developed on a
clinical 3T MR scanner, which improved the signal-to-noise
ratio by more than 2-fold compared to direct *'P MRS
methods.®* This method achieved 'H to 3'P polarization
transfer by applying chemical shift selective refocusing pulses
at 3T, which canceled the homonuclear J-coupling effects
that attenuate *'P signals in PE, PC, GPE, and GPC in
previous refocused INEPT experiments.®* The method
allowed the identification of these four metabolites in
human brains with a voxel size of 2 x 2 x 2 cm?® in a
three-dimensional MRSI data set.* The chemical structures
of these metabolites are shown in Table 2.

The increased PC levels observed in cancer cells and
tumors result from increased expression and activity of
choline kinase,**>° a higher rate of choline transport,?>%
and increased phospholipase C and D activity.®'¥” These
enzymes, among others, are involved in the biosynthetic and
breakdown pathways of the major membrane phospholipid
phosphatidylcholine (PtdCho), the precursors and breakdown
products of which are GPC, PC, and Cho.® Some of these
enzymes, such as choline kinase®!7#’~3! and PtdCho-specific
phospholipase D% and C,*' have recently been developed
for MRS-monitored, targeted anticancer therapies, mediated
by gene silencing or enzyme inhibition, as discussed in detail
in section 3.2. Enzymes in choline phospholipid metabolism
are influenced by growth factor signaling, cytokine action,
oncogene activation, and chemical carcinogenesis.'”’>7¢ The
chemical structures of choline- and ethanolamine-related
compounds are shown in Table 2.

Mobile Lipids

In vivo single-voxel '"H MRS and MRSI detect several
signals that are related to choline and lipid metabolism, such
as the total choline (tCho) signal at 3.2 ppm, the methylene
signal at 1.3 ppm, and the methyl signal at 0.9 ppm (see
representative 'H MR spectra in Figure 2). These methylene
and methyl signals arise from CH, and CHj groups in mobile
lipids located in the cytoplasm of intact cancer cells, or in
the intercellular space of solid tumors.3*° The lipid signals
at 1.3 and 0.9 ppm detected in intact cells and tumors in

Glunde et al.

vivo have been assigned to the fatty acid acyl chains in
triacylglycerides (see Table 2 for chemical structure) that
form mobile lipid droplets.®*® The low mobility of mem-
brane lipids limits their detection by MRS in vivo, and
therefore, membrane lipids do not contribute to these lipid
signals at 1.3 and 0.9 ppm.%** These lipid signals overlap
with various other signals, such as lactate at 1.3 ppm, and
spectral editing is required to separate these signals. Ad-
ditional signals at 5.4 and 2.8 ppm can be assigned to mobile
polyunsaturated fatty acyl chains to assess polyunsaturation
of mobile lipids,” although the signal at 5.4 ppm is difficult
to detect because of its proximity to the large water signal
at 4.7 ppm. High-grade human gliomas displayed signifi-
cantly higher levels of lipid than low-grade gliomas, sug-
gesting that the lipid signal at 1.3 ppm may prove useful in
tumor grading.® Lipid droplets in tumors were also shown
to correlate with drug resistance or response.® The cyto-
plasmic accumulation of triacylglycerides in cancer cells and
tumors has been attributed to such diverse biological
processes as hypoxia, degeneration of mitochondria, dif-
ferentiation, growth arrest, and apoptotic cell death.®*~!
Triacylglycerides are formed from increased diacylglycerol
and triacylglycerol biosynthesis in lipid metabolism.®!
Changes in the mobile lipid signal have also been observed
following apoptosis, necrosis, or lipid droplet formation.”>~%*
MRS-visible lipids accumulate with apoptosis,” suggesting
that this signal may serve as a surrogate marker for apoptosis,
detected in vivo by '"H MRS.

Energy Metabolism

While 3'P MRS is useful for detecting energy metabolism
in vivo,”™% it suffers from poor sensitivity, and therefore,
its use has declined in recent years, especially for clinical
studies. Solid tumors contain nucleoside triphosphates (NTP),
nucleoside diphosphates (NDP), phosphocreatine (PCr), and
inorganic phosphate (Pi), all of which can be detected in
3P MR spectra (see Figure 2). The chemical shift of the Pi
resonance can be used to calculate the pH of the tumor as
outlined in section 2.3. Because of the Warburg effect, the
bioenergetic state of cancer cells is relatively low.** Since
the production of high-energy phosphates such as NTP and
PCr depends on glucose and oxygen, which are delivered to
tumors through blood vessels, energy metabolism is tightly
coupled to tumor blood flow!%!! and decreases in hypoxic
regions. Vaupel et al.’’% observed a significant positive
correlation between the *'P MRS-detected ratios of PCr/Pi
and NTP/Pi with tumor oxygenation. In preclinical studies,
3P MRS may be useful in detecting blood flow mediated
changes in tumor reoxygenation'” during radiation
therapy.'® The chemical structures of high-energy phosphates
are shown in Table 2.

HR-MAS MRS

High-resolution magic angle spinning (HR MAS) 'H MRS
is a relatively new technology for examining intact biological
tissue ex vivo, such as biopsy specimens, at high spectral
resolution.?>!%~19 QOne of the advantages of HR MAS 'H
MRS, in comparison to HR MRS of extracts, is that the tissue
can be used subsequently for histologic, biochemical, and
genetic analysis.?>!%719 HR MAS *'P MRS is sensitive
enough to be a potential future tool for assessing phospho-
lipid metabolism in tumor samples prior to histopathologic
examination.'!°
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Figure 3. CEST imaging of lysine rich-protein (LRP) reporter. (A) Frequency-selective radiofrequency pulses excite the amide protons.
These protons exchange with water protons, thereby reducing the MRSI signal intensity (SI) of the water signal by ASI. (B) Ex vivo
proof-of-principle MRSI of the LRP reporter protein in phantoms demonstrated that the LRP-containing phantom displayed significantly
higher AST when excited at £3.76 ppm as compared to poly-L-lysine, phosphate-buffered saline, or green fluorescent protein as controls
(scale bar, 1 mm). (C) Anatomical image (left) and CEST signal intensity-difference map overlaid on the anatomical image (right) was able
to distinguish the LRP-expressing and control tumor xenografts. Adapted from ref 114.

2.2. Molecular MRS

Magnetization transfer (MT) is a frequency-selective MR
technique that can be employed to evaluate 'H and other
nuclei chemical exchange to study chemical reactions.'!!
Proton chemical-exchange-dependent saturation transfer
(CEST) can provide, among other applications, a strategy
to measure pH in vivo as outlined in section 2.3. Exogenous
CEST-contrast agents have been tested, demonstrating the
feasibility of detecting a CEST-based MRI contrast agent.''?
Detecting amide protons of endogenous mobile cellular
proteins and peptides (see Table 3 for chemical structure,
chemical shift of 8.3 = 0.5 ppm) that undergo proton
exchange with water has been demonstrated by 'H MRS and
MRIL.!"* Amide proton CEST contrast was achieved by
selectively irradiating amide protons with a radiofrequency
pulse at 8.3 ppm; water was imaged after several seconds
of transfer, and the MT ratio asymmetry parameter was
calculated.!'® Recently, a novel nonmetallic, biodegradable,
lysine rich-protein (LRP) reporter was genetically engineered
to provide a CEST reporter protein with frequency-selective
contrast,'* as demonstrated in Figure 3. Similar to fluorescent
proteins in optical imaging, such CEST reporter proteins can
be used for molecular imaging studies in gene promoter or
gene expression studies, in which 'H MRI is used as the
imaging modality. Figure 3A shows the principle of CEST.
Frequency-selective radiofrequency pulses saturate the ex-
citation of amide protons in LRP, which exchange with water
protons and decrease the detected signal intensity (SI) of the
water signal. Figure 3B and 3C shows that ex vivo and in
vivo LRP reporter imaging is feasible. To date, several
different polypeptides have been tested for their feasibility
as “multicolor” CEST reporters.'!’> These different CEST

reporter proteins can be assigned artificial colors based on
their particular amino acid units (lysine, arginine, threonine,
or serine), which lead to different resonance frequencies of
the exchangeable protons in different CEST reporters.'!
These new CEST agents are potentially suitable for designing
MR reporter genes for cell and tumor imaging, as well as
for distinguishing multiple targets within the same MR
image.'

2.3. Tumor Microenvironment—Hypoxia and pH

The tumor microenvironment is usually characterized by
areas of hypoxia, a neutral to alkaline intracellular pH (pHi),
and an acidic extracellular pH (pHe).”” Hypoxia arises in
tumors from the chaotic and abnormal vasculature that results
in areas with poor oxygenation and substrate supply.''® If
the hypoxia is severe enough, these areas will ultimately
progress to form necrosis. pHi depends upon the buffering
capacity of the cell, the efficiency of proton pumps in the
plasma membrane, and the rate of proton production.'!’
Extracellular pH also depends upon these factors, and
additionally, on the ability of the vasculature to clear the
protons.'!” Both hypoxia and an acidic pHe result in a more
aggressive phenotype,''® and hypoxia results in radiation-
and chemoresistance.!!” MRS reporters that noninvasively
measure pH and oxygen tension are therefore useful for
selecting treatments and following changes in these param-
eters during treatment. Since these parameters are spatially
heterogeneous, techniques that provide spatial information
are the most useful. Global unlocalized information, however,
is also valuable for understanding cancer pathophysiology
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and for developing effective therapeutic strategies that target
hypoxia and pH.

Imaging Hypoxia by MRS/I

Perfluorocarbons (PFCs) have been used as probes to
measure pO, using '’F MRS because their relaxivity is
strongly dependent on the concentration of dissolved mo-
lecular oxygen.'?*"!23 The advantages of '"F MRS-based
oxygen probes are a relatively high sensitivity due to the
large gyromagnetic ratio of the '°F nucleus and the absence
of endogenous '°F-containing molecules in the body. More
recently, an analogous approach with 'H MRS has been
developed using hexamethyldisiloxane (HMDSO).!" Proton
MRS has the highest sensitivity, but it is important that the
reporter signal has a chemical shift that is well-separated
from metabolite signals and the water signal to avoid overlap.
HMDSO has a single signal close to that of tetramethysilane
and is, therefore, well-separated from metabolites and water.
Ideally, these reporters should also have a single resonance,
have a low temperature sensitivity, and display a linear
response to pO,. PFCs and HMDSO are poorly water-soluble
and, therefore, have to be administered as an emulsion.
Intravenous administration of PFC emulsion results in uptake
by the reticuloendothelial system and the localization of the
probe in the tumor periphery, which may skew measurements
toward well-perfused regions.'?*~12% Alternatively, similar to
the use of an Eppendorf electrode, the probes can be injected
directly into the tissue to report on oxygen tensions in regions
of interest, with the advantage of being able to follow
oxygenation over a period of time.'”” Both 'H MRS-detected
HMDSO and the symmetric '’F MRS-detected PFC hexaflu-
orobenzene (HFB) have a single resonance and a tempera-
ture-insensitive, oxygen-dependent relaxivity.'?® Both probes
have previously been used to measure oxygen tensions in
tumor models.'?® The high sensitivities of '°F and 'H allow
spatial localization for detection of these probes with an in-
plane resolution of ~1 mm. The temporal resolution, which
depends upon the ability to detect adequate signal at
physiological nontoxic concentrations, is typically on the
order of an hour or less. To date, these probes have not been
used clinically.'?® The chemical structures of HMDSO and
HFB are shown in Table 3.

Qualitative measurements of tumor hypoxia have also been
performed using '"F MRS of reporter molecules such as
nitroimidazoles, which accumulate in hypoxic cells.!?1%
Nitroimidazoles are reduced by one-electron nitroreductase
enzymes under hypoxic conditions to form reduction products
that bind to endogenous cellular molecules. In the activation
reaction, the addition of the first electron to form a nitro-
radical anion is reversible in the presence of oxygen.
Therefore, the process is dependent on oxygen concentration,
and an accumulation of these reporters can be used to
estimate hypoxia.!*® A potential problem is that two-electron
reductases such as DT-diaphorase ([NAD(P)H:(quinone-
acceptor) oxidoreductase], EC 1.6.99.2) can reduce nitroimi-
dazoles in two-electron steps, resulting in the reduction
occurring independently of oxygen concentration.!3"!3? In
addition, the adducts formed are short-lived.'*?

Imaging Tumor pH by MRS/I

In 1973, Moon and Richards observed that the chemical
shift of intracellular phosphates in whole blood was sensitive
to pH.!* This led to the development and use of the Pi peak
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to measure pH with MRS. Both intra- and extracellular Pi
contribute to the Pi signal in vivo (see Table 3 for chemical
structure). In tumors, the Pi signal is primarily of intracellular
origin."** As a result, the chemical shift of Pi reports on
intracellular pH (pHi). Since tumors are highly glycolytic,
the concept of an acidic tumor pH had become commonly
accepted until 3'P MRS of tumors demonstrated that tumor
intracellular pH was typically neutral or alkaline.'®® The
subsequent development of an extracellular pH probe,
3-aminopropylphosphonate, 3-APP (for chemical structure
see Table 3),"3%!%7 allowed simultaneous detection of intra-
and extracellular pH in tumors. These studies further
confirmed that the extracellular pH (pHe) of tumors is acidic,
while the intracellular pH (pHi) is neutral-to-alkaline. Acidic
pHe has been observed to stimulate invasion in culture.'
pH can be increased in vivo by chronic or acute treatment
with bicarbonate.!* Interestingly, a recent study has shown
that mice treated with bicarbonate developed significantly
fewer metastases.'*® Phosphorus MRS has been used to
measure pHi in human cancers,” but as yet probes to
measure pHe in humans are not available. Other than
acquiring spectra from 3—4 mm thick tumor slices or using
large voxel sizes of ~6 x 6 x 6 mm? localized on the tumor
to avoid including signals from normal tissue, the low
sensitivity of 3'P MRS does not allow acquisition of spectra
with high spatial resolution.

Several pH-sensitive probes for 'H and '"F MRS!#~144
have been used to measure localized tumor pH using MRSI
with spatial resolutions approaching 1 x 1 x 1 mm? 137:142145.146
These pH probes are based on imidazole compounds.
One imidazole-based compound, 2-imidazole-1-yl-ethoxy
carbonyl propionic acid (IEPA, for chemical structure see
Table 3), has been used to image tumor pHe in several tumor
models. Consistent with earlier findings, the probe reported
an acidic and heterogeneous pHe.'?”1¥>!48 [JEPA has also been
used in combination with vascular MRI to obtain colocalized
multiparametric data sets.'*> By combining MRSI of pHe
with vascular MRI measurements, it is possible to exploit
the multiparametric capability of MR to understand the
dynamics between pHe and vascular parameters in tumors
with different phenotypic characteristics.'*?

141,146,147

Chemical exchange saturation transfer (CEST) has also
been used to measure pH by determining the rate of acid-
catalyzed exchange of exogenous or endogenous amide
hydrogens with bulk water.!!>!1314 CEST is relatively
insensitive, requiring more than a 50 mM concentration of
exchangeable amides (chemical structure shown in Table 3).
Although the sensitivity of detection can be improved by
using pH-sensitive paramagnetic lanthanide chelates (ParaC-
EST, see Table 3 for the chemical structure of a representa-
tive example),'°152 this approach still requires ~10 mM
contrast agent and is also concentration-dependent. Therefore,
it is necessary to determine the concentration of the probe.!>*
A recent approach of attaching a '"F-moiety on the same
carrier as the pH-responsive paramagnetic complex provides
a strategy to normalize the concentration of the probe.!>*

One exciting development in the use of MRS to measure
tumor pHe is the application of hyperpolarized '*C-labeled
bicarbonate (see Table 3 for structure).'> This nontoxic
probe, which can be infused in humans at relatively high
concentrations, utilizes the cellular buffering systems to
determine pHe. By DNP of *C-bicarbonate, the sensitivity
of 3C detection is increased by as much as 10 000-fold,
which allows for '*C MRSI of tissues in vivo. The ratio of
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Figure 4. Combined MRI, DWI/ADC mapping, and MRSI of the prostate at 1.5T. (A) Axial T,-weighted image and three-dimensional
MRSI spectral grid. The arrows indicate a region of prostate cancer. (B) Corresponding MRSI spectral array, showing the presence
of an aggressive tumor (elevated total choline and reduced citrate) on the left side of the gland (right side of the image). (C) Image
of the apparent diffusion coefficient of water demonstrates a region of prostate cancer (arrows) in the same location as the T,-
weighted image and MRSI. (D) Representative spectra taken from the region of healthy prostate tissue (left) and prostate cancer

(right). Adapted from ref 170.

H'CO;™ to '3CO; is used to determine pH, assuming a pK,
of 6.17. Initial preclinical studies demonstrated the feasibility
of obtaining pHe maps with a spatial resolution of 2 x 2 x
6 mm?®. The availability of such a nontoxic probe may be
used, in the future, to image pH in humans not only in
oncology but also in other disease processes with abnormal
acid—base conditions.

3. MRS Applications in Diagnosis and Therapy
Monitoring

3.1. Diagnosis

In vivo 'H MRS provides clinically useful information and
is routinely implemented in the majority of clinical MR
scanners, 37421567159 In addition to standard dynamic contrast-
enhanced (DCE) MR imaging (MRI), quantitative 'H MRS
and 'H MRSI measurements of tCho, in addition to other
tissue-specific metabolites, are increasingly being imple-
mented to diagnose primary malignant tumors in brain,??~3*
prostate,> 3 and breast.?*74¢1¢0 The addition of MRS to
standard MRI techniques can lead to significant improve-
ments in sensitivity of up to 88%, specificity of greater than
90%, and diagnostic accuracy of up to 91%. Choline
phospholipid metabolism intermediates, among other me-
tabolites, can also serve as robust biomarkers ex vivo, when
analyzed in human biopsy specimens using HR 'H MRS or
HR MAS 'H MRS. High tCho and PC concentrations have
been used to identify meningiomas and recurrent astrocy-
tomas in human brain tissue specimens,'®! breast cancer in
fine-needle aspirates of breast tumors,'s? prostatic carcinoma

in postsurgical prostate tissue samples,?' and well-differenti-
ated liposarcomas in surgically resected fat tissue speci-
mens.?

As discussed in detail in section 2.1, significant spectral
differences exist between normal tissue and tumors. One
of the most reliable differences is observed in tCho, with
low tCho concentration in normal tissue and high tCho
levels in tumors.?*#>15815 Proton MRS and MRSI can
therefore be used clinically to help diagnose cancer and
to determine the margins of brain,?372%163 prostate,'%1%
and breast>40742164165 tymors, among others. Clinical 'H
MRS detection of tCho can also help differentiate tumor
recurrence from necrosis following antitumor treatment
in brain!®~1% or prostate.!® As single-voxel 'H MRS or
MRSI detects changes in tCho and other metabolites such
as creatine, N-acetyl-aspartate (NAA), and lactate (see Table
2), obtaining metabolite ratios can improve the specificity
of detection. Figure 4 shows an example of multiparametric
MR of the prostate, which includes an apparent diffusion
coefficient (ADC) map from diffusion-weighted imaging
(DWI), and three-dimensional MRSI acquired at 1.5T. The
three-dimensional MRSI spectral array in Figure 4B shows
the presence of an aggressive tumor that contains elevated
tCho and reduced citrate on the left side of the gland (right
side of the image).!”

In current radiological practice, several MRI parameters,
such as T,-weighted contrast, T,-weighted DCE-MRI, and
DWTI are combined to identify suspicious lesions in the
prostate. Normal prostatic tissue has high T,-weighted
MRI signal, whereas low T,-weighted MRI signal was
found to correlate with pathological prostatic tissue.!”!
Studies at 3T have demonstrated an increase in sensitivity
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Figure 5. Demonstration of T,-weighted image, DWI/ADC map, MRS, and DCE-MRI of a 55 year old man with suspected prostate cancer
(Gleason score = 7). Multiparametric MRI of the prostate gland revealed focal areas of “dark™ T, signal bilaterally with corresponding decreased
ADC in the left/mid area of the gland (0.41 £ 0.13 x 1073 mm?%s) and 0.97 & 0.34 x 10~* mm?s on the right side (although a smaller region).
DCE-MRI kinetics detect increased permeability and extravascular fraction in the right and left mid-gland areas that are correlated to the Gleason
score of 7. Moreover, both sides show evidence of increased total choline and decreased citrate by MRS. Adapted from ref 172.

and specificity using T,-weighted MRI, presumably due to
increased signal-to-noise and contrast-to-noise ratios, as
shown in Figure 5. Despite the improvement in visualization
of prostate morphology using T,-weighted MRI at 3T, there
is a need for increased specificity, as well as for obtaining
“functional” cellular and metabolic information from prostate
tissue. This can be achieved by including MRSI.!7?> Adding
MRSI can improve the reliable estimation of tumor margins
and the extent of tumor infiltration into healthy tissue.
However, a few benign and highly proliferative lesions can
display relatively high tCho signals. In these cases, a
differential diagnosis could be based on clinical information
from other diagnostic scans.**~*>173 Another clinical applica-
tion for single-voxel 'H MRS, as well as '"H MRSI, is in
treatment planning for radiation!’* or brachytherapy.'”

3.2. Monitoring Therapy

Some of the most sought after goals in cancer manage-
ment are the development of noninvasive biomarkers that
predict risk, allow early identification, assist in the
selection of treatment, and detect response.!’® Cancer cells
have a remarkable ability to adapt and survive. Finding
effective treatments against cancer depends upon identifying
and attacking targets and pathways that are critically
important for the cancer cell, with the additional caveat that
each cancer represents an individual disease and that no two
cancers may be alike. As more critical targets in cancer cells
are revealed, this decade is witnessing a transition in cancer
treatment from the “sledgehammer” approach of conventional
chemo- and radiotherapy toward specific molecular targeting.
The success of these molecular-targeted treatments critically
depends upon the availability of noninvasive imaging
techniques to select targeted therapies that would be most
effective against a particular cancer and to detect response.'”’
The identification of specific targets in cancer is also driving

advances in novel image-guided platforms such as nanopar-
ticles, liposomes, and microencapsulation devices to deliver
small interfering RNA (siRNA)'"® or drugs to down-regulate
these targets and pathways.

Detection of early therapeutic response following treatment
with traditional cytotoxic drugs is critically important to
minimize damage to normal tissue in nonresponding tumors
and to alter the therapeutic strategy well before the full course
of treatment. Single-voxel 'H MRS and MRSI were found
to be useful in assessing treatment response in brain,?!3%17
breast,>'* and prostate'® cancers. In breast cancer, several
studies show that tCho has a high likelihood of detecting
early response.'®® Response to primary systemic therapy
(PST) of breast cancer was detected within 24 h of treatment
by monitoring the change in tCho concentration,’ as evident
in Figure 6. In this study, MRI and MRS were performed
on a 4T research MR scanner prior to treatment and within
24 h after treatment with combined doxorubicin and cyclo-
phosphamide (see Figure 6). A lower tCho level compared
to baseline was detected within 24 h with a further decrease
after the fourth dose in patients who were objective respond-
ers (Figure 6). Total choline levels remained unchanged or
increased in patients who were nonresponders (Figure 6).

Similar studies showed that the decrease in [tCho/citrate]
ratios quantified from "H MR spectra could detect the response
of prostate cancer to hormone-deprivation therapy'*®!'* and
cryosurgery'®! early on. Characteristic changes in choline
phospholipid metabolites that were induced by anticancer
treatments leading to apoptosis or necrosis were also
reported.'>!82183 " Similarly, reduction of tCho has been
associated with early response in lymphomas.'®* In some
cancers, such as cervical cancer,'®® the tCho signal did not
change following neoadjuvant treatment, but there was a
reduction of tumor volume and the triglyceride signal.'8> The
tumors were resected after treatment, but there were no
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Figure 6. (A) Sagittal three-dimensional gadolinium-enhanced fat-suppressed MR images (left) and corresponding spectra (right) of the right
breast in a 42-year-old nonresponder with invasive ductal carcinoma. (B) Sagittal three-dimensional gadolinium-enhanced fat-suppressed MR
images (left) and corresponding spectra (right) of the right breast in a 43-year-old objective responder with invasive ductal carcinoma and positive
lymph nodes. On MR images, boxes surrounding enhancing lesions depict spectroscopy voxels. The labeled spectral peaks rise from lipid (1),
tCho (2), and water (3). Assignments: tCho, total choline-containing compounds; LD, longest diameter. Adapted from ref 5.

differences in survival in patients with or without neoadjuvant
therapy and no survival advantage associated with reduction
of tumor volume or decrease of triglycerides.'®>

As molecular targeted preclinical studies are revealing,
while a decrease of tCho and PC is observed following
treatment with molecular targeting of several pathways, e.g.,
mitogen activatived protein kinase (MAPK),'® fatty acid
synthase,'®” and Ber-Abl tyrosine kinase,'® the decrease of
tCho or PC cannot always be associated with response and
depends upon the target selected. This was exemplified in a
study showing that PC levels increased following histone
deacetylase (HDAC) inhibition in cells.'"®® However, PC
levels did not change in tumors in vivo following HDAC
inhibition.'®® This study also describes a novel fluorinated
lysine derivative, which is a cleavable HDAC substrate that
can be monitored by F MRS to detect HDAC activity.'®

Since one of the major causes of high PC in tumors is the
increase in expression and activity of choline kinase (Chk),
Chk presents an attractive target that can be exploited for
cancer treatment.”'*°~1% An additional advantage of targeting
Chk is that the decrease of PC and tCho resulting from its
down-regulation can be detected noninvasively with 3!P or
'"H MRS."%!! Chk has been targeted with novel pharma-
cological inhibitors.'>!* Pharmacological inhibition of Chk
was found to result in growth arrest and apoptosis.”’'*° Chk
has also been downregulated by RNA interference (RNAi).>'"!
RNAI is a naturally occurring process that mediates sequence-
specific inhibition of gene expression.!**!% Small interfering
RNA (siRNA) is small double-stranded RNA of 19—23
nucleotides that can target virtually any gene and silence its
expression.'**!” Down-regulation of Chk-a with siRNA
resulted in a significant reduction of cell proliferation and
increased differentiation in highly invasive MDA-MB-231
human breast cancer cells, but not in nonmalignant im-
mortalized MCF-12A mammary epithelial cells.” We sub-

sequently used a lentiviral vector, injected intravenously, to
deliver Chk-specific short-hairpin RNA (shRNA) in a breast
cancer model.'”! In this study, down-regulation of Chk was
monitored noninvasively by single-voxel *'P MRS, as shown
in Figure 7. We observed a reduction of PC and PME, which
indicated that Chk was successfully down-regulated in this
lentiviral Chk-targeted gene therapy.'”' Chk down-regulation
also resulted in a reduction of cell proliferation and tumor
growth (see Figure 7). These studies demonstrate the
feasibility of future gene therapy trials targeting Chk in
tumors.

Recently, '3C MRSI of hyperpolarized '*C-labeled sub-
strates, such as [1-'*C]-pyruvate and [1,4-'3C,]-fumarate, was
used to detect treatment response in a murine lymphoma
model.”®!% The chemical structures of these compounds are
shown in Table 2. Tumor response was detected by a
decrease in the flux of hyperpolarized '*C label between
pyruvate and lactate in the case of [1-'3C]-pyruvate, and an
increase of [1,4-'3C,]-malate production in the case of [1,4-
13C,]-fumarate. The increase of [1,4-'3C,]-malate production
was attributed to increased necrosis. These studies are important
forerunners of the use of hyperpolarized '3C-labeled substrates
for detecting therapeutic response in tumors.

Poor drug delivery is another major problem in cancer
chemotherapy, where MR methods can be used to directly
determine the pharmacokinetics of a drug in the tumor or to
provide surrogate indices of drug uptake.'”-'8 Until recently,
MR pharmacokinetic measurements of tumors in vivo were
mainly restricted to fluorinated drugs such as [5-'°F]-
fluorouracil (5-FU, for chemical structure see Table 3)
detected by '°F MRS, because '°F MRS has the advantage
of relatively high sensitivity and no background signal.
Fluorine-19 MRS was used to detect the uptake and
metabolism of the chemotherapeutic agent 5-FU in liver
metastases from colorectal cancer.’”’ In preclinical studies,
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Figure 7. (A) Representative in vivo single-voxel *'P MRS of MDA-MB-231 tumor xenografts following systemic delivery of lentivirus-
expressing control shRNA that targets luciferase (luc-shRNA, left) or Chk-targeting shRNA (chk-shRNA, right). Chk-shRNA injection
resulted in a significant reduction of PC (arrow) as compared to luc-shRNA. (B) Tumor growth rates were significantly reduced with
lentivirus-mediated Chk targeting as compared to control luc-shRNA transduced controls. Tumor volume of luc-shRNA (gray circles, n =
5) and chk-shRNA (black circles, n = 5) transduced tumors is given in mm?. Values represent mean and standard error. Asterisk indicates
p < 0.07. (C) Representative brightfield and fluorescence photomicrographs of tumor sections showing distribution of enhanced green
fluorescent protein (EGFP), which was expressed from the lentiviral vectors as delivery control, in luc-shRNA (upper panel) and chk-
shRNA (lower panel) transduced tumors. This demonstrated successful delivery of lentiviruses into tumors following tail vein injection.
Assignments: chk-shRNA, treated with lentivirus targeting choline kinase (chk) with specific short-hairpin RNA; DPDE, diphosphodiester;
luc-shRNA; treated with lentivirus targeting luciferase (luc) with specific short-hairpin RNA as vector control; NAD, Nucleoside adenosine
diphosphate; NTP, Nucleoside triphosphate; PC, phosphocholine; PDE, phosphodiester; PCr, phosphocreatine; PE, phosphoethanolamine;

PME, phosphomonoester. Adapted from ref 191.

we recently reported on image-guided delivery of a prodrug
enzyme, bacterial cytosine deaminase (bCD), that converts
nontoxic [5-'°F]-fluorocytosine (5-FC, for chemical structure
see Table 3) to 5-FU.?°! Visualization of the prodrug enzyme
delivery was possible by conjugating it to poly-L-lysine
functionalized with biotin, rhodamine, and Gd*"-1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) for
optical and MR imaging.?”! Image-guided timing of 5-FC
prodrug administration to coincide with the maximum
concentration of the enzyme in the tumor and the minimum
concentration in normal tissue minimized damage from the
active drug 5-FU in normal tissue while maximizing damage
to cancer cells.?! The conversion of the prodrug 5-FC to
the active drug 5-FU was detected by '°F MRS as shown in
Figure 2.

For drugs lacking '°F atoms, chemical '"F-labeling may
alter the physicochemical and pharmacological properties of
the drug.?%22% The feasibility of '*C and 'H MRS methods
to detect drug uptake and distribution are, therefore, being
explored.?** Such approaches depend upon the labeled drug
having at least one well-resolved, isolated peak and being
delivered at doses high enough to be within the detection
sensitivity of MRS.?% Kato et al.?* were able to image the
intratumoral distribution of the *C-labeled anticancer agent

Temozolomide (see Table 3 for chemical structure) by 'H/
13C MRS. This '3C MRSI study demonstrated that Temo-
zolomide was heterogenously delivered to the tumor.?**
Temozolomide is used in the clinic for chemotherapy
treatment of glioblastomas and anaplastic astrocytomas,?’
and the preclinical studies with brain cancer models dem-
onstrate the potential use of '*C MRS in detecting Temo-
zolomide delivery in human cancers.!*8

4. Conclusions

Since the initial in vivo studies in the 1980s, multinuclear
MRS has evolved into a highly versatile, noninvasive
technique that is finding multiple applications in medical
diagnosis, monitoring therapy, and research. Traditionally,
MRS has provided biochemical characterization of patho-
logical states. The increasing interface of chemistry with the
fields of MRSI and molecular biology, and the resulting
advances in theranostic contrast agent design, are providing
new advances in the applications of MRS for molecular
characterization and molecular-targeted medicine, especially
in cancer. While sensitivity and spectral resolution continue
to be limiting factors with this technique, the use of higher
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field strengths and the application of techniques such as
hyperpolarization are providing advances that minimize these
limitations.

The heterogeneity of tumors and the resulting heterogene-
ity of tumor response to treatment frequently result in cancer
being an intractable disease and make it imperative that each
cancer is viewed individually in terms of the treatment
selected and monitoring its response to treatment. The bench-
to-bedside span of MRS, its ease of incorporation with MRI,
and the multiparametric information that can be obtained
make MRS a cornerstone technique for personalized medi-
cine in cancer, in terms of predicting as well as detecting
response to treatment.
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