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Abstract	

13C Magnetic Resonance Imaging and Hyperpolarization Techniques for High-Resolution 

In vivo pH Mapping in Preclinical Models of Prostate Cancer 

by 

David Edward Korenchan 

 

 Interstitial acidification in the context of prostate cancer may serve as a biomarker of 

low-to-high grade transition, in addition to providing useful information for predicting 

therapeutic response. Therefore, a noninvasive imaging technique to accurately map 

interstitial pH may serve as a powerful tool for informing clinical decision-making 

regarding cancer. Although hyperpolarized 13C spectroscopic imaging using 

[13C]bicarbonate as an imaging agent can produce interstitial pH maps in vivo, initially 

reported methods yielded insufficient signal-to-noise for high-resolution pH mapping. 

Technical innovation has thus been required in order to boost available imaging signal 

and improve spatial resolution. 

 This dissertation encapsulates the development of new imaging agents, 

hyperpolarization strategies, and pulse sequence approaches in pursuit of clinically 

translatable interstitial pH imaging approaches. A strategy to generate hyperpolarized 

[13C]bicarbonate via rapid hydrolysis of a high-polarization, high-concentration precursor 

molecule, [1-13C]1,2-glycerol carbonate, was developed. This precursor approach, 

coupled with pulse sequences that mitigate signal loss and pH inaccuracies due to 

bicarbonate-CO2 chemical exchange, demonstrated good SNR in smaller voxels for 

hyperpolarized 13C imaging at 14 T. As an alternative approach to hyperpolarized pH 

imaging, two new pH imaging agents, potentially more amenable to high-resolution 

imaging than [13C]bicarbonate, were discovered and subsequently developed for highly 

accurate pH imaging in phantoms. These technical developments include low-toxicity 

molecular approaches and demonstrate potential for generating appropriate agent 

concentrations and polarizations for use in humans. They are therefore expected to enable 
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eventual clinical translation of hyperpolarized pH imaging and lay the foundation for 

further study of pH, perfusion, and metabolism in the context of prostate cancer. 
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 1 

Chapter	1: Introduction	-	Monitoring	the	

Milieu	

 

 Cancer, from a somewhat sociological perspective, is akin to biological rebellion. The cells 

that comprise a tumor are those that have effectively abandoned the roles preordained for them, 

choosing in a sense to fulfill their own subjective good rather than the good of the body as a 

whole. Unlike their orderly compatriots, they grow and proliferate at unchecked speeds, greedily 

consume vast quantities of nutrients, and, in brazen defiance of mortality itself, refuse to die. 

Worst of all, the seeds of rebellion can be sown far and wide, eventually bringing about death as 

the final coup d’état. This is part of what makes cancer so terrifying a disease: the knowledge 

that one’s own cells are responsible for it. There is one natural response to such a rebellion: 

namely, to violently suppress it. The therapeutic approaches of the past hundred years have borne 

witness to this, as we have developed more and more sophisticated ways of cutting tumors out, 

poisoning them, irradiating them, and burning them. Yet in our preoccupation with putting down 

the rebels, we have often failed to ask what might have incited their uprising in the first place, or 

what might be left amidst the wreckage to incite others and cause another rebellion. In recent 

years, it has been this biological milieu, and its interactions with both tumor cells and normal 

cells of various types, that has been the focus of attention and scientific inquiry, in the hopes of 

finding out not just how tumors behave, but also how the milieu might be readjusted to restore 

peace and harmony.  

 This biological milieu is the tumor microenvironment, and it is closely linked with metabolic 

and physiological changes that occur as tumors develop and become more aggressive. In a close 

linkage between the two, the microenvironment can affect tumor behavior, and vice-versa. 

Therefore, the tumor microenvironment contains important information regarding tumor 

aggressiveness as well as how a tumor might respond or is currently responding to a particular 

treatment option. These parameters are particularly important in the context of prostate cancer, in 

which significant case-by-case heterogeneity exists and determining tumor aggressiveness 

becomes crucial. Probing the tumor microenvironment non-invasively, however, poses a 
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significant challenge. Clinically translatable imaging techniques that can measure tumor-specific 

analytes may therefore hold great promise for addressing these clinical needs. 

 The pH of the tumor microenvironment is one biologically important parameter that can be 

measured noninvasively using magnetic resonance (MR) techniques. Measuring the pH of a 

tumor may be able to provide information regarding metabolic state, cell migration, and 

aggressiveness. One pH measurement technique that demonstrates great potential for eventual 

clinical translation is hyperpolarized (HP) 13C MR spectroscopic imaging, which relies on 

dramatic gains in MR signal to enable real-time measurement of metabolism, enzyme kinetics, 

and physiological parameters in vivo and throughout an imaging volume. To date, great strides 

have been made in utilizing HP pH imaging in preclinical cancer models, but a great amount of 

work is required to optimize it for such use.  

 The scope of this dissertation covers development of new imaging agents, hyperpolarization 

techniques, and imaging pulse sequences in order to map the pH within tumors with high spatial 

resolution and high accuracy. The work described herein aims to be compatible with eventual 

clinical implementation. Therefore, the described methods represent a significant milestone in 

bringing pH imaging with HP 13C closer to clinical use, where they are expected to significantly 

improve cancer diagnostics and therapeutic planning. The individual chapters of the dissertation 

are outlined below.  

 Chapter 2 provides a technical background in the realms of nuclear magnetic resonance, 

dynamic nuclear polarization (DNP), prostate cancer biology, and current in vivo pH 

measurement techniques. With regard to nuclear magnetic resonance, spectroscopy and imaging 

are covered, which both play an important role in the measurement of pH using MR techniques. 

Chemical exchange, a crucial component of MR physics that can affect pH measurement, is 

treated as well. An overview of dissolution DNP is given such that considerations for new HP 
13C imaging agents are discussed in detail. The biological background section focuses on 

metabolic, physiologic, and microenvironmental changes that all play a role in tumor interstitial 

acidification. The pros and cons of various in vivo pH measurement techniques, in particular 

those using MR techniques, are then outlined. 
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 Chapter 3 describes a new hyperpolarization approach to produce [13C]bicarbonate for pH 

imaging: polarization of a carbonated precursor molecule followed by rapid hydrolysis prior to 

injection. This approach provides significant gains in hyperpolarized signal, which can be 

utilized for higher spatial resolution pH imaging in vivo. Importantly, the low toxicity of the 

injected compound is maintained throughout all steps involved in the rapid hydrolysis, making 

this technique amenable to clinical implementation. The generated [13C]bicarbonate is 

demonstrated to enable highly accurate pH imaging in phantoms, and it is applied to a transgenic 

prostate cancer mouse model.  

 Chapter 4 documents the characterization of unique effects of rapid bicarbonate-CO2 

exchange on imaging signal-to-noise ratio (SNR) as well as pH accuracy during hyperpolarized 

pH imaging with [13C]bicarbonate. Based upon phantom imaging results and simulation, several 

pulse sequence parameters are optimized in order to maximize signal and pH accuracy, including 

tip angles, order of metabolite excitation, and excitation/refocusing pulses used. Finally, an echo-

planar imaging sequence is demonstrated to provide the largest gains in imaging resolution while 

maintaining pH accuracy within 0.1 pH unit. 

 Chapter 5 involves the identification of a new class of pH-sensitive imaging agents for 

hyperpolarized 13C imaging, denoted as “chemical-shift” agents. Rather than requiring the 

measurement of two separate MR resonance intensities, these agents exhibit a single MR 

resonance that shifts in frequency as a function of ambient pH. Such properties may lead to 

higher SNR during imaging, enabling high spatial resolution pH imaging. The development of 

two compounds, selected after initially screening a large cohort of candidate molecules, is 

described. Both compounds are used to construct MR titration curves, which allow the pH to be 

calculated from the chemical shift, and both are formulated to obtain high polarization values. 

The measured pH values from HP spectra and images are shown to be highly accurate, and 

preliminary in vivo imaging is demonstrated. 

 Chapter 6 reports initial findings in HP imaging of [13C] bicarbonate, [1-13C]pyruvic acid, and 

[13C]urea in a transgenic adenocarcinoma of the mouse prostate (TRAMP) mouse model. Low-

grade and high-grade tumor regions within two TRAMP tumors demonstrate significant 

differences in tumor pH. These tumor regions also demonstrate lower 1H apparent diffusion 

coefficient (ADC) as well as lower perfusion in high-grade compared to low-grade cancer, 
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consistent with previously reported findings. These preliminary data are encouraging in that they 

suggest a significant difference in interstitial pH between low- and high-grade tumors, and they 

set the stage for a similar study on a larger cohort of mice to be performed in the future. 

 Chapter 7 summarizes the progress made in this dissertation and discusses the future 

directions this work is likely to proceed along. HP [13C]bicarbonate is compared with the newly-

developed chemical-shift agents, and the potential biological applications of pH imaging are 

considered. The chapter closes with a discussion of the eventual translation of pH imaging, and 

of HP imaging in general, into the clinic for the sake of improved cancer imaging.  
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Chapter	2: Technical	Background	

 

2.1 Introduction 

 The scope of this dissertation covers the application of nuclear magnetic resonance (NMR) 

techniques to study interstitial acidification of prostate cancer. Therefore, the purpose of this 

chapter is to provide the reader with the necessary understanding of the relevant physics of 

nuclear magnetism and of cancer biology. 

 Please note that throughout this chapter, variables in normal type font denote scalar quantities, 

whereas variables in bold denote vector quantities.  

 

2.2 Nuclear Magnetic Resonance: Physics and Biological 
Applications 

 The first observation of nuclear magnetic resonance (NMR) was made in 1939 by Rabi et al, 

who verified that a stream of hydrogen molecules absorbed radiofrequency (RF) electromagnetic 

radiation in a homogeneous magnetic field (Kellogg et al. 1939). From this point, scientists 

discovered that the NMR properties of atomic nuclei afforded a great wealth of information. The 

dependence of the nuclear resonance frequency on magnetic field carried with it two 

implications: one, that the NMR signal from a sample carried information pertaining to the 

chemical identity of the molecules comprising it; and two, that careful manipulation of the 

magnetic field could encode NMR frequency in space, making imaging possible. Although the 

observed NMR signal tended to be quite weak compared to that of radioactive decay or 

fluorescence, the work of subsequent years would partially circumvent this issue via 

hyperpolarization (HP) strategies, in which NMR signal could be significantly enhanced, albeit 

for a limited span of time. 

 This chapter heading is divided into four parts: (1) basic principles of nuclear magnetic 

resonance; (2) NMR spectroscopy; (3) NMR imaging, conventionally known as MRI; and (4) 
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dynamic nuclear polarization (DNP), which drastically enhances NMR signal and enables 

advanced biological applications of NMR techniques.  

2.2.1	 Fundamentals	of	Nuclear	Magnetic	Resonance	(NMR)	

 The signals received using NMR techniques arise from an intrinsic property of elementary 

subatomic particles, including protons and neutrons, called spin angular momentum or spin, !. 
This is different from the classical kind of angular momentum that arises from an orbital 

trajectory, but like all angular momentum it is a vector and as such has a magnitude and direction. 

Spin angular momentum is quantized, and its magnitude can be calculated as follows: 

 ! = !(! + 1) (2.1) 

Here, ! is the spin quantum number, and ħ is the reduced Planck’s constant. Protons and neutrons 

have the same spin angular momentum and the same spin quantum number ! = ½. The direction 

of spin can be either “up” or “down” and is typically represented mathematically with a positive 

or negative sign. 

 Because protons and neutrons have spin, an atomic nucleus has a net spin quantum number. 

Due to the Pauli exclusion principle, however, protons and neutrons will pair with each other in 

pairs of +½ and -½. As a result, only nuclei with an odd number of protons, neutrons, or both 

will have a net nuclear spin; nuclei with even numbers of protons and neutrons will have a net 

spin of zero. Table 2.1 below lists the spin quantum numbers for a few select nuclei that are 

relevant to biological applications. Most NMR techniques are performed using spin-½ nuclei, 

such as 1H, 13C, 15N, or 31P. As such, from here onward we will only consider spin-½ nuclei 

unless otherwise noted. 
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Table 2.1: Biologically-relevant MR-active isotopes and their magnetic properties. 

Isotope 
Natural 

abundance (%) 

Spin quantum 

number 

Gyromagnetic ratio, 

! 2! (MHz/T) 

MR frequency at 

3 T, !! (MHz) 

e- N/A 1/2 -2.8024 x 104 84,072 

1H 99.99 1/2 42.576 127.728 

13C 1.07 1/2 10.705 32.115 

14N 99.63 1 3.077 9.231 

15N 0.37 1/2 -4.316 12.948 

19F 100 1/2 40.052 120.156 

23Na 100 3/2 11.262 33.786 

31P 100 1/2 17.235 51.705 

 

 Importantly for NMR techniques, a net nuclear spin gives rise to a net nuclear magnetic 

moment, !: 

 ! = !! (2.2) 

The gyromagnetic ratio, !, is the ratio of the spin angular momentum to the magnetic moment 

and is intrinsic to a particular nuclear isotope. Table 2.1 lists these values for several isotopes 

relevant to biology.  

 In a magnetic field with magnitude !!, identical nuclei will populate two energy states, in 

which the nuclear magnetic moment aligns either parallel or anti-parallel with the applied 

magnetic field. The energy difference is given by  

 ∆! = ħ!!! = ħ!! (2.3) 

In the above equation, !! = !!! is called the Larmor frequency (in rad/s) of a particular nuclear 

isotope within a magnetic field. Because this describes the nuclear spin’s resonant frequency, the 
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nucleus can be “excited” by electromagnetic oscillations tuned to this frequency, and in turn it 

will produce electromagnetic oscillations at the same frequency. Very importantly, the 

magnitude of the frequency depends on the magnetic field the nucleus experiences. This field 

dependence can be exploited to identify both the chemical identity (spectroscopy, Section 2.2.2) 

and spatial location (imaging, Section 2.2.3) of a given nuclear spin. In the majority of NMR 

experiments, the Larmor frequency is within the radiofrequency range of the electromagnetic 

spectrum (20-800 MHz). 

 This energy difference ∆!  also affects the magnitude of the signal received in NMR 

experiments. Signals in NMR arise from collections of identical spin-½ nuclei experiencing the 

same net magnetic field. These spins will distribute themselves between the two energy states 

according to a Boltzmann distribution, which is determined by the available thermal energy 

relative to the energy difference between magnetic states. The ratio of spin-up to spin-down 

nuclei is given by 

 !!
!!
= exp !ħ!!!

!!!
 (2.4) 

In the equation above, !! is the Boltzmann constant, and ! is absolute temperature. Because the 

net NMR signal depends on the sum of the individual nuclear magnetic moments, it is 

proportional to the difference between these two populations. The difference normalized by the 

total number of spins is known as the spin polarization, or simply the polarization: 

 !!!!!
!!"!#$

= tanh !
!
ħ!!!
!!!

 (2.5) 

At room or physiological temperature, the available thermal energy is typically much greater 

than the energy difference in magnetic energy states. As a result, the difference in populations, 

and consequently both polarization and MR signal, tends to be very small. Even at very high 

field strengths (eg. 9.4 T), the spin polarization will only be 10-100 nuclear spins out of a 

million! As described in Section 2.2.4, this limitation in spin polarization can be surmounted 

using dissolution dynamic nuclear polarization, which can achieve transient polarization values 

far greater than what thermal equilibrium dictates.  

 The individual magnetic moments of multiple nuclei present in a sample sum up to give a net 

magnetization, defined as ! and having a magnitude !! at thermal equilibrium: 
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 ! = !!! = !
! !ħ!!"!#$tanh

!
!
ħ!!!
!!!

! (2.6) 

At thermal equilibrium, ! is aligned along the main magnetic field, !!, which we define to be 

along the z-axis. During MR acquisition, ! undergoes several processes: 

1) ! can precess about an applied field, !!(!), that is at or near its resonant (Larmor) 

frequency: !! = !!! 

2) The transverse components of !, !!" ! = !! ! + !!! ! , will precess about the 

main field, !! = !!!, at the Larmor frequency: !! = !!! 

3) The longitudinal component of !, !! ! , will return to its thermal equilibrium value, 

!!, along an exponential curve with time constant !!. This is known as spin-lattice or 

!! relaxation. 

4) The transverse components of ! , !!" ! = !! ! + !!! ! , will undergo 

exponential decay back to the equilibrium value of zero, with a time constant !!. This 

is known as spin-spin or !! relaxation (Alternatively, if !! inhomogeneity is present 

throughout the sample, a pseudo-exponential decay with time constant !!∗ <  !! will 

occur). 

These precession and relaxation processes are all summarized within the Bloch equation, which 

is very useful for describing the changing magnetization over the time course of any MR 

experiment: 

 !!
!" = ! ! ×!! ! − !! !! ! −!! !− !!∗ !! ! + !!! !  (2.7) 

In the equation above, ! ! = !! ! + !!! includes magnetic field contributions from both the 

main field and any resonant applied field, !! = !
!!

, and !!∗ = !
!!
∗ . 

 MR experiments involve the use of radiofrequency (RF) pulses, which are applied by a coil 

placed perpendicular to the main magnetic field. An RF pulse rotates the net magnetization about 

the axis along which the pulse is applied. As mentioned above, an RF pulse will only affect the 

net magnetization if it oscillates at a frequency near or at the Larmor frequency of spins. By 

modulating the amplitude of the RF pulse, !! ! , over time, frequency components can be added 

that will excite nearby frequencies. An RF pulse can be represented mathematically as 
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 !! ! = !! ! !!!!!  (2.8) 

In the equation above, !! is the carrier frequency, which is often set very close to the Larmor 

frequency, !! . The total angle, !  (in radians), traversed by !  as it precesses about !!  is 

conventionally called the tip angle. It depends on three factors: (1) the gyromagnetic ratio of the 

spin; (2) the strength of the applied magnetic field, !! ! ; and (3) the total time during which the 

magnetic field is applied, !: 

 ! = ! !! ! !"!
!  (2.9) 

Common pulses used in NMR experiments have a tip angle of 90° or 180°. For small tip angles 

(! < 30°), the frequency profile of an RF pulse, ! ! , shares an approximate Fourier transform 

relationship with the amplitude profile (ie. ! ! ∝ ℱ !! ! ). Common pulse shapes include 

rectangular, sinc, and Gaussian profiles for !! ! . Shaped pulses are especially useful for 

exciting slices in MRI, as discussed in Section 2.2.3. 

 As the magnetization precesses about the main field !!, it produces an oscillating magnetic 

field at the Larmor frequency, !! = !!!. This field can be measured by placing a coil with its 

axis of detection perpendicular to the main field. This can be the same coil used to transmit RF 

pulses, or it could be a separate detection coil. The oscillating magnetic field will create an 

oscillating voltage in the detection coil, which becomes the signal measured. This signal is 

conventionally called a free induction decay (FID), owing to the !! or !!∗ decay of the transverse 

magnetization. This signal typically undergoes processing and Fourier transformation in order to 

obtain a spectrum (in the case of spectroscopy) or an image (in the case of imaging). 

  

2.2.2	 Basics	of	NMR	Spectroscopy	and	Chemical	Exchange	

 NMR spectroscopy is a powerful technique that is used very frequently in applications of 

chemistry in order to identify chemical compounds. Its conception arose when scientists found, 

to their initial annoyance, that NMR signals from 19F and 31P nuclei deviated from the predicted 

frequencies beyond the experimental error (Becker 1993). When it was realized that these 

deviations reflected the chemical identity of the samples used, NMR was immediately realized to 

be of immense value for characterization and identification of compounds. The next years of 



 11 

technological development saw dramatic transitions in both signal acquisition and data 

processing. In the early days of NMR spectroscopy, the main magnetic field was swept over the 

frequency range of the sample, in what was known as continuous wave (cw) NMR spectroscopy. 

Only after Felix Bloch and Erwin Hahn demonstrated that an RF pulse could produce a 

precessing signal (Bloch et al. 1946; Hahn 1950), coupled with computing advances that enabled 

fast Fourier transformation of data, was the modern-day Fourier transform NMR (FT-NMR) 

experiment born. Since then, NMR spectroscopy has become a cornerstone of chemical 

characterization, both for solid and liquid samples. 

 NMR spectroscopy can be used for chemical identification because magnetic nuclei 

experience different electronic environments based upon the structure of the molecule containing 

them. When a molecule is placed within a main magnetic field with magnitude !!, circulating 

electrons within the molecule create an opposing magnetic field that, importantly, is proportional 

to !!. This effect, typically called nuclear shielding, gives rise to a unique frequency for a given 

chemical nucleus and magnetic field strength !!. This phenomenon is known as chemical shift: 

 ! = !!!(1− !) (2.10) 

In the equation above, ! is called the shielding constant, and it is unique to a magnetic nucleus in 

a molecule. Because the induced opposing magnetic field is much smaller than the main 

magnetic field, chemical shifts are typically on the order of 104 to 106 times smaller than the 

Larmor frequency. In order to compare NMR spectra acquired at different fields strengths, 

chemical shifts are typically reported on a parts per million (ppm) scale, which is normalized by 

!!. Here, the chemical shift, !, of a particular nucleus with shielding constant ! and frequency ! 

at a given field strength is calculated relative to a reference compound with shielding constant 

!!"# and frequency !!"#: 

 ! = !!!!"#
!!"#

∗ 10! = !!"#!!
!!!!"#

∗ 10! (2.11) 

Different magnetic nuclei have different chemical shift ranges, based on the diversity of 

electronic environments they can experience in molecules. For example, most 1H chemical shifts 

fall within a 0-12 ppm range, whereas 13C chemical shifts span a 0-200 ppm range. This broad 

range of chemical shifts makes 13C NMR spectroscopy attractive for resolving signals from 

several biological metabolites. 
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 In a basic NMR experiment, a hard 90° pulse is applied to the sample, which excites all 

nuclear spins of a given isotope (Note: a hard pulse is a commonly-used, rectangular-shaped RF 

pulse with a wide bandwidth). The precessing magnetization is measured immediately after. 

Each chemically unique collection of identical nuclei will have a unique chemical shift 

frequency, !! , a unique spin-spin relaxation time constant, !!,!∗  (accounting for !! 

inhomogeneity), and a magnetization !!,! proportional to the number of identical nuclei in the 

sample. The acquired FID, denoted as !(!), will be the sum of the individual signals from each 

chemically unique nucleus, which are proportional to the magnetizations: 

 ! ! = !!,!!!!!!!!!!,!
∗!! , !!,! ∝ !!,! (2.12) 

The NMR spectrum, ! ! , is obtained via the Fourier transform of the FID: 

 ! ! = ℱ !(!) = !(!)!!!"#!"!
!! = !!,! !

!!,!∗!!(!!!!)!  (2.13) 

The lineshape of each spectral peak is a Lorentzian function. Typically, an NMR spectrum 

consists of the real component of these data, with zero-order and first-order phase adjustment 

such that all peaks are absorption-mode Lorentzian lineshapes. The width of each peak depends 

on the value of !!∗. One can calculate the value of !!∗ from the peak linewidth, which is defined 

as the full width (in Hertz) at half the maximum value (FWHM): 

 !"#$ = !
!!!∗

 (2.14) 

 A conventional NMR spectrum provides a great deal of information concerning the chemical 

structure of a given compound. As previously mentioned, the chemical shift of each peak can be 

used to identify the magnetic nucleus from which it arises, since the frequency is dependent on 

the electronic environment the nucleus experiences. An NMR spectrum also provides 

information about coupling between magnetic nuclei within a compound. Nuclei will couple 

with other chemically different nuclei that are one to two bonds away. This coupling, known as 

indirect dipole-dipole or J-coupling, is mediated by the bonding electrons between the two nuclei. 

As a result of J-coupling, a spectral peak may split into two or more peaks, depending on the 

number of identical nuclei with which the nucleus giving the signal couples with. Identifying 

these patterns, called multiplets, and measuring the J-coupling frequency separating the multiplet 

peaks can provide more information about the relative proximity of different nuclei in a given 
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molecule. Finally, the integral of each peak or multiplet is proportional to the number of spins 

that give rise to the signal. This ability to quantify spins is also very powerful when identifying 

from which chemical moiety an NMR signal arises. 

 Chemical exchange describes a phenomenon that may affect the appearance of an NMR 

spectrum under different sample conditions, including temperature, presence of enzyme, and pH. 

This pertains to molecules that exchange from one chemical species to another and vice-versa, 

for example via protonation-deprotonation of an acid !" with a given acid dissociation constant, 

!"! = − log !! :  

!! + !! 
!!
⇌
!!

 !", !! =
!!
!!

 

For a given pH value, the proportions of acid (protonated) and base (deprotonated) states of the 

molecule, denoted as ! !"  and ! !! , respectively, can be calculated using the !"!  of the 

compound and the Henderson-Hasselbalch equation: 

 !" = !"! + log
! !!
! !"

 (2.15) 

Note that ! !" + ! !! = 1. The acid and base molecular states may each have a distinct NMR 

frequency (in Hertz), denoted as !!"  and !!! , respectively. The separation between the 

frequencies is given as ∆! = !!" − !!! . The speed of the protonation and deprotonation 

reactions can be described by an overall first-order rate constant, !!" = !! !! + !!, where !! 

is a second-order rate constant for protonation and !!  is a first-order rate constant for 

deprotonation. Note that !! , !!, and !! can all change with pH based upon acid or base 

catalysis. 

 The magnetization arising from !! and !" can be calculated using the Bloch-McConnell 

equations, which include terms accounting for the bidirectional chemical exchange between the 

two molecular states: 
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!! !" !
!" = ! !" ! ×!! ! − !!, !" !!, !" ! −!!, !" !  

 −!!, !"∗ !!, !" ! + !!!, !" ! − !!! !" ! + !! !!! !! !  (2.16) 

!! !! !
!" = ! !! ! ×!! ! − !!, !! !!, !! ! −!!, !! !  

  −!!, !!∗ !!, !! ! + !!!, !! ! + !!! !" ! − !! !!! !! !   (2.17) 

The solution to these equations at chemical equilibrium can be simplified depending on the 

characteristic rate of exchange, !!" , relative to the NMR frequency separation between 

molecular states, ∆!. In three different regimes, the arising NMR spectrum exhibits unique 

characteristics, differing primarily in the number of peaks observed and the linewidths of the 

peaks: 

 Slow-exchange regime, !!" ≪ ∆!: In this regime, the NMR spectrum shows two distinct 

peaks, one at !!"  and another at !!! . Each peak has an integral proportional to the equilibrium 

number of spins in each molecular state. The linewidth of each peak can be calculated using the 

following equations: 

 !"!" = !!, !"
∗ !!!
!  (2.18) 

 !"!! = !!, !!
∗ ! !! !!

!  (2.19) 

Rather than the linewidths being dependent only on !!∗ , the peaks begin to broaden as the first-

order rate constants increase in magnitude. 

 Fast-exchange regime, !!" ≫ ∆!: In this regime, rather than two distinct peaks, one peak is 

observed in the NMR spectrum, with a frequency between !!"  and !!! . This frequency, !!" is 

an average of the two frequencies !!" and !!! , weighted by the equilibrium proportions of 

molecules in the acid and base states: 

 !!" = ! !" !!" + ! !! !!!  (2.20) 

The observed linewidth of the peak is determined by the following equation: 
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 !"!" = !!
∗

! + !!! !" ! !! ∆! !

!!"
 (2.21) 

In the equation above, !!∗ = ! !" !!, !"∗ + ! !! !!, !!∗ . As !!"  increases, the linewidth 

broadening decreases, eventually resulting in a linewidth determined by the population-weighted 

average of the individual spin-spin relaxation constants !!, !"∗  and !!, !!∗ . 

 Intermediate regime, !!"~∆!: In this regime, the NMR spectrum exhibits characteristics in 

between these two regimes. As !!" < ∆! gets larger, the two peaks that would be seen in the 

slow-exchange regime begin to broaden and eventually disappear at approximately !!" = !
!∆!. 

As !!" increases beyond this value, a single broad peak emerges as in the fast-exchange regime, 

with a frequency !!" that is a proportion-weighted average of the two individual frequencies. 

 The NMR exchange regime becomes very important with regards to pH measurement via 

NMR spectroscopy or spectroscopic imaging. The pH can be determined via NMR spectroscopy 

by calculating the proportions of acid and base states of the molecular agent used, since these are 

a function of pH as well as the !!! of the molecule. If a given molecular agent exhibits fast-

exchange characteristics, then the pH can be determined from the chemical shift of the single 

observed NMR peak. In contrast, for a molecular agent in the slow-exchange regime, pH can be 

determined from the integrals of the separate acid and base peaks. 

	

2.2.3	 Basics	of	Magnetic	Resonance	Imaging	(MRI)	

 On September 2, 1971, while at dinner with a friend at a fast food restaurant, Paul Lauterbur 

had an ingenious revelation. Prior to this point in the history of NMR spectroscopy, magnetic 

field inhomogeneity was thought to be mainly an annoyance, with some exceptions here and 

there. The realization that Lauterbur had was strikingly insightful in this context, in that he 

realized that if field inhomogeneity could be deliberately added, it could open the door to 

acquiring not only spectral information, but spatial information as well. Lauterbur further 

developed this concept and published the first 2D magnetic resonance images of two capillaries 

of water in 1973 (Lauterbur 1973). Thirty-one years later, he was awarded the Nobel Prize along 

with Sir Peter Mansfield for the invention of magnetic resonance imaging (MRI). 



 16 

 Because the Larmor frequency of a spin depends upon magnetic field, applying linear 

magnetic field gradients along the x, y, and z directions will cause the NMR frequency to vary 

linearly across each spatial axis. Let ! = !!+ !!+ !!  represent spatial position, and let 

! ! = !!(!)!+ !!(!)!+ !!(!)! represent the strengths of the three gradients over time. Note 

that each gradient has both amplitude and polarity, meaning that the gradient can be flipped 

along the applied axis. The magnetic field as a function of time and position, ! !, ! , has the 

following expression:  

 ! !, ! = !! + ! ! ∙ ! (2.22) 

Consider a sample of identical nuclear spins distributed through space as described by the 

function ! ! . The goal of MR imaging, at least in its most basic form, is to approximate this 

function. After tipping the magnetization of all spins into the xy-plane, the xy-magnetization in 

different regions of the sample will accrue phase over time depending on the magnetic field at 

that point. By integrating the Larmor frequency over time, we obtain an expression for the xy-

magnetization phase as a function of time and position, ! !, ! : 

! !, ! = ! !, ! !"!
! = ! !!! + ! ! ∙ !!

! !"   

Each isochromat (ie. each group of spins within a volume !" = !"!#!$ at position ! that all 

experience the same magnetic field ! !, ! ) produces a detectable signal, !" , which is 

proportional to the number of spins at that position, ! ! , weighted by a complex exponential 

with phase ! !, ! : 

!" = ! ! !!" !,! !" = ! ! !!!!!!!!! ! ! ∙!!
! !"!" 

Note that !!∗ relaxation is ignored above. An expression for the total signal received, ! ! , is 

found by integrating over the entire imaging volume and filtering out the frequency factor !!!!!!: 

 ! ! = ! ! !!" ! ! ∙!!
! !"!"!

!! = ! ! !!!∙!!"!
!!  (2.23) 

The substitution made above, ! = !!!+ !!!+ !!! = ! ! !!
! !", represents spatial frequency, 

which describes the complex exponential weighting of the magnetization over each axis. The 

spatial frequency domain in which the signal is acquired is conventionally called “k-space”. At 
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any time ! after the magnetization is tipped into the xy-plane, the value of each !!  can be 

determined by integrating the corresponding gradient !! !  over time, as seen above. The spatial 

distribution of spins, ! ! , can be approximated by performing an inverse three-dimensional 

Fourier transform on the acquired signal: 

! ! ≅ ℱ!!!! ! !  

 A few comments can be made on how MRI is performed in practice. Images are acquired by 

running pre-programmed sequences of instructions, called pulse sequences, which utilize 

transmit and receive coils as well as gradients. In order to speed up acquisition, “slices” of 

magnetization are typically excited at one time, and only the gradients perpendicular to the slice-

select axis are utilized to obtain k-space weightings along those axes. These pulse sequences are 

known as 2D sequences. A slice is excited by applying a gradient along one axis, then applying a 

shaped RF pulse, typically sinc-shaped, to excite all spins with frequencies within the pulse 

bandwidth. During signal acquisition, one direction is chosen to be the so-called readout 

direction, in which the magnetization is sampled as one progresses in a line from −!!"# to 

+!!"#. The other direction is called the phase-encode direction, since the gradient is turned on 

briefly to establish position in k prior to acquiring across the readout direction at that k position. 

During the next readout, a new k-position in the phase-encode direction is chosen by adjusting 

the gradient amplitude/polarity. Alternatively, rather than performing slice selection, the 

magnetization in the whole sample can be excited and the signal acquired utilizing x-, y-, and z-

gradients. These pulse sequences are known as 3D sequences, and they include one readout 

direction and two phase-encode directions.  

 What was just described is called Cartesian imaging, since it involves acquiring k-space 

points along straight lines in a rectilinear (Cartesian) grid. However, many other types of k-space 

sampling exist that are non-Cartesian, such as spiral or radial sampling, and they provide both 

benefits and drawbacks. Additionally, the magnetization can be weighted towards !!, !!, or !!∗ 
just prior to traversing k-space by choosing appropriate timing parameters and by utilizing spin 

echoes. The magnetization can also be weighted to be sensitive to other factors, such as 

molecular flow/diffusion, by using gradients prior to imaging. This versatility of magnetization 
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weighting and k-space sampling enables many types of contrast to be achievable in MRI, unlike 

any other medical imaging modality. 

 Up to this point, all nuclear spins in the sample have been assumed to be identical. In reality, 

multiple chemical species may be present with different chemical shifts. This can have several 

consequences during imaging. For 2D pulse sequences, two species with different chemical 

shifts will be excited in two different slices, with a spatial offset Δ!!"# given by  

 Δ!!"# = !!!"
!!!!

 (2.24) 

In the equation above, Δ!!" is the frequency difference between species, and !!! is the slice-

select gradient strength. This phenomenon is known as chemical shift misregistration, and it can 

be significant if Δ!!" is large. To correct for this, one can use what is known as a spectral-spatial 

pulse, which contains frequency-specific pass and stop bands for exciting multiple resonances in 

the same spatial slice. Spectral-spatial pulses will not be described herein, but the interested 

reader is directed to the published work of (Meyer et al. 1990).  

 Because chemical species with different Larmor frequencies accrue different phases over the 

course of Cartesian imaging, this leads to spatial shifts in the acquired images as well (non-

Cartesian imaging typically demonstrates blurring due to chemical shift differences). For 

example, the MRI of a sample containing water and fat will include both a water image and a fat 

image superimposed on one another, with the fat image shifted along each spatial dimension. 

The spatial shift ∆! relative to the field of view !"#! along each axis is dependent on the ratio of 

the chemical shift separation, Δ!!", to the imaging bandwidth, !"!: 

 ∆!
!"#!

= !!!"
!"!

 (2.25) 

Due to differences in bandwidth along different imaging axes, the shift will be larger or smaller 

relative to the field of view in these directions. Several approaches can be taken to avoid these 

issues, a few of which are listed below: 

1) Undesired resonances can be saturated with a frequency-selective pulse prior to imaging. 

This is typically done to suppress fat signals for in vivo 1H imaging. 
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2) Each resonance can be selectively excited and imaged, if separate images of multiple 

resonances are desired. 

3) Multiple resonances can be simultaneously excited and imaged with an appropriate pulse 

sequence and/or image reconstruction technique that enables separation of the different 

metabolite signals. One such imaging approach is chemical shift imaging (CSI). In CSI 

sequences, multiple timepoints are sampled at a given spatial k-space position in order to 

construct a FID in the time domain. The signal equation for a CSI imaging experiment 

becomes the following: 

 ! ! = ! !,! !! !∙!!!" !"!#!
!!  (2.26) 

Note that ! !,!  takes into account the magnetization for each frequency-specific 

metabolite. An inverse Fourier transform across all dimensions yields an NMR spectrum 

per individual volume element, or voxel.  

 

2.2.4	 Dissolution	Dynamic	Nuclear	Polarization	

 One of the greatest advantages that NMR techniques offer is the ability to differentiate 

metabolic compounds. As described in the previous two sections, nuclear spins resonate at 

unique frequencies depending on the molecule containing them, and these frequencies can be 

resolved not only spectroscopically, but spatially as well. This means that metabolites can be 

mapped out in vivo, enabling a unique and powerful imaging modality that can elucidate the 

metabolic state of diseased tissues. However, 1H spectroscopic imaging receives signal from 

metabolites present within tissues at millimolar concentrations, almost a factor of 105 lower than 

water signal. Additionally, the 1H chemical shift range is very small (only about 10 ppm), 

meaning that many 1H resonances overlap one another, making it difficult to resolve different 

compounds, although so-called “spectral editing” techniques exist to separate resonances from 

one another (de Graaf & Rothman 2016). 13C spectroscopic imaging offers a wider diversity of 

chemical shifts, spanning about 200 ppm and ensuring that unique chemical resonances are 

easily distinguishable from one another. However, the jump from 1H to 13C introduces other 

problems. First of all, the gyromagnetic ratio of 13C is about ¼ that of 1H, translating to lower 

NMR signal. Second, the 13C isotope occurs naturally in only ~1% of all carbon atoms, in 
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contrast to the ~100% natural abundance of the 1H isotope. Taken together, this means that much 

less 13C signal is available for imaging in vivo, inhibiting the use of 13C spectroscopic imaging for 

metabolic imaging.  

 Dynamic nuclear polarization (DNP), also known less formally as hyperpolarization (HP), is 

a technology that enables dramatic gains in magnetization for use with both spectroscopy and 

imaging. The goal of DNP is to boost spin polarization above the equilibrium value dictated by 

the magnetic field and physiologic temperature (see Section 2.2.1 above). DNP techniques were 

first proposed in 1953 by Albert Overhauser, who suggested that highly-polarized electrons in 

metals would transfer their polarization to neighboring nuclei when the right electron 

paramagnetic resonance transition was saturated (Overhauser 1953). After several developments 

in DNP for both solids and liquids, Ardenkjaer-Larsen et al. reported a new technique in 2003 

that would allow for enhancements of 13C nuclei on the order of 104 to 105 (Ardenkjaer-Larsen et 

al. 2003). This technique is called dissolution dynamic nuclear polarization (dissolution-DNP), 

and it generates enough MR signal to make rapid 13C spectroscopic imaging a reality. 

 The basic physics of dissolution-DNP are described as follows. As described by Equation 2.5 

in Section 2.2.1, the spin polarization of identical spin-½ nuclei, which translates directly into 

magnetization and thus MR signal, has a strong dependence on the gyromagnetic ratio, !, the 

magnetic field, !!, and the temperature, !. In particular, by lowering the temperature from body 

temperature (300 K) to a much colder temperature (0.8-1.4 K), one can obtain much higher 

polarization values for spins. At these temperatures, lone electrons, which have a gyromagnetic 

ratio ~658 times larger than that of 1H, approach a unity polarization in which all spins are co-

aligned with one another. When these hyperpolarized lone electron spins couple with nearby 

spins, such as 13C nuclei, the polarization can be transferred from the electrons to the nuclei by 

saturating the appropriate transition frequency. Finally, the hyperpolarized compound can be 

rapidly dissolved with a superheated buffer solution, largely preserving the HP magnetization. In 

this way, 13C nuclei can by hyperpolarized, providing much higher MR signal than at physiologic 

temperature. 

 A dissolution-DNP polarizer is a machine that applies these principles for hyperpolarizing 

nuclei of biologically relevant molecules. First, a solution is formulated that contains the 

molecule of interest (in a biocompatible solvent, as necessary) at a high concentration with a 
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stable organic radical at 10-50 mM concentration. If the molecule will be used for 13C NMR 

spectroscopy or MRSI, it will be isotopically labeled with 13C at a desired position in the 

molecule. The stable radical used to hyperpolarize 13C is typically a trityl radical, and the 

solubility can be tuned as appropriate for the solvent and molecule used by modifying the 

pendant functional groups. The solution is then placed in a sample holder and inserted into the 

polarizer, in which it is quickly cooled to 0.8-1.4 K in a liquid helium bath. Importantly, the 

solution must not form any crystalline structure as it freezes, but must remain an amorphous 

glass in order to properly polarize. This ensures that the radical molecules are homogeneously 

distributed throughout the solid so that they couple with adjacent 13C-labeled biomolecules. The 

sample sits within a magnetic field, typically between 3 and 5 T. At this field strength, there 

exists a transition frequency corresponding to an electron and a nucleus exchanging polarization, 

between 90 and 160 GHz. By saturating this transition frequency with microwaves channeled 

into the sample-containing cavity, the electron spins are induced to transfer polarization to the 

nuclear spins, gaining nuclear spin polarizations of up to 50%. The nuclear polarization can be 

monitored over time using a solid-state NMR spectrometer within the polarizer. Finally, once the 

measured polarization reaches a plateau, the sample is dissolved with a superheated buffer and 

ejected from the machine, exiting the system at a temperature close to physiologic temperature.   

 Once dissolved, the hyperpolarized 13C spins will begin to relax back to their equilibrium 

polarization value via !! relaxation. As such, the HP solution must be quickly injected and the 

magnetization utilized for spectroscopy/imaging before the HP signal is gone. This dependence 

on 13C !! is a significant limitation of HP imaging. Fortunately, many biologically relevant 

molecules have 13C !! values between 30 and 120 s at clinical field strengths, preserving HP 

signal long enough to make MRSI feasible. These long-!! 13C nuclei are typically either 1) 

carbonyl carbons, or 2) quaternary carbons, which are both distant from 1H spins that could 

provide relaxation pathways and diminish !! values.  

 Although dissolution-DNP opens the door to metabolic imaging using 13C-labeled molecules, 

there are several criteria that must be met in order for a HP imaging agent to be successful. Since 

the inception of dissolution-DNP, HP [1-13C]pyruvic acid has been the most widely used imaging 

agent, mainly because it has qualifications in line with these requirements. Some of these criteria 

for success are listed below, with commentary pertaining to [1-13C]pyruvic acid: 
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1) The molecular agent must be biologically relevant. This means that the molecule must 

undergo an enzymatic reaction or report upon a physiologic or microenvironmental 

process that is important to the identification of a disease state. In tumors, [1-13C]pyruvic 

acid is preferentially converted to [1-13C]lactic acid, owing largely to upregulation of 

lactate dehydrogenase in these tissues. Therefore, [1-13C]lactic acid production provides 

useful information concerning tumor metabolism. 

2) The molecular agent must have rapid delivery and cellular uptake (if necessary). This 

ensures that the agent can report upon the relevant biological process before !! relaxation 

decreases the HP signal below levels required for imaging. [1-13C]pyruvic acid is rapidly 

transported into cells via monocarboxylate transporter 1 (MCT1), meaning it can be 

metabolized quickly after injection. 

3) The molecular agent must be tolerable at physiologic concentrations. Because HP agents 

require injection at a concentration of 10-250 mM, there cannot be toxic effects that 

would compromise safety or alter the biology. Other chemical components within the 

dissolution that exits the polarizer must be biocompatible as well. Dissolutions of [1-
13C]pyruvic acid have been well-tolerated in patients when 0.43 mL/kg were injected at a 

concentration of 230 mM (Nelson et al. 2013). 

4) The molecular agent must have a 13C nucleus with a long solution-state T1. This both 

ensures high polarization in the solid state and preserves signal long enough in the liquid 

state before imaging. Typical usable T1 values are 30 s or greater. Importantly, if the 

agent undergoes chemical conversion, the product must have a significantly different 

chemical shift (at least 1 ppm away). The [1-13C] position of pyruvic acid has a solution-

state T1 of ~60 s at 3 T, allowing it to be used for molecular imaging at clinical field 

strength. Its primary metabolic product, [1-13C]lactic acid, appears ~12 ppm downfield. 

5) The molecular agent must be highly soluble or be a liquid at room temperature. 

Polarization is most effective if the molecule can be formulated at high concentration, at 

least 1-2 M. If the molecule is liquid at room temperature, it must be able to dissolve the 

organic radical at the appropriate concentration. [1-13C]pyruvic acid is not only a liquid at 

room temperature (~14 M in concentration), but it readily dissolves 15 mM of trityl 

radical. 
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6) The formulated molecular agent must form a glass at cryogenic temperatures. As 

mentioned previously, this ensures that the radical is evenly distributed throughout the 

solid, providing maximum polarization. [1-13C]pyruvic acid forms a glass easily when 

flash-frozen in liquid nitrogen or liquid helium, so it assumes a glassy state during 

polarization as well. 

7) The formulated molecular agent must have high chemical stability. If the molecule reacts 

within the formulation to produce byproducts, this can contaminate spectra and have 

toxic effects. If the byproduct is the desired downstream metabolite to be measured, this 

can compromise accuracy of information obtained via imaging. [1-13C]pyruvic acid has 

no significant concerns with degradation or reaction products while formulated for HP. 

 More details on molecular agent development can be found in a recent review on 13C 

hyperpolarization (Keshari & Wilson 2014). 

 

2.3 Biology and Imaging of Prostate Cancer: From Genetic to 
Metabolic to Microenvironmental Changes 

 Prostate cancer (PCa) is the most prevalent noncutaneous cancer in men, resulting in an 

estimated 26,120 deaths in the USA in 2016 (Siegel et al. 2016). The presence of PCa is usually 

revealed in patients through screening using serum prostate specific antigen (PSA) and/or 

extended-template transrectal ultrasound [TRUS] guided biopsies. Although this leads to earlier 

detection and improved staging of patients (Han et al. 2001), the biological diversity of the 

disease poses significant clinical challenges. Although some patients present with small, indolent 

tumors which will never progress, others present with aggressive tumors which are resistant to 

treatment with surgery, radiation, hormones and chemotherapy, ultimately proving to be fatal 

(Trewartha & Carter 2013). Identifying key phenotypic changes in the transition of PCa from 

low- to high-grade would aid clinical oncologists in determining the most effective treatment for 

a given patient, since the appropriate intervention varies widely between tumor subtypes 

(Dall’Era et al. 2012). This section will outline basic prostate biology and the genetic, metabolic, 

and microenvironmental changes that accompany prostate cancer as it transitions from low to 

high grade.  
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2.3.1	 Prostate	Anatomy	

 The human prostate is a small, walnut-sized organ found just underneath the bladder in males. 

Its function is to secrete a milky-white, semi-alkaline fluid that makes up 50-75% of the volume 

of semen. Approximately 70% of the prostate is composed of glandular tissue, and 30% consists 

of non-glandular tissue. There are three main types of cells within the human prostate: 

1) Secretory epithelial cells: These cells primarily produce and secrete the metabolites 

citrate and polyamines and the proteins prostate-specific antigen (PSA) and prostatic acid 

phosphatase (PAP). They are dependent on androgens, including testosterone, in order to 

grow.  

2) Basal cells: These are not androgen-dependent for growth. They may contain stem cells 

for secretory epithelial cells. 

3) Stromal cells: These include fibroblasts, nerve cells, smooth muscle cells, and 

lymphocytes. They provide a structural matrix for the secretory epithelial cells as well as 

growth factors for other cells in the prostate. 

The prostate is typically divided into four zones (Pollack et al. 2000), which can be seen in 

Figure 2.1. The central zone consists of the tissue immediately surrounding the ejaculatory duct. 

Above this area is the transition zone, which consists of two small lobules touching the prostatic 

urethra. This is a common zone for benign prostatic hyperplasia, although cancers also arise in 

this zone. The most likely site for prostate cancer to develop is in the peripheral zone, which 

encompasses the central and transition zones. On the anterior side of the prostate is the anterior 

fibromuscular stroma. Approximately 70% of all prostate tumors arise from the peripheral zone, 

whereas about 20% develop in the transition zone. The peripheral and transition zones together 

include 75-80% of all glandular tissue in the prostate.  
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Figure 2.1: (a) Oblique sagittal and (b) axial schematic representations of the prostate zones and 
their relationship to the prostatic urethra (white arrow) and ejaculatory ducts (black arrow). 
Central zone (red), transition zone (blue), peripheral zone (yellow) and anterior fibromuscular 
stroma (green) are shown. Reprinted from (Vargas et al. 2012). 

 

2.3.2	 Genetic,	Metabolic	and	Physiologic	Changes	in	Prostate	Cancer	

 No single cascade of genetic changes leading up to prostate cancer has been identified, 

although many candidate genes have been studied that likely lead to the characteristic features of 

prostate cancer. These are listed in the following paragraphs; most are covered in (Tomlins et al. 

2006). 

 One genetic marker is GSTP1, which encodes the pi-class glutathione s-transferase. This 

protein catalyzes the conjugation of glutathione, which is a chemical scavenger, to reactive 

chemical species, including reactive oxygen species generated by inflammation. This gene locus 

is silenced by hypermethylation in over 90% of all PCa cases and up to 60% of prostatic intra-

epithelial neoplasia (PIN). Another common genetic change involves the NKX3.1 locus, which 

a) b) 
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codes for a transcription factor that is thought to regulate expression of prostate-specific antigen 

(PSA). This locus is deleted in one chromosome (loss of heterozygosity, LOH) in 90% of PCa 

cases and in 60% of PIN. Other common mutations occur in the phosphatase and tensin homolog 

(PTEN) and Myc genes. PTEN is a classical tumor suppressor gene, and its gene product 

dephosphorylates phosphatidylinositol-3,4,5-trisphosphate (PIP3) to PIP2, acting antagonistically 

to phosphoinositide 3-kinase (PI3K). This effectively inhibits the kinase Akt as well as the 

downstream mammalian target of rapamycin (mTOR), which both promote cell survival, 

proliferation, and angiogenesis. Both primary and metastatic PCa see LOH of PTEN in about 

60% of all cases, and further mutation in the retained allele has been observed in about 50% of 

all metastatic cases. Genes belonging to the Myc family, particularly c-Myc for PCa, are strong 

positive regulators of cellular proliferation, and mutations to these genes are very common 

amongst all human cancers. The androgen receptor (AR) plays a very strong role in PCa. In 

normal cells, the receptor is bound to heat-shock proteins on the cytoplasmic side, rendering 

them inactive. Upon binding with dihydrotestosterone (DHT), the AR releases these proteins and 

subsequently translocates to the nucleus, dimerizes, and promotes transcription of genes 

necessary for cell survival. Targeting of the AR via androgen ablation is highly successful in 

killing PCa cells; however, almost all tumors eventually become androgen-independent and 

proliferate again. Androgen independence is achieved via several mechanisms, either by AR 

activation by non-androgens or anti-androgens, increased AR sensitivity to low levels of 

androgen, ligand-independent AR activation via other pathways, or bypassing of the AR pathway 

altogether. 

 Genetic and epigenetic changes in PCa, particularly overexpression of the vast majority of 

glycolytic genes (Altenberg & Greulich 2004; Skvortsov et al. 2011), lead to a differential 

metabolism and utilization of glucose carbons in tumor cells compared to normal prostate. The 

healthy human prostate is typically glucose-avid because it produces a high concentration of 

citrate, which ends up in semen. To produce citrate, the tricarboxylic acid (TCA) cycle is 

truncated in normal prostate cells, due to inhibition of m-aconitase by high intramitochondrial 

concentrations of Zn3+ (Costello & Franklin 2006). In PCa cells, intracellular concentrations of 

Zn3+ decrease as Zn3+ importers are downregulated, such as ZIP1. This removes m-aconitase 

inhibition, completing the TCA cycle for generation of anapleurotic substrates for biosynthesis 

and diminishing citrate secretion. Similar to many other tumor types, PCa demonstrates an 
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increase in production of lactic acid from pyruvic acid, the final metabolite in glycolysis, via the 

lactate dehydrogenase (LDH) enzyme. This is linked to overexpression of the LDHA gene, 

which encodes the M subunit of LDH and highly favors the forward reaction (Kroemer & 

Pouyssegur 2008). Increases in lactate concentration between normal and cancerous prostate 

tissue have been observed in snap-frozen human prostate biopsy tissues using high-resolution 

magic angle spinning (HR-MAS) NMR spectroscopy (Tessem et al. 2008). Although lactic acid 

production tends to be high in tissues under anaerobic conditions, tumor cells are generally 

known to produce high levels of lactic acid even under normoxic conditions. This was first 

reported by Otto Warburg in 1924 and is known as aerobic glycolysis or the “Warburg effect” 

(Warburg 1956). The observed metabolic phenotype in prostate cancer can be observed using 

MR spectroscopy and imaging; a comprehensive summary of MR applications to study prostate 

cancer metabolism can be found in (Kurhanewicz & Vigneron 2016).  

 Metabolic changes in PCa are often accompanied by physiologic changes as well, including 

hypoxia and changes in vascularization. Due to genetic mutations and transcription factors, PCa 

cells release angiogenic factors such as vascular permeability factor (VPF) or vascular 

endothelial growth factor (VEGF). This leads to the construction of blood vessels within the 

tumor. These vessels are typically much more permeable than in normal tissue, and the vessel 

walls tend to be much weaker (Y. J. Choi et al. 2007). Hypoxia-inducible factor 1α (HIF-1α) 

plays a major role in PCa development and is responsive to hypoxic conditions found in prostate 

tumors. HIF-1α is a protein that dimerizes with HIF-1β in the nucleus and promotes transcription 

of several genes. Under normoxic conditions, the protein is ubiquitinated and degraded. The 

process is mediated by prolyl hydroxylase domain-containing (PHD) proteins, which require O2 

as a cofactor. When O2 is lacking under hypoxia, PHDs are unable to facilitate HIF-1α 

ubiquitination, and the protein may dimerize and act as a transcription factor. Expression of 

several genes important to PCa development is induced by HIF-1α stabilization, including 

glucose transporters, angiogenic growth factors (eg. VEGF), several glycolytic enzymes, proteins 

associated with lactate production and export (eg. LDHA, MCT4), and some isoforms of 

carbonic anhydrase (Denko 2008; Wykoff et al. 2000). HIF-1α is overexpressed in both primary 

PCa and in bone metastases. Although hypoxic regions exist in human PCa and correlate with 

higher-grade disease, studies also suggest that HIF-1α expression and stabilization can be 

affected by androgens, such as dihydrotestosterone (DHT), that bind to androgen receptors (AR) 
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(Kimbro & Simons 2006). Furthermore, HIF-1α stabilization can also be affected by intracellular 

concentrations of reactive oxygen species (ROS) as well as metabolites such as pyruvate, lactate, 

and oxaloacetate (LaGory & Giaccia 2016) 

 The metabolic and physiologic changes in cancer described above can be interrogated using 

different clinical imaging approaches. 18F-fluorodeoxyglucose positron emission tomography 

(FDG-PET) selects for glucose-avid tissues, including primary and metastatic tumors, which 

demonstrate high uptake of a radiolabeled glucose tracer. Therefore, FDG-PET is a highly 

sensitive and selective imaging technique for a wide variety of cancers. For PCa, however, FDG-

PET often fails to distinguish the prostate tumor from normal prostate tissue (Beauregard et al. 

2010; Farsad et al. 2008), particularly since the prostate resides close to the bladder and urethra, 

which typically demonstrate high PET signal. This motivates other strategies for molecular 

imaging. The differential vascularization and permeability of blood vessels in PCa is taken 

advantage of in dynamic contrast-enhanced MRI (DCE-MRI), in which a gadolinium contrast 

agent is imaged at multiple timepoints using a T1-weighted pulse sequence. In contrast to normal 

prostate, PCa enhances more quickly and loses enhancement more rapidly in the acquired MRI 

scans. However, there is typically poor separation between benign and malignant tumors using 

this metric (Verma et al. 2012).  

 Changes in metabolism, perfusion, and hypoxia in cancer may be very closely linked with 

one another during tumor progression. As rapidly proliferating tumor cells outdistance 

themselves from their local blood supply, they can experience hypoxic conditions as well as 

lower concentrations of available glucose. By stabilizing HIF-1α under hypoxia, tumor cells can 

revert to a more glycolytic rather than oxidative metabolic phenotype, which can be maintained 

even when induced vascularization returns parts of the tumor to normoxic conditions (Gatenby & 

Gillies 2004). Figure 2.2 summarizes the interplay between hypoxia, glucose metabolism, and 

vascularization. These processes may also contribute to extracellular acidification in tumors, 

which is described in detail in the following section. 
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Figure 2.2: Interplay between hypoxia, glucose metabolism, vascularization, and cancer 
progression. As tumor cells grow beyond the O2 diffusion limit, they develop a glycolytic 
phenotype, leading to acidosis, increased vascularization, and eventually cellular invasion and 
metastasis. Reprinted from (Gatenby & Gillies 2004). 

 

2.3.3	 Dysregulation	of	Interstitial	pH	in	Prostate	Cancer	

 PCa cells with upregulated glycolysis generate high concentrations of intracellular protons as 

a result. Because these protons decrease the intracellular pH, which typically requires tight 

regulation, PCa cells must employ mechanisms of proton export to compensate for metabolic 

changes. In poorly perfused regions of the tumor, these exported protons can accumulate in the 

interstitial space. The net effect is an acidic extracellular environment (pH 7.0 or lower) and a 

neutral or slightly alkaline intracellular pH (pH 7.0-7.4) (Wike-Hooley et al. 1984).  

 Several proton exporters are present in cells and may be upregulated in the context of cancer. 

These include sodium-proton exchangers (NHE), vacuolar (V-type) H+-ATPases, and lactic acid 

exporters, notably monocarboxylate transporter 4 (MCT4). NHE is generally regarded as the 

primary proton exporter in mammalian cells, and in particular increases in NHE1 activity and 

expression has been reported in human glioma, breast cancer, and colon cancer cell lines. V-type 
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H+-ATPases have been found to be crucial in maintaining intracellular pH in human breast 

cancer, leiomyosarcoma, lung cancer, melanoma, and mesothelioma cell lines (Martinez-

Zaguilan et al. 1993). Of all proton export mechanisms, lactic acid export is generally understood 

to dominate in the context of cancer. MCT4 is upregulated in cancers, and importantly this 

upregulation accompanies the transition from low- to high-grade cancer in human prostate tissue 

slice cultures (Keshari, Sriram, Van Criekinge, et al. 2013). Similarly, higher MCT4 expression 

and greater export of hyperpolarized lactate were observed in a metastatic renal cell carcinoma 

(RCC) cell line as compared with a localized RCC cell line (Keshari, Sriram, Koelsch, et al. 

2013). MCT4 overexpression is required in order to maintain the high metabolic flux through 

LDH required in tumor cells (Dimmer et al. 2000), and it is therefore unsurprising that MCT4 

has been shown to be necessary for PCa cell survival (Ros et al. 2012). 

 In addition to proton export, a large intracellular-extracellular pH gradient is maintained 

across tumor cell membranes by overexpression of carbonic anhydrase (CA). CA is one of the 

fastest enzymes in the human body, and it catalyzes the interconversion between bicarbonate and 

CO2. Typically, this interconversion is rate-limited by the hydration of CO2 to form carbonic acid 

(H2CO3), which is then deprotonated to form bicarbonate (HCO3
-). The CA enzyme can have a 

kcat as high as 106 s-1, making the interconversion very fast, although it typically becomes limited 

by diffusion and proton transfer (Berg et al. 2002). Humans possess several isoforms of the 

enzyme; of these, carbonic anhydrase 9 (CAIX) has the highest rate of proton transfer. CAIX is a 

transmembrane protein, with the catalytic segment residing in the extracellular space. 

Importantly, CAIX expression is regulated by HIF1α, and its expression increases in hypoxic 

regions of cervical tumor tissue (Loncaster et al. 2001). It is thought that CAIX may play a role 

in extracellular acidification via CO2 shuttling out of tumor cells (Swietach et al. 2007). In this 

model, intracellular CO2 formed by protonated HCO3
- diffuses out of the cell and is quickly 

converted back to HCO3
-. Because of its charge, HCO3

- cannot passively diffuse back into the 

cell but can only be imported via bicarbonate exchangers. Although CAIX activity per enzyme 

unit decreases at low pH values, tumor cells may compensate for this by overexpression of the 

enzyme (Gallagher et al. 2015).  

 Several effects accompany the extracellular acidification in tumors, which prove to be 

beneficial to the tumor and detrimental to surrounding tissue. The lower tumor pH can be both 
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mutagenic and clastogenic, and protons can diffuse against the pH gradient into surrounding 

normal tissue, which are not adapted to survive in an acidic environment (Gatenby & Gillies 

2004). Acidic interstitial pH has also been shown to be associated with local invasion and 

metastasis in a variety of cancers, including renal cell cancer (Estrella et al. 2013; Keshari, 

Sriram, Koelsch, et al. 2013), breast and colon cancer. Interestingly, tumor growth and invasion 

predominantly occur in the direction of decreasing pH, as demonstrated using intravital 

fluorescence microscopy (Estrella et al. 2013). Low interstitial pH also diminishes the antitumor 

response of nearby immune cells. In vitro studies show that acidic pH suppresses tumor-

infiltrating T cell function (Calcinotto et al. 2012; Pilon-Thomas et al. 2016) and acts 

synergistically with lactate to induce a suppressive phenotype in tumor-derived T cells (Fischer 

et al. 2007). Interstitial acidification can also affect chemotherapeutic efficacy. Because most 

chemotherapeutic agents are weakly basic, they tend to have a net positive charge at lower pH 

values, limiting the amount of passive diffusion into cells (Webb et al. 2011). Taken together, 

these findings suggest that imaging interstitial pH might provide valuable information not only 

for characterizing tumor aggressiveness, but also for devising therapeutic strategies.  

2.3.4	 Techniques	for	Measuring	Interstitial	pH	In	vivo	

 Although in vivo pH has traditionally been measured using microelectrodes (Wike-

Hooley et al. 1984), recent efforts have aimed to develop non-invasive, accurate, and location-

precise imaging techniques (Gillies et al. 2004; Gallagher et al. 2011). The majority of pH 

imaging is based on 1H magnetic resonance (MR), but other modalities also possess the ability to 

image pH in vivo. Imaging agents for positron emission tomography (PET) such as 11CO2 

(Buxton et al. 1987), 11C-dimethyloxazolidinedione (DMO) (Rottenberg et al. 1985), 64Cu-

labeled pH low insertion peptide (pHLIP) (Vāvere et al. 2009), and caged [18F]FDG 

glycosylamines (Flavell et al. 2016) all demonstrate retention in tissue regions of low interstitial 

pH. However, PET-based approaches cannot provide absolute pH quantification but only provide 

a binary readout depending on whether the pH is higher or lower than a given threshold. 31P 

spectroscopy measures chemical shifts to obtain interstitial pH from exogenous 3-

aminopropylphosphate (3-APP) (Gillies et al. 1994). However, the low gyromagnetic ratio of 31P 

makes imaging difficult. Interstitial pH mapping has been demonstrated in dorsal window 

chambers implanted in mice using SNARF-1, a fluorescent dye which changes its emission 
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wavelength with pH (Estrella et al. 2013). This approach is too invasive for human pH 

measurement. 

 1H MR-based pH imaging techniques rely on spectroscopy, relaxometry, and chemical 

exchange saturation transfer (CEST). 1H spectroscopic imaging can measure pH-dependent 

chemical shifts of exogenous chemical species such as 2-(imidazol-1-yl)3-

ethoxycarbonylpropionic acid (IEPA) (Garcia-Martin et al. 2001) and 2-(imidazol-1-yl)succinic 

acid (ISUCA) (Provent et al. 2007), but these require long scan times. Molecules such as Gd-

DOTA-4AmP5- exhibit pH-dependent relaxivities and can be used to image interstitial pH. 

Because this measurement is concentration-dependent, it must be coinjected with dysprosium-

DOTP5-, which has a pH-independent relaxivity and can be used to determine local concentration 

(Martinez et al. 2011). These gadolinium chelates present potential toxicity concerns for clinical 

usage. CEST techniques, which measure decrease in water MR signal after saturation of an 

exchanging resonance, are sensitive to pH-dependent changes in proton exchange rates and 

therefore can be used for pH imaging. Two notable imaging agents are iopamidol (Longo et al. 

2010) and iopromide (L. Q. Chen et al. 2015), which are both FDA-approved CT/X-ray contrast 

agents containing amide functional groups that undergo proton exchange. The primary 

limitations of CEST imaging are long scan times and high specific absorption rate (SAR) in 

tissue due to high B1 requirements for saturation.  

 Hyperpolarized (HP) 13C magnetic resonance spectroscopic imaging (MRSI) can be used to 

quantitatively assess biological and metabolic processes by detecting and resolving signals from 
13C-labeled metabolites with enhanced signal from dynamic nuclear polarization (DNP). This 

technique has been applied previously to generate interstitial pH maps in vivo using HP 

[13C]bicarbonate, which equilibrates with 13CO2 in a pH-dependent manner. By measuring the 

separate signal intensities of bicarbonate and CO2, taking the ratio of the integrals, and inserting 

this ratio into the Henderson-Hasselbalch equation (see Equation 2.15, Section 2.2.2), the pH can 

be determined on a voxel-by-voxel basis. Imaging pH with [13C]bicarbonate is a promising 

technique due to low toxicity of the imaging agent itself, fast imaging time (1-2 minutes), ability 

to measure molecular dynamics on the order of seconds, and compatibility with simultaneous 

acquisition of other 13C-labeled metabolites. However, the agent suffers from inherent limitations 

that reduce the amount of HP signal available to generate high-resolution pH maps. Two primary 
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limitations are a low effective in vivo T1 (~10 s at 9.7 T) (Gallagher et al. 2008) and the 

inherently low proportion of CO2 relative to bicarbonate at physiologic pH. Importantly, 

[13C]bicarbonate also demonstrates relatively low solubility in a variety of solvents. Considering 

the large dilution factor inherent in the dissolution-DNP dissolution process (on the order of 102), 

this greatly limits the ability to generate the required HP [13C]bicarbonate concentrations for 

imaging. The method of polarization and imaging sequence used, both discussed below, also 

affect the minimum attainable voxel size and the biocompatibility of the HP solution. 

 Sodium bicarbonate, which is routinely injected into patients, can be prepared for HP by 

dissolving the 13C-labeled compound in glycerol (Wilson et al. 2010). The molecule can be 

prepared at higher concentrations for polarization (~6 M) by utilizing the cesium salt (Gallagher 

et al. 2008; Scholz et al. 2014), but these preparations contain toxic Cs+ ions, which must be 

removed prior to injection. Both preparation routes are highly viscous because of the glycerol 

solvent system used, leading to difficulty in dissolving the HP formulation prior to injection. 

Recently, a novel precursor approach to pH imaging was demonstrated, in which [1-13C]pyruvic 

acid was polarized and rapidly decarboxylated using hydrogen peroxide in order to generate HP 

[13C]bicarbonate (Ghosh et al. 2014; Drachman et al. 2016). Unfortunately, the use of peroxide 

makes this technique difficult to translate into a clinical setting. 

 The pH imaging sequence first reported for use with HP cesium [13C]bicarbonate was a 2D 

CSI pulse sequence, demonstrating pH accuracy in an imaging phantom within ±0.1 pH unit as 

compared with a conventional pH meter. In mice with subcutaneous EL4 tumors, they attained a 

spatial resolution of 24 mm3 (2 mm in-plane, 6 mm slice) and demonstrated a lower interstitial 

pH in tumor tissue relative to surrounding healthy tissue. Their pH measurements agreed well 

with measurements obtained using 3-APP and 31P MRS (Gallagher et al. 2008). Separate 

spectral-spatial excitation of bicarbonate and CO2 combined with IDEAL encoding to correct for 

residual BiC excitation was used to acquire images with 250 mm3 resolution (5 mm in-plane, 10 

mm slice) (Scholz et al. 2014). More recently, a 3D pulse sequence with spectrally-selective 

excitation followed by a stack-of-spirals trajectory was demonstrated for intracellular cardiac pH 

imaging in rats (Lau et al. 2016). The sequence utilized magnetization from bicarbonate and CO2 

produced by decarboxylation of [1-13C]pyruvic acid by pyruvate dehydrogenase (PDH). 

However, no correlative method was used to determine pH accuracy.  
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Chapter	3: Dynamic	Nuclear	Polarization	of	

Biocompatible	13C-Enriched	Carbonates	

for	In	vivo	pH	Imaging	

 

3.1 Chapter Overview 

 This chapter outlines the work performed in developing a new hyperpolarization strategy for 

pH imaging using [13C]bicarbonate with MRSI. This strategy involved polarizing a carbonated 

precursor, then rapidly hydrolyzing it using a strong base. In addition to providing large signal 

gains, on the order of what has been achieved prior in the literature, the technique also holds 

great promise for being biocompatible and for generating the [13C]bicarbonate concentrations 

necessary for clinical translation. It also represents a new paradigm for hyperpolarization through 

its approach of polarizing a precursor, then utilizing rapid chemistry to generate the desired 

molecular imaging agent (Lee et al. 2014).  

 In the following work, three carbonated molecules were evaluated based upon 1) ease of 

formulation for hyperpolarization; and 2) extent of breakdown under set reaction conditions. 

Once one of these compounds, 1,2-glycerol carbonate, was chosen for further development, a 13C 

labeling scheme was devised, and the maximum achievable polarization was determined. Then, 

the generated hyperpolarized [13C]bicarbonate was demonstrated to allow for high-accuracy pH 

imaging in an imaging phantom. Finally, to demonstrate applicability to in vivo imaging, the 

hyperpolarized compound was injected into a transgenic adenocarcinoma of the mouse prostate 

(TRAMP) mouse and shown to measure interstitial pH within a prostate tumor.  

 

3.2 Introduction 

 Extracellular acidification has been demonstrated in a variety of cancers (Wike-Hooley et al. 

1984) and plays an important role in both disease progression (Wike-Hooley et al. 1984; 
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Williams et al. 1999; Fukumura et al. 2001; Glunde et al. 2003; Lardner 2001; Gatenby et al. 

2006) and in treatment efficacy (Wike-Hooley et al. 1984; Webb et al. 2011). Although 

interstitial pH (pHe) has traditionally been measured in both animals and humans using 

microelectrodes (Wike-Hooley et al. 1984), recent efforts have focused on developing non-

invasive and accurate pH imaging techniques that might be used in cancer patients. In vivo, pHe 

has been studied using positron emission tomography (PET) (Rottenberg et al. 1985; Buxton et 

al. 1987; Vāvere et al. 2009; Flavell et al. 2016), 1H and 31P MR spectroscopic imaging (Gillies 

et al. 1994; Garcia-Martin et al. 2001; Provent et al. 2007), relaxivity-based pHe mapping 

(Martin & Martinez 2006; Martinez et al. 2011), and chemical exchange saturation transfer 

(CEST) (Longo et al. 2010; L. Q. Chen et al. 2015). Hyperpolarized (HP) 13C magnetic 

resonance spectroscopic imaging (MRSI), enabled by MR signal enhancement on the order of 

104-105 via dynamic nuclear polarization (DNP) (Ardenkjaer-Larsen et al. 2003), has enabled the 

study of several metabolic and transport processes relevant to cancer (Comment & Merritt 2014; 

Keshari & Wilson 2014), and has been applied to human prostate cancer imaging in phase I 

clinical trials (Nelson et al. 2013). Several HP molecules have been evaluated for their ability to 

measure pHe (Flavell et al. 2015; Jiang et al. 2015), notably [13C]bicarbonate, which uses the 

measured bicarbonate to CO2 ratio and a modified Henderson-Hasselbalch equation (Gallagher et 

al. 2008) to calculate the pHe in individual volume elements (voxels). HP [13C]bicarbonate is 

currently limited either by the maximum [13C]bicarbonate concentration and degree of 

polarization (Wilson et al. 2010), which in turn limits HP signal and image resolution, or by 

introducing toxic species, such as Cs+ ions (Gallagher et al. 2008; Scholz et al. 2014) or peroxide 

radicals (Ghosh et al. 2014), which may prohibit eventual clinical use.  

 In our work with HP sodium [13C]bicarbonate (NaHCO3) in glycerol, formulated as 

previously reported (Wilson et al. 2010), we frequently observed via 13C spectroscopy at 11.7 T 

two unknown spectral peaks just upfield of the [13C]HCO3
- resonance (Figure S3.1, in 

Supplemental Content), which may be glycerol-bicarbonate adducts formed during heating of the 

[13C]NaHCO3/glycerol sample. We also noted that these two peaks barely appeared above the 

noise in a thermal spectrum acquired over the subsequent 3.5 hours, suggesting these transient 

species quickly decompose in aqueous media back to bicarbonate and glycerol after dissolution. 

This suggested a new approach to hyperpolarizing [13C]bicarbonate: polarization of a carbonated 

precursor followed by rapid base-catalyzed hydrolysis in the post-dissolution step. The goal of 
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this work, therefore, was to determine whether a low-toxicity precursor approach could afford 

similar or greater gains in HP [13C]bicarbonate MR signal for pH imaging.  

 

3.3 Methods 

3.3.1	 Chemicals	

 1,2-glycerol carbonate (GLC) and diethyl pyrocarbonate (DEPC) were purchased from 

Fisher Scientific (Pittsburgh, PA). 2,3-O-carbonyl-α-D-mannopyranose (MC, or mannose 

carbonate) was purchased from Carbosynth (San Diego, CA). Sodium [13C]bicarbonate was 

purchased from Isotec (Miamisburg, OH), and [1-13C]1,2-glycerol carbonate was purchased from 

either Isotec (Miamisburg, OH) or Cambridge Isotopes Laboratories, Inc. (Tewksbury, MA). The 

OX063 and GE trityl radicals were purchased from GE Healthcare (Menlo Park, CA). Other 

chemicals and solvents were purchased from Aldrich (St. Louis, MO).  

3.3.2	 Formulation	and	HP	
13
C-NMR	spectroscopy	of	sodium	

13
C-bicarbonate	in	glycerol	at	11.7	

T	

 Sodium 13C-bicarbonate in glycerol was formulated for hyperpolarization as previously 

described (Wilson et al. 2010). 63 mg of the formulation were polarized at 94.052 GHz and 1.40 

K for 25 minutes using a HyperSense DNP polarizer (Oxford Instruments, Abingdon, UK). The 

sample was then dissolved with 3.5 mL of a 0.3 mM EDTA solution, transferred to a capped 5 

mm NMR tube, and placed inside a 37 °C temperature-regulated 500 MHz Varian INOVA 

spectrometer (Agilent Technologies, Palo Alto, CA) equipped with a 5 mm triple-tuned, direct-

detect, triple-axis gradient-equipped broadband probe (Agilent Technologies, Palo Alto, CA). 

The resulting pH of the dissolution was about 9 (pH strip). Dynamic HP 13C NMR spectra were 

immediately acquired (TR = 3 s, 30° hard pulses, spectral window -18.9 to 219.9 ppm, 60k FID 

points, 50 timepoints), and a series of 90° hard pulses was then applied to destroy the remaining 

HP magnetization. A 13C NMR spectrum was acquired afterward to measure the magnetization at 

thermal equilibrium (TR = 10 s, 52.7° hard pulses, same spectral width/resolution, 1024 

averages). The data were apodized with a 2 Hz line broadening, Fourier transformed, phased, and 

referenced using ACD/NMR Processor (ACD/Labs, Toronto, Ontario, Canada).  
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3.3.3	 Formulation	of	glycerol,	ethanol,	and	mannose	carbonates	

 Each compound in the study was formulated at the maximum concentration that formed a 

glassy state upon immediate immersion in liquid nitrogen. Formulation glassing was determined 

by visual inspection; if the flash-frozen formulation without radical added was transparent, then 

it was considered to be in a glassy state. Only the 1,2-glycerol carbonate (GLC) was formulated 

with the 13C-enriched compound.  

 Glycerol carbonate: 3.1 mg of OX63 trityl radical were added to 207.4 mg (147 μL) of 1,2-

glycerol carbonate, to a final concentration of 15 mM. The mixture was sonicated for 5 minutes 

at room temperature. The same recipe was used for both 13C-enriched and unenriched compound.   

 Diethyl pyrocarbonate: 3.1 mg of GE trityl radical were dissolved in 14.7 μL dimethyl 

sulfoxide (DMSO) prior to addition of 103.3 μL of DEPC.  The radical concentration was about 

15 mM. The mixture was vortexed and sonicated for 2 minutes at room temperature.  

 Mannose carbonate: 206.6 mg of 2,3-O-carbonyl-α-D-mannopyranose were dissolved in 

51.7 μL of water using a combination of vortexing, centrifugation, and sonication. To this 

solution, 5.2 mg of OX063 trityl radical were added to a final concentration of about 15 mM and 

dissolved using a similar technique. 

3.3.4	 HP	
13
C-NMR	 spectroscopy	 at	 11.7	 T	 of	 unenriched	 GLC,	 DEPC,	 and	 MC	 following	

hydrolysis	

 457 μmol of each formulated compound were placed in a sample cup along with 2 μL of a ~6 

M urea HP prep and polarized at 94.060 GHz at a temperature of 1.3-1.4 K for 1 hour using a 

HyperSense DNP polarizer (Oxford Instruments, Abingdon, UK). The sample was then 

dissolved using 3.5 mL of 270 mM NaOH and 0.3 mM EDTA and ejected into a glass flask that 

was preheated for ~1 minute using a dual-temperature heat gun set to low (Milwaukee Tool, 

Brookfield, WI). The solution was swirled and heated for 5 seconds in the flask, then 

subsequently placed in a water bath to cool. 700-750 μL of 750 mM HCl were added to the flask 

to obtain an approximately neutral pH and swirled to mix. The solution was then transferred to a 

capped 5 mm NMR tube, inserted into a pre-tuned, pre-shimmed, 37 °C temperature-regulated 

500 MHz Varian INOVA spectrometer (Agilent Technologies, Palo Alto, CA), and 13C NMR 

spectra were acquired using a 5 mm triple-tuned, direct-detect, triple-axis gradient-equipped 
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broadband probe (Agilent Technologies, Palo Alto, CA). The time between the sample leaving 

the polarizer and the start of acquisition was 31-37 seconds. A series of hyperpolarized spectra 

was then acquired (TR = 3 s, 20° hard pulse, spectral window 58.7 to 217.8 ppm, 40k FID points, 

25 timepoints). For processing, the data were 2 Hz line-broadened, Fourier transformed, phased, 

referenced, and integrated using VnmrJ 3.2A software (Agilent Technologies, Palo Alto, CA). 

The % HCO3
- + CO2 for each carbonate (Table S3.1, Supplemental Content) was calculated from 

the first timepoint as the ratio of the total integrated area of the bicarbonate and CO2 peaks over 

the total integrated area of all carbonyl-13C peaks, not including peaks from hydrolysis products 

(ie. ethanol, glycerol, mannose). 

3.3.5	 Synthesis	of	[1-
13
C]1,2-glycerol	carbonate	

 Glycerol (90 mg, 1 mmol) was added to a 25 mL round bottom flask with a magnetic stir bar. 

[Carbonyl-13C]dimethyl carbonate (200 mg, 2.2 mmol) was then added to the stirring reaction 

mixture, followed by potassium carbonate (3 mg, 0.02 mmol) and magnesium oxide (3 mg, 0.01 

mmol). The reaction mixture was heated at 80 °C for 3 hours, then allowed to cool to room 

temperature. The mixture was diluted with 20 mL of hexanes and filtered by gravity. The filtered 

solid was washed with an additional 10 mL aliquot of hexanes. The filtrate fractions were 

combined and the solvent was removed by rotary evaporation at 40 °C. The flask was then 

placed under dynamic vacuum for 15 hours, which left a colorless, viscous oil. NMR confirmed 

the oil to be pure [1-13C]1,2-glycerol carbonate (91 mg, 78% yield). The 1H chemical shifts and 

multiplicities corresponded similarly to previous literature (Rokicki et al. 2005). High-resolution 

mass spectrometry was also performed on this sample using a microTOF instrument by the Notre 

Dame mass spectrometry facility (Notre Dame, IN). HR-MS – m/z (microTOF) C3
13CH6NaO4 

(M+ Na+) found 142.0183, calculated 142.0192. 

3.3.6	 HP	
13
C-NMR	spectroscopy	of	[1-

13
C]1,2-glycerol	carbonate	at	11.7	T	

 With hydrolysis: 54 mg of [1-13C]GLC plus 15 mM OX063 trityl radical were polarized in a 

HyperSense polarizer at 94.070 GHz, which was determined to be the optimal microwave 

frequency via a microwave sweep. The buildup in signal was monitored every 300 s via a solid-

state NMR spectrometer inside the polarizer, and the points were fit to an exponential buildup 

curve. The average time constant of the fitted curve was 3170 ± 510 s (n = 7). The same post-

dissolution procedure was used as for the unlabeled compound, except that the solution was 
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heated for 10 s instead of 5 s (acquisition: TR = 3 s, 5° hard pulse, spectral window 58.7 to 217.8 

ppm, 40k FID points, 50 timepoints). The 5 mm NMR tube was capped immediately after adding 

~1 mL of HP solution to reduce loss of 13CO2. The pH of the solution was measured shortly after 

dissolution with a conventional pH electrode (Ion 500 series, Oakton Instruments, Vernon Hills, 

IL). Peak areas from the hyperpolarized spectra were tip angle-corrected and fit to a decaying 

exponential to approximate T1 values. The polarization was determined with reference to a 

spectrum at thermal equilibrium (TR = 5 * [measured T1], 90° hard pulse, same spectral 

window/resolution, 4 transients), accounting for differences in tip angle and the transfer time 

between the polarizer and spectrometer. Bicarbonate and CO2 concentration measurements were 

measured from the thermal equilibrium spectrum by constructing a standard curve using 4 

known concentrations of [1-13C]glycine in deionized water (data not shown). The glycine spectra 

and the bicarbonate-CO2 spectra included an electronic reference signal (ERETIC) (Barantin et al. 

1997), which showed the same intensity in all spectra and was therefore used to measure 

concentrations. The pulse widths of the 90° hard pulses used were calibrated for each sample 

from the 360° zero-crossing. 

 The extent of completion of hydrolysis was also evaluated using less NaOH (1 equivalent 

and 1.5 equivalents) in the dissolution. For these experiments, the same post-dissolution 

procedure as described above was used except that the HP sample was dissolved in either 136 

mM (1 eq) or 204 mM (1.5 eq) NaOH + 0.3 mM EDTA. In these cases, the percentage of HP 

bicarbonate + CO2 signal of the total was 34.2% and 71.6%, respectively (n = 1 each).  

 Without hydrolysis: The same experimental procedures were used as in the case with 

hydrolysis, except for the following. After polarization, 100 mM phosphate buffer at pH 7.8 plus 

0.3 mM EDTA was used for dissolution, and no heating or neutralization took place. The transfer 

time was similar to the unlabeled compound studies for both cases with and without hydrolysis. 

The T1 and polarization values were calculated as for the case with hydrolysis. 

3.3.7	 Pulse	design	and	characterization	 for	co-localized	excitation	of	bicarbonate	and	CO2	at	

14	T	

 The 13C chemical shifts of bicarbonate and CO2 are separated by 35.5 ppm, which translates 

to 5325 Hz at 14 T. Depending on the slice-select gradient strength, this could translate to a large 

spatial separation between bicarbonate and CO2 excited slices with a single-band pulse and 
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therefore an inaccurate measurement of pH for a given slice. Therefore, excitation pulses were 

designed to excite both bicarbonate and CO2 in a single slice. Each designed pulse was the sum 

of two phase-modulated Gaussian pulses, resulting in two frequency bands (FWHM = 1500 Hz 

each) separated by 5325 Hz. These pulses excited both resonances in the center of the coil, 

provided the transmitter was set in the middle of the two resonances. The excitation slice 

gradient was kept sufficiently low (< 1.75 G/cm, or a minimum slice thickness of 8 mm for this 

pulse) such that excitation bands other than those in the center were outside the sensitive volume 

of the coil. Two pulses were designed: one with equal tip angles on bicarbonate and CO2 (dual-

band 1:1 pulse) and one where the tip angle on CO2 was 9 times that on bicarbonate (dual-band 

1:9 pulse). Both pulses were designed using MATLAB programming language (MathWorks, 

Natick, MA). Figure S3.3 in the Supplemental Content shows the results of pulse validation 

experiments on a 1H water phantom. In addition, we verified with a [1-13C]lactate phantom 

extending past the edges of the coil that pulsing with the transmitter set 2662.5 Hz upfield or 

downfield of the lactate resonance resulted in a single excited slice in the center of the coil (data 

not shown). 

3.3.8	 HP	
13
C	2D	CSI	acquisition	and	data	processing	

 All phantom and in vivo images were acquired on a vertical-bore 14 T Varian NMR imaging 

system (150 MHz 13C, Varian Instruments) equipped with a dual-tuned 1H/13C quadrature coil 

(m2m Imaging, Cleveland, OH). The pulse sequence was a 13C 2D CSI sequence (8 x 8 x 256 

matrix size, centric encoding, FOV = 32 x 32 mm2, 8013 Hz spectral width, TR = 34 ms, total 

imaging time ~2 s). One of the two dual-band pulses previously described was used for slice 

excitation, with the transmitter frequency set in the middle between bicarbonate and CO2. The 
13C transmitter frequency was calculated from the measured 1H offset of the water resonance. 

The system was tuned and shimmed prior to HP imaging. After the HP 13C acquisition, a T2-

weighted 1H spin-echo axial image was taken for co-registration with the 13C data. 

 The HP data were 10 Hz-apodized spectrally, Fourier-transformed, and visualized using an 

open-source software, SIVIC (Sourceforge.net). Integrals of the bicarbonate and CO2 peaks from 

magnitude spectra were used for analysis. Spectra with a bicarbonate or CO2 SNR ≤ 3 were 

excluded from analysis. 
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3.3.9	 HP	phantom	imaging	for	pH	quantification	at	14	T	

 54 mg of [1-13C]GLC were polarized, dissolved, and hydrolyzed as described previously. 0.4-

0.5 mL of HP solution were added to each of three 10-mm NMR tubes filled with 3.4-3.6 mL of 

100 mM phosphate buffer at three different pH values between 6.3 and 7.6 and kept previously at 

37 °C. Just before the dissolution, 18 U/mL of carbonic anhydrase II (CAII, Sigma, St. Louis, 

MO) were added to each tube. The tubes were briefly vortexed to mix and inserted into the 

imaging system, which was kept at 37 °C using heated air. The temperature inside the system 

was calibrated prior via 1H spectroscopy on ethylene glycol. Two 13C 2D CSI sequences were 

performed, each using a different excitation pulse: first with the [2.78º, 25º] dual-band 1:9 pulse, 

with the higher tip angle on CO2, and then with the [10º, 10º] dual-band 1:1 pulse. There was a 5 

s delay between acquisitions. For both imaging protocols, the slice thickness was 10 mm. The 

transfer time between the polarizer and the magnet was ~50 seconds. After imaging, the pH of 

each tube in the phantom was measured at 37 °C outside the magnet using a conventional pH 

electrode (Ion 500 series, Oakton Instruments, Vernon Hills, IL) to compare with the pH 

measured via spectroscopy. Figure S3.4 in the Supplemental Content displays the phantom 1H 

image and overlaid HP 13C spectra for both tip angle schemes (same data as Figure 3.3c, but with 

full FOV displayed). The pH map in Figure S3.4 is displayed only for voxels with SNR ≥ 5. 

3.3.10	 In	 vivo	 HP	 13C-NMR	 pHe	 imaging	 and	 apparent	 T1	 measurements	 in	 mouse	 prostate	

tumors	at	14	T	

 All animal experiments were performed under a protocol approved by the UCSF Institutional 

Animal Care and Utilization Committee. A transgenic adenocarcinoma of the mouse prostate 

(TRAMP) model mouse (Gingrich & Greenberg 1996) was anesthetized using a mixture of 

oxygen and isoflurane, and a catheter was inserted into the tail vein. The mouse was then secured 

in an MR-compatible holder with a 37 °C water pad and inserted into the vertical bore of the 

imaging system. 54 mg of [1-13C]GLC were polarized, dissolved, and hydrolyzed as previously 

described, and 350-400 µL of HP dissolution were injected into the mouse over 12 seconds. The 

total injected dose was ~27 μmol of [1-13C]GLC, or 3.2 mg (~100 mg/kg). 

 pHe imaging: For imaging, a 2D CSI sequence was initiated 1 s after the end of injection, 

with experimental parameters as described above. After zero-filling to 16 x 16 x 256 and 

processing the data as mentioned above, the average pHe values within the tumor (n = 13 voxels) 
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and vasculature (n = 8 voxels) were calculated. For the tumor, the bottom row of voxels was 

excluded from analysis due to these voxels encompassing both tumor and normal tissue. Figure 

S3.5 in the Supplemental Content displays the anatomical 1H image and overlaid in vivo HP 13C 

spectra (same data as Figure 3.4, but with full FOV displayed). 

 Apparent T1 measurements: Series of dynamic 13C NMR spectra (TR = 3 s, spectral window 

20.1 kHz, 40k FID points) were acquired utilizing the [30º, 30º] dual-band 1:1 pulse centered on 

the tumor in the middle of the coil (8 mm slice thickness). Acquisition was started immediately 

after the start of injection. To measure the apparent T1, the phased spectral peak areas were 

determined using VnmrJ 3.2A software (Agilent Technologies, Palo Alto, CA) and fit to an 

exponential curve without tip angle correction within MATLAB (MathWorks, Natick, MA), 

starting at the timepoint with the maximum signal and including 6 timepoints. All spectral peaks 

used for fitting had a SNR ≥ 3. Figure S3.6 in the Supplemental Content displays a representative 

set of dynamic 13C NMR spectra acquired in vivo with HP [1-13C]GLC. 

3.3.11	 Statistical	analyses	

 All statistical analyses were performed using R, an open-source software (R-project.org). 

Statistical significance was determined using a two-tailed student’s t-test with unequal variances 

and sample sizes. A p-value of p < 0.05 was considered to be statistically significant. 

 

3.4 Results 

 Each non-13C-enriched compound was formulated for DNP at the maximum concentration 

possible that could both dissolve 15 mM of trityl radical and form a glass at cryogenic 

temperatures. An equimolar amount of each formulation was then polarized and dissolved with 2 

equivalents of NaOH and 5 s of heating (Figure 3.1), followed by neutralization with HCl (n = 3 

each). HP 13C spectra were immediately obtained at 11.7 T to compare the extent of hydrolysis 

under these reaction conditions. Table 3.1 summarizes these results.  
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Figure 3.1: Hydrolysis reaction schemes for the three molecules evaluated in this study: (a) 1,2-
glycerol carbonate; (b) diethyl pyrocarbonate; (c) 2,3-O-carbonyl-α-D-mannopyranose. These 
compounds rapidly decompose to NaHCO3 and glycerol, ethanol, and D-mannose, respectively, 
in the presence of sodium hydroxide and heat after dissolution. Nuclei of interest for 
hyperpolarized 13C NMR are highlighted in red. 

 

Table 3.1: Evaluation of carbonated analogs for generating HP bicarbonate. 

Moleculea Concentration, Mb % HCO3
- + CO2

c 

GLC 11.9 92.7 ± 1.4 

DEPC 6.0 67.9 ± 6.7 

MC 4.3 96.4 ± 1.8 

aGLC: 1,2-glycerol carbonate; DEPC: diethyl pyrocarbonate; MC: 2,3-O-carbonyl-α-D-
mannopyranose 
bDNP substrate concentration in optimized formulation. Note that each mole of DEPC produces 
2 moles of HCO3

-. 
cDetermined as HCO3

- + CO2 signal over total HP signal. 
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 We then developed a synthesis of [1-13C]1,2-glycerol carbonate ([1-13C]GLC) to evaluate its 

utility for HP pH imaging (Figure 3.2). The synthesis was modified from that reported by 

(Parameswaram et al. 2013) and is described in full in the preceding Methods section (Section 

3.3.5). Briefly, [13C]dimethyl carbonate and glycerol were heated with potassium carbonate and 

magnesium oxide, and the resulting mixture was gravity-filtered and distilled to yield a colorless, 

viscous oil. The overall reaction yield was 78%. 

 

Figure 3.2: Synthesis of [1-13C]1,2-glycerol carbonate. 

 To determine the maximum obtainable polarization of [1-13C]GLC, as well as hydrolysis-

related losses in polarization and concentration, we compared dissolutions with (n = 3) and 

without (n = 4) hydrolysis. [1-13C]GLC was polarized for 3 hours and hydrolyzed with 2 

equivalents of base and 10 s of heating, followed by cooling and neutralization with HCl (Figure 

3.3a). Alternatively, the [1-13C]GLC was dissolved in 100 mM phosphate buffer in the non-

hydrolysis experiments. A full summary of the results, including the solid-state and solution-state 

polarization parameters, measured T1 values, and measures of hydrolysis completion, are listed 

in Table S3.1 in the Supplemental Content. Optimized conditions yielded 97.3 ± 0.5% 

[13C]NaHCO3 signal as determined by peak area ratios (HP bicarbonate + CO2 signal as a 

percentage of total signal), and the [13C]NaHCO3 solution concentration was 75.1 ± 1.4 mM, 

corresponding to a ~30% loss from the theoretical maximum. This is presumably due to release 

of 13CO2 during neutralization with HCl, which was performed in an open flask. The back-

calculated polarizations with and without hydrolysis were 16.4 ± 1.3% and 18.1 ± 2.4%, 

respectively. The difference in polarization was not statistically significant (p > 0.30). The pH of 

the resulting dissolution was 7.5 ± 0.3 (n = 17), as measured with a conventional pH electrode. 

 We next verified that HP [1-13C]GLC could obtain accurate pH measurements in an imaging 

phantom at 14 T. Three pH buffers were prepared with pH values between 6.3 and 7.4, and each 

buffer was added to a separate tube with about 18 U/mL of carbonic anhydrase II (CAII) to 

reduce the pH equilibration time (Gallagher et al. 2008; Gallagher et al. 2015). Hydrolyzed HP 
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[1-13C]GLC was injected into each tube, and two 2D chemical shift imaging (CSI) pulse 

sequences were performed back-to-back on the same HP phantom in a vertical-bore 14 T MR 

imaging system maintained at 37 °C using an airflow system. The excitation pulse used in each 

2D CSI was the sum of two phase-modulated Gaussian pulses, resulting in two excitation bands 

separated by the frequency difference between bicarbonate and CO2 at 14 T (Patt 1992). This 

pulse design excited the two resonances in the same spatial location and with different degrees of 

excitation. The two excitation pulses used are shown in Figure 3.3b: one with the same degree of 

excitation (10° tip) for bicarbonate and CO2, and a second involving a 2.78° tip on bicarbonate 

and a 25° tip on CO2. The pH was calculated from each spectrum using a modified Henderson-

Hasselbalch equation, similar to that used previously (Gallagher et al. 2008): 

 !" = !!! + log!"
!!"!!!
!!!!

∗ !"#!!!!
!"#!!"!!!

 (3.1) 

Here, the logarithm is taken of the bicarbonate and CO2 spectral peak areas, corrected for the 

different tip angles on each resonance assuming complete magnetization exchange between 

excitations, and used to calculate the pH along with the pKa, which equals 6.17 at 37 °C 

(Gallagher et al. 2008; Wilson et al. 2010; Scholz et al. 2014; Ghosh et al. 2014). Both 

acquisition schemes provided spectral pH values that were within 0.1 pH unit of the pH electrode 

measurements (Figure 3.3c). 



 46 

 

Figure 3.3: (a) Representative 13C NMR spectrum of HP [1-13C]GLC after hydrolysis. The [1-
13C]GLC peak is referenced to 158.6 ppm. (b) Excitation pulses and simulated frequency profiles 
used for co-localizing HCO3

- and CO2 at 14 T. The degree of excitation of each resonance 
(bicarbonate:CO2) was in the ratio of 1:1 (left) or 1:9 (right) (c) pH phantom results at 14 T: 
(left) T2-weighted 1H image, with electrode-measured pH values in white; (right) HP 13C spectra 
and calculated pH values for each color-coded voxel in left image. Spectra were obtained using 
an excitation pulse from (b), as indicated above each column. 

 

 HP [1-13C]GLC imaging of pHe was also demonstrated in vivo in a transgenic 

adenocarcinoma of the mouse prostate (TRAMP) murine model (Wilson et al. 2010). Following 

polarization and hydrolysis, the dissolution was injected via a tail vein catheter into an 

anesthetized mouse in a vertical-bore 14 T MR imaging system. A 2D CSI sequence utilizing the 

2.78° bicarbonate/ 25° CO2 excitation scheme was performed to obtain HP spectra from 0.2 x 0.2 

x 0.8 cm3 voxels (Figure 3.4). HP imaging indicated an average pHe of 7.15 ± 0.09 in the tumor 

(n = 13 voxels) and 7.36 ± 0.08 in adjacent benign tissue, predominantly composed of muscle 

and vasculature (n = 8 voxels). The pHe difference between tumor and normal tissue was about 
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0.2 pH units, and this difference was statistically significant (p < 1 x10-4). pHe values were only 

calculated for voxels having bicarbonate and CO2 peaks with a SNR ≥ 3. Regions of necrosis 

within the tumor and surrounding muscle did not satisfy these criteria. The HP bicarbonate and 

CO2 signal from the vessel below the tumor is blurred over adjacent voxels due to the large signal 

magnitude and the point-spread function associated with 8 x 8 phase encoding. In separate 

experiments, localized dynamic 13C spectroscopy measured the apparent in vivo T1 values of HP 

bicarbonate and CO2 as 14.4 ± 2.4 s and 14.3 ± 3.0 s, respectively (n = 2 each).  

 

Figure 3.4: HP 2D CSI of hydrolyzed [1-13C]GLC in a TRAMP mouse: (left) T2-weighted 1H 
image with overlaid pHe map calculated from HP spectra; (right) HP 13C spectra for outlined 
voxels in left image. Prescribed in-plane resolution 0.4 cm, zero-filled to 0.2 cm; slice thickness 
0.8 cm. Tip angles: 2.78° bicarbonate, 25° CO2. 

 

3.5 Discussion 

 We began by investigating carbonated small molecules that could be hyperpolarized and 

hydrolyzed to form HP [13C]NaHCO3. Although many such molecules exist, we constrained our 

list to carbonates of biocompatible molecules. We also narrowed our focus to DNP substrates 

that are liquids at room temperature or highly water-soluble, since these compounds are more 

amenable to high-concentration preparation (Keshari & Wilson 2014; Comment & Merritt 2014). 

We thus chose three molecules to evaluate, which were carbonated analogs of glycerol, ethanol, 

and mannose, as shown in Figure 3.1. We chose to proceed forward with 1,2-glycerol carbonate 

(GLC) because it offered the best combination of high formulation concentration and rapid 

hydrolysis (Table 3.1). 



 48 

 In order to excite [13C]bicarbonate and 13CO2 in the same slice, we designed and implemented 

a two-band Gaussian pulse during 2D CSI that delivers a 9-fold higher tip angle to the 13CO2 

resonance. This excitation pulse offers the advantage of improving the SNR of the CO2 peak, 

which can be an order of magnitude lower than bicarbonate at physiological pH values. The fact 

that the 10° and 25° CO2 excitation schemes provide the same pH in phantom studies indicates 

that saturation of the CO2 resonance during the 2D CSI acquisition scheme employed is not an 

issue due to fast bicarbonate-CO2 exchange (Gallagher et al. 2008). In vivo, the detected 0.2 pH 

unit difference between tumor and normal tissue is consistent with our previous results (Wilson 

et al. 2010). The apparent in vivo T1 measured is comparable to the ~10 s T1 values previously 

reported in mice at 9.4 T (Gallagher et al. 2008). This short in vivo T1 is an unavoidable 

limitation of the probe and may yield a challenge to the clinical translation of hyperpolarized 13C 

bicarbonate based pHe imaging in general. 

 The carbonate precursor method reported herein may be generally applicable to the 

polarization of carboxylic acids, which are the most widely-used probes for 13C HP (Keshari & 

Wilson 2014). Proper selection of the precursor can generate the desired HP molecule along with 

NaCl and other biocompatible products that do not require removal prior to injection. Previously 

reported strategies for HP [13C]bicarbonate have demonstrated polarization values of 12-19% and 

concentrations of 55-100 mM while maintaining high solution-state polarization (Gallagher et al. 

2008; Wilson et al. 2010; Scholz et al. 2014; Ghosh et al. 2014). Our approach using [13C]GLC 

provides comparable polarization, concentration, and spectral purity, with the additional benefit 

of reducing toxicity concerns, assuming the precursor is quantitatively consumed prior to 

injection or rapidly hydrolyzed in vivo. It is also important to note that a small amount of residual 

GLC may not be toxic since polymers of glycerol carbonate have been pursued for use in 

biomedical and pharmaceutical applications (H. Zhang & Grinstaff 2013). Although the post-

dissolution step currently takes ~40 s to complete, during which there is loss of HP signal, we 

anticipate that simple improvements can speed up the heating and neutralization steps and thus 

accelerate generation of HP bicarbonate. We demonstrated that [13C]bicarbonate generated from 

[1-13C]GLC can measure pH ex vivo within 0.1 pH unit, similar to previous reports (Gallagher et 

al. 2008; Scholz et al. 2014; Ghosh et al. 2014), and that spatial differences in pH can be detected 

in vivo. We have demonstrated that this technique is feasible in doses ranging from 28 to 80 mg 

of produced [13C]bicarbonate. In the only reported human clinical trial, administered doses of 
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pyruvate ranged from approximately 250 to 1000 mg (Nelson et al. 2013). It is very likely that 

this technique will enable production of these amounts of probe. 

 Table S3.2 in the Supplemental Content summarizes the apparent T1 relaxation time 

constants for bicarbonate and CO2 measured across several studies, including this one, both in 

solution and in vivo. Literature results agree that bicarbonate and CO2 do not have a statistically 

significant difference in T1, either in solution (Wilson et al. 2010) or in vivo (Gallagher et al. 

2008). This is attributed to the rapid interconversion rate between bicarbonate and CO2 

(Gallagher et al. 2008). Although the apparent in vivo T1 values measured in this study are 

comparable to those previously reported, we measured lower solution-state T1 values than 

Wilson et al. This subtle variation may be due to slight variations in temperature, pH, and 

measurement technique. 

 Several opportunities exist for increasing the final concentration and NMR signal of the 

dissolution. Performing hydrolysis under pressure or within a closed apparatus may significantly 

reduce CO2 losses, and process automation and use of catalysts may reduce the time necessary 

for full hydrolysis. Future investigations will explore the effects of these improvements, which 

we expect will enable use of HP [1-13C]GLC as a clinically feasible technique for high-resolution, 

low-toxicity pHe imaging. 

3.6 Conclusion 

 We have demonstrated the utility of a new hyperpolarization technique that provides large 

gains in HP bicarbonate signal without compromising dissolution toxicity. This technique is 

compatible with accurate pHe mapping via MR spectroscopic imaging, both in vivo and ex vivo. 

Future work will reduce HP signal losses during hydrolysis and improve pH imaging accuracy 

and resolution.  
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3.7 Supplemental Content 

 

Figure S3.1: (a) HP 13C NMR spectrum at 11.7 T of [13C]bicarbonate in glycerol dissolved in 
water + 0.3 mM EDTA. The bicarbonate and contaminant peaks shifted upfield over the course 
of the HP experiment. Final ppm values: bicarbonate 163.2 ppm; contaminant peak 1 160.1 ppm; 
contaminant peak 2 159.7 ppm; CO2 125.5 ppm; C2 glycerol 73.1 ppm (referenced value), 
C1/C3 glycerol 63.5 ppm. (b) 13C NMR spectrum at 11.7 T of the same dissolution after the 
magnetization returned to thermal equilibrium (1024 transients averaged together). Final ppm 
values: bicarbonate 163.2 ppm; contaminant peak 1 160.1 ppm; contaminant peak 2 159.7 ppm; 
C2 glycerol 73.1 ppm (reference peak); C1/C3 glycerol 63.6 ppm.  

 

 

 

 

Figure S3.2: Representative HP spectra of each compound evaluated in the study immediately 
following hydrolysis. Each compound was copolarized with 2 µL of [13C]urea (referenced to 
163.7 ppm in each spectrum). HP [13C]bicarbonate and 13CO2 peaks appeared at 161.1 ppm and 
125.5 ppm, respectively. Unidentified hydrolysis product peaks are indicated with an asterisk (*) 
in each spectrum. Other peaks not within the displayed spectral window but pertaining to known 
reaction byproducts (ethanol, glycerol) were also seen. (a) 1,2-glycerol carbonate (GLC). * at 
160.1 and 159.7 ppm, GLC at 158.6 ppm. (b) diethyl pyrocarbonate (DEPC). * at 160.5 ppm. (c) 
2,3-O-carbonyl-α-D-mannopyranose (MC). * at 157.1 ppm.   
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Table S3.1: Summary of HP [1-13C]GLC results at 11.7 T. 

With Hydrolysis (n = 3) 

HP HCO3
- T1 (s) HP CO2 T1 (s) % Polarizationa 

% HCO3
-+CO2 

signalb 

[HCO3
-+CO2] 

(mM)c 

Expected 

[HCO3
-+CO2] 

(mM)d 

33.9 ± 3.9 32.8 ± 3.9 
16.4 ± 1.3 (5.2 ± 

0.9) 
97.3 ± 0.5 75.1 ± 1.4 108.7 ± 2.5 

 

Without Hydrolysis (n = 4) 

HP GLC T1 (s) % Polarizationa 

63.7 ± 5.7 18.1 ± 2.4 (10.8 ± 2.1) 

aBack-calculated to the time of dissolution using the average T1 value measured in the HP 
experiment (without back-calculation in parentheses)  
bCalculated from first HP spectrum as HCO3

- + CO2 peak area over total  
cn = 2 samples 
dCalculated from prep weight and final volume of solution 

 

 

Figure S3.3: Two-band Gaussian experimental pulse profiles with line plots on a 1H water 
phantom, edges defined by dashed lines. (a) Symmetric excitation bands. (b) Upfield excitation 
band has a 9-fold higher tip angle than the downfield excitation band.  
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Figure S3.4: Full imaging data from the HP phantom experiment displayed in Figure 3.3. (a) 
Axial T2-weighted 1H image of the pH imaging phantom. (b) HP 13C 2D CSI data using the [10º, 
10º] dual-band 1:1 pulse. (c) HP 13C 2D CSI data using the [2.78º, 25º] dual-band 1:9 pulse. Tube 
boundaries are indicated with dashed lines on the two spectroscopic data sets. Note that the data 
in (c) were acquired in the same experiment just before those in (b). 

 

Figure S3.5: Full in vivo imaging data from the experiment displayed in Figure 3.4. (a) Axial T2-
weighted 1H image of the TRAMP mouse, including tumor and necrotic regions outlined in 
yellow and white, respectively. (b) HP 13C 2D CSI data, with tumor and necrotic regions outlined 
in solid and dashed lines, respectively.  
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Figure S3.6: Representative HP [1-13C]GLC dynamic spectra acquired from a slice in a TRAMP 
murine model.  

 

 

Table S3.2: Literature comparison of bicarbonate and CO2 T1 values. 

HP HCO3
- T1 (s) HP CO2 T1 (s) Measurement Type Field Strength (T) Reference 

43.3 ± 1.2 44.7 ± 0.6 Solution-state 11.7 
(Wilson et 

al. 2010) 

33.9 ± 3.9 32.8 ± 3.9 Solution-state 11.7 This study 

10.1 ± 2.9 9.8 ± 2.5 
In vivo, implanted 

mouse tumor 
9.4 

(Gallagher 

et al. 2008) 

14.4 ± 2.4 14.3 ± 3.0 
In vivo, transgenic 

mouse tumor 
14 This study 
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Chapter	4: Development	of	High-Resolution	

Pulse	Sequences	for	Hyperpolarized	13C	

Imaging	of	Species	Undergoing	Rapid	

Chemical	Exchange	

 

4.1 Chapter Overview 

 This chapter describes the development of hyperpolarized imaging approaches to improve 

the spatial resolution of pH imaging with [13C]bicarbonate. The work focuses primarily on 

characterizing the effects of magnetization exchange via rapid bicarbonate-CO2 interconversion 

and studying the effects of this interconversion on various types of hyperpolarized imaging 

sequences. Not only does this work propose new pulse sequence parameters for optimized pH 

imaging for potential in vivo application, but it also generally describes chemical exchange 

effects on quantification of biological parameters, a topic that is potentially of great interest to 

the hyperpolarized imaging community at large. 

 In the following work, bicarbonate-CO2 chemical exchange, catalyzed by addition of 

carbonic anhydrase, was first quantified via 13C MRS. Simulations were then performed to 

analyze the effects of chemical exchange as well as pulse sequence design parameters on pH 

quantification accuracy, spatial blurring, and relative bicarbonate/CO2 signal-to-noise ratio. 

Three different pulse sequences were evaluated for pH imaging in phantoms using 

hyperpolarized [13C]bicarbonate: 2D chemical shift imaging (2D CSI), 2D echo-planar imaging 

(2D EPI), and 3D gradient spin-echo (3D GRASE) imaging. Various pulse sequence parameters, 

including tip angles, order of metabolite excitation, and refocusing pulses, were varied in order 

to study the effects on imaging pH. Chemical exchange was found experimentally to affect pH 

accuracy, image resolution, and signal-to-noise ratio. However, detrimental effects could be 

mitigated via careful selection of imaging parameters. Optimized 2D EPI and 3D GRASE 

sequences showed promise for future implementation in vivo to measure interstitial pH.  
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4.2 Introduction 

  Dissolution dynamic nuclear polarization (DNP), which can provide 13C magnetic resonance 

(MR) signal gains greater than 104 (Ardenkjaer-Larsen et al. 2003), has found primary 

applications in measuring rapid biological processes, such as LDH-catalyzed lactic acid 

production and tissue perfusion, among many others (Comment & Merritt 2014; Keshari & 

Wilson 2014; Sriram et al. 2016). The technology is limited to studying timescales on the order 

of tens of seconds to a few minutes primarily because most 13C nuclei have T1 relaxation time 

constants of a similar magnitude. In addition, hyperpolarized (HP) magnetization is non-

renewable and must be sampled effectively in order to be useful not only for dynamic MR 

spectroscopy, but for chemical-selective MR imaging as well (Hurd et al. 2012). Because of 

these constraints, pulse sequences for HP imaging are designed to be rapid, efficient concerning 

HP magnetization sampling, and robust to a multitude of factors, including off-resonance effects, 

susceptibility differences, flow of HP spins in/out of the imaging field of view, pulse power and 

gradient trajectory miscalibrations, and B0 and B1 inhomogeneity. Because these effects may 

cause significant errors in quantification of biological parameters, careful characterization of 

pulse sequences in imaging phantoms is often required. 

 HP [13C]bicarbonate and [13C]CO2, which can be used to map interstitial pH in vivo 

(Gallagher et al. 2008; Wilson et al. 2010; Scholz et al. 2014; Korenchan et al. 2016; Drachman 

et al. 2016), present unique challenges to HP imaging. First, the CO2 magnetization pool is an 

order of magnitude lower than the bicarbonate pool near physiological pH, due to the low pKa of 

the bicarbonate-CO2 buffer system (Gallagher et al. 2008). Second, although bicarbonate and 

CO2 manifest as distinct resonances on the NMR timescale, they undergo rapid interconversion 

in vitro and in vivo. This serves as a means of magnetization transfer between bicarbonate and 

CO2 pools, which can potentially affect pH quantification via HP imaging. This latter effect, to 

the best of our knowledge, has not been comprehensively described in the literature, particularly 

with regard to informing on the choice of pulse sequence design parameters. The goals of this 

work, therefore, were twofold: to characterize the effects that bidirectional bicarbonate-CO2 

chemical exchange has on pH quantification using various imaging pulse sequences, and to 
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optimize imaging pulse sequences in order to obtain high-SNR metabolite maps and high-

accuracy pH images. 

 

4.3 Methods 

 13C NMR spectra were analyzed using VnmrJ 4.2A software (Agilent Technologies, Palo 

Alto, CA). 2D CSI data were analyzed using SIVIC open-source software (Sourceforge.net). All 

other imaging data were processed using custom scripts written in the MATLAB programming 

language (MathWorks, Natick, MA). All excitation and refocusing pulses were designed using 

free MATLAB software developed through the Radiological Sciences Laboratory at Stanford 

University (available at http://rsl.stanford.edu/research/software.html) (Larson et al. 2008; Kerr 

et al. 2008; Pauly et al. 1991). Simulations were performed using MATLAB. 

 The excitation schemes are notated in the following manner. The tip angles used are given as 

an ordered pair (!!"!!! ,!!"!). A square bracket [ or ] indicates the first excited resonance (if two 

square brackets are used, this indicates simultaneous excitation). An angle bracket < or > 

indicates the second excited resonance.	

4.4.1	 Measurement	of	in	vitro	bicarbonate-CO2	exchange	kinetics		

 Sodium [13C]bicarbonate (~20 mM) was added to 100 mM phosphate buffer at pH 6.4, along 

with 7.55 µg/mL of bovine carbonic anhydrase II (CAII, Sigma, St. Louis, MO). 13C NMR 

spectroscopy was performed at 37 °C using a temperature-regulated 500 MHz (13C 125 MHz) 

Varian INOVA spectrometer (Agilent Technologies, Palo Alto, CA) equipped with a 5 mm 

triple-tuned, 13C direct-detect, triple-axis gradient-equipped broadband probe (Agilent 

Technologies, Palo Alto, CA). The bicarbonate-CO2 chemical exchange was measured with a 

selective inversion pulse sequence, as described in (Dahlquist et al. 1975). Briefly, a selective 

180° inversion pulse (6 ms duration, 500 Hz bandwidth) designed using the Shinnar-Le Roux 

(SLR) algorithm was applied to the CO2 resonance, and after an incremented exchange delay a 

90° hard pulse-acquire was performed (50 s relaxation delay, 2 s acquisition time, 4 

averages/exchange delay, exchange delay incremented from 0.03 to 0.6 s). The 360° hard pulse 

width was calibrated prior to running the sequence and used to calibrate all other pulses used. 
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Spectra were apodized with a 2 Hz Lorentzian filter, the sum and difference of the bicarbonate 

and CO2 peak integrals at each delay were calculated, and each was fitted to an exponential of 

the form ! = !!!!" + !. The decay constants for the bicarbonate-CO2 sums and differences are 

related by the following equations (Dahlquist et al. 1975): 

 !
!" ! + ! = − !

!!
 (4.1) 

 !
!" ! − ! = − !

!!
+ !!"  (4.2) 

In the equations above, !!" = !!" + !!"  is the sum of the bicarbonate-to-CO2 and CO2-to-

bicarbonate first-order rate constants, respectively. It is assumed that bicarbonate and CO2 

exhibit the same T1 due to rapid exchange relative to the spin-lattice relaxation timescale 

(Gallagher et al. 2008; Wilson et al. 2010). Using the sum and difference curve fittings, both !! 

and !!" can be calculated. 

 Additionally, a hard 90° pulse-acquire 13C spectrum was obtained in order to measure the 

ratio of bicarbonate to CO2. This ratio was used to calculate the solution pH via the Henderson-

Hasselbalch equation as well as to calculate !!" and !!" from !!", using the equilibrium rate 

relation: 

 [!"#]!!" = [!"!]!!" (4.3) 

4.4.2	 Simulation	of	pH	error,	bicarbonate-CO2	signal	under	fast	chemical	exchange	

 The pH discrepancy between real and MR-measured values during sequential excitation of 

bicarbonate and CO2 was simulated using MATLAB. For a given pH being measured, tip angle 

on the first excited resonance, and order of excitation (bicarbonate first or CO2 first), the z-

magnetizations for bicarbonate and CO2 were first initialized based upon the specified pH. The 

first resonance was then sampled, and the remaining z-magnetization was distributed between 

the two pools based upon the following relationship: 

!!,! = !!,! + !!",! −!!,! 1− !!!"∗!!"  

In the equation above, !!,! and !!,! are the initial and final z-magnetization values, respectively, 

for the metabolite of interest ! , !!" = !!!!"!#$  is the equilibrium z-magnetization under 
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complete chemical exchange (!!"!#$ is the total remaining z-magnetization after first excitation, 

and !! is the proportion of magnetization in metabolite pool ! at equilibrium), !" is the time 

between metabolite excitations, and !!" is a single parameter quantifying the exchange rate. For 

the simulations performed in Figure 4.1, these last two parameters were set to simulate complete 

chemical exchange !!" ≫ !" . After simulating exchange, the new metabolite pools were 

adjusted for T1 relaxation (assuming the same T1 for both metabolites), and the second metabolite 

was then sampled with a 90° pulse. The ratio of the acquired signals was corrected for tip angles 

and used to calculate the measured pH value with the Henderson-Hasselbalch equation, as shown 

below: 

 !"!!"# = !!! + log!"
!!"!!!
!!!!

∗ !"#!!!!
!"#!!"!!!

 (4.4) 

The bicarbonate pKa used was 6.17 at 37 °C (Gallagher et al. 2008). The pH error as a function 

of pH and tip angle was reported as !"!"#$ − !"!"#$, such that a positive error indicated pH 

overestimation by MR, and a negative error indicated underestimation by MR. The signal ratio of 

CO2 to bicarbonate was also reported as a function of pH and tip angle. Simulation was 

performed over a pH range from 6.5 to 7.4 for each 0.1 pH unit, and a tip angle range from 5° to 

70° incremented by 5°. The simulated T1 was 10 s, which has previously been measured for 

bicarbonate and CO2 in vivo at 9.4 T (Gallagher et al. 2008). 

4.4.3	 Simulation	of	spatial	point-spread	function	broadening	during	multiple	excitations	

  The effects of chemical exchange and sampling of hyperpolarized magnetization over 

multiple excitations was simulated using MATLAB. Bicarbonate/CO2 excitation (using a 

constant tip angle for each excitation), chemical exchange, and T1 decay were simulated as 

described in the previous sub-section for pH values between 6.5 and 7.4, in 0.1 unit increments. 

Both equal tip angle [10°,10°] and 1:9 tip angle [2.78°,25°] excitation schemes were simulated. 

Both fast !!" ≫ !"  and slow !!" ≪ !"  exchange regimes were simulated, as well as the 2D 

CSI experimental conditions, using !!" = 5.51 s-1 obtained via NMR spectroscopy (Results, 

Section 4.4.1) and TR = 0.067 s. The maximum number of excitations simulated was 64.  

 The normalized signal values obtained were then arranged in a 2D matrix following a center-

out spiral-encoding scheme, and the 2D Fourier transform of this matrix gave the simulated 
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spatial point-spread function (PSF) due to signal weighting. The full-width at half-maximum 

(FWHM) of the PSF was compared with the FWHM of the PSF without signal weighting (2D 

matrix of ones in k-space). 

4.4.4	 Phantom	pH	imaging	setup	and	pulse	sequence	parameters	at	14	T	

	 All phantom imaging was performed on a vertical-bore 14 T Varian NMR imaging system 

(150 MHz 13C, Varian Instruments) equipped with a dual-tuned 1H/13C quadrature coil (m2m 

Imaging, Cleveland, OH). 54-70 mg of [1-13C]1,2-glycerol carbonate (GLC) were polarized, 

dissolved, and hydrolyzed as described previously (Korenchan et al. 2016), using 2 equivalents 

of NaOH for hydrolysis. The HP solution was added to each of three 10-mm NMR tubes filled 

with 100 mM phosphate buffer at three different pH values between 6.4 and 7.6 and kept 

previously at 37 °C. The final (bicarbonate + CO2) concentration was 12-35 mM. Just before the 

dissolution, 7.55 µg/mL of carbonic anhydrase II (CAII, Sigma, St. Louis, MO) were added to 

each tube. The tubes were briefly vortexed to mix and inserted into the pre-tuned, pre-shimmed 

imaging system, which was kept at 37 °C using heated air. The temperature inside the system 

was calibrated prior via 1H spectroscopy on ethylene glycol. The 13C transmitter frequency was 

calculated from the measured 1H offset of the water resonance. The transfer time between the 

polarizer and the magnet was 50-70 seconds. After imaging, a 1H spin-echo axial image was 

taken for co-registration with the 13C data, and the pH of each tube in the phantom was measured 

at 37 °C outside the magnet using a conventional pH electrode (Ion 500 series, Oakton 

Instruments, Vernon Hills, IL) to compare with the pH measured via imaging. 

   



 60 

Table 4.1 summarizes the pulse sequences used for phantom imaging, along with salient 

parameters and metrics. Others are listed below: 

 2D CSI: Bicarbonate and CO2 were simultaneously excited in the coil center using a 2-band 

Gaussian pulse, as previously described (Korenchan et al. 2016). This pulse delivered either an 

equal tip angle to both resonances or a 9-fold higher tip to CO2. Phase encoding was performed 

starting in the center of k-space and spiraling outward. The acquired FIDs were 10 Hz apodized 

in the spectral domain, bicarbonate and CO2 peak integrals were measured using the magnitude 

spectra from a voxel within each tube, and the pH was quantified using Equation 4.4 above.  

 2D EPI: Sequential excitation was performed using a spectral-spatial pulse designed using a 

small tip angle approximation (6.704 ms duration, 300 Hz spectral and spatial bandwidths). The 

k-space data were Gaussian-filtered with 12 dB attenuation at the edges. In order to determine 

empirically the factor !"#!!!!!"#!!"!!!
 (Equation 4.4) for the nominal 10° and 90° spectral-spatial 

excitation pulse powers, pulse-acquire spectroscopy was performed using a [13C]urea phantom 

with the same dual-tuned coil within 2-3 days of each imaging experiment. The peak integrals 

were measured in magnitude mode and used to calculate the ratio. 

 3D GRASE: Bicarbonate and CO2 resonances were sequentially excited using a spectrally-

selective 90° SLR pulse (6 ms duration, 500 Hz bandwidth). Refocusing was performed either 

with a 1-band 180° SLR pulse (6 ms duration, 500 Hz bandwidth) or a 2-band 180° SLR pulse, 

with the bands centered on the bicarbonate and CO2 resonances (2.5 ms duration, each band 1200 

Hz bandwidth). The second phase-encode direction was acquired in a center-out fashion. The k-

space data were Gaussian-filtered with 12 dB attenuation at the edges. The factor !"#!!!!!"#!!"!!!
 

(Equation 4.4) was calculated from the nominal tip angles used. 

 For all pulse sequences, a pH map was calculated on a voxel-by-voxel basis, correcting if 

necessary for the difference in tip angles on each resonance using Equation 4.4 above. A region 

of interest (ROI) was then drawn for each tube on the pH map, and the average voxel pH was 

calculated. Voxels with a signal-to-noise ratio (SNR) < 3 were excluded from analysis. 

 The CO2 SNR was compared between imaging sequences as follows. For each imaging 
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experiment, the CO2 SNR was averaged over all voxels with at least 50% of their volume within 

each tube, excluding any voxels with CO2 SNR < 3. This average SNR was then normalized by 

the CO2 SNR acquired from a 1° slab pulse-acquire just before imaging, in order to correct for 

differences in polarization/concentration between experiments. The CO2 imaging SNR was 

reported per imaging voxel as well as per voxel volume. 
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Table 4.1: Details, parameters, and metrics of pulse sequences used for phantom pH imaging. A 
[ or ] indicates the first excited resonance (both used indicate simultaneous excitation). A < or > 
indicates the second excited resonance. 

Sequence	
Excitation	scheme,	

<[BiC,CO2]>	
Refocusing	
scheme	

Matrix	size	 Resolution	
(mm3)	

Minimum	imaging	
bandwidth	(kHz)	

Repetition	
time	(TR,	ms)	

Total	imaging	
time	(ms)	

2D	CSI	
[10°,10°]	or	
[2.78°,25°]	

n.a.	 8	x	8	x	256	 4	x	4	x	10	 8.013	(spectral)	 67	 4287	

2D	EPI	
<90°,90°]	or	
[10°,90°>	

n.a.	 16	x	16	 2.5	x	2.5	x	10	
1.33	(phase-
encode)	

21	 42	

3D	GRASE	 [10°,90°>	
1-band	or	
2-band	

12	x	12	x	16	 3.3	x	3.3	x	2.5	
0.0803	(2nd	
phase-encode)	

156	 229	

 

4.4 Results  

4.4.1	 Measurement	of	in	vitro	bicarbonate-CO2	exchange	kinetics		

 The results of bicarbonate-CO2 chemical exchange measurement via CO2 peak inversion are 

displayed in Figure S4.1 in the Supplemental Content. The pH of solution was measured to be 

6.66 via 13C spectroscopy, and the exchange rate constant !!" = !!" + !!" was determined to be 

5.507 s-1 (Note: signal loss due to T1 over the incremented exchange delays was found to be 

negligible, based on Figure S4.1c, Supplemental Content). Based upon the measured pH and 

taking the pKa to equal 6.17 at 37 °C (Gallagher et al. 2008), this corresponded to a !!" of 1.34 s-

1 and a !!" of 4.17 s-1. Assuming these exchange rates to be dominated by the carbonic anhydrase 

activity and ignoring changes in carbonic anhydrase activity with pH (McIntyre et al. 2012), the 

value of !!" adjusted for pH 7.4 was 0.245 s-1, which is in very good agreement with the rate 

constant previously measured at similar CA concentration and pH 7.4 (Gallagher et al. 2015).  

4.4.2	 Simulation	of	pH	error,	bicarbonate-CO2	signal	under	fast	chemical	exchange		

 The effects of sequential excitation tip angle and metabolite order on pH accuracy and CO2 

signal are summarized in Figure 4.1. The pH error was found to increase for all pH values as the 

first excitation tip angle increased. The error was kept below 0.1 at all pH values for !!"# < 25° 
(bicarbonate excited first) and for !!"! < 65° (CO2 excited first). For !!"# < 30° (bicarbonate 

excited first), certain pH values provided a higher CO2 signal magnitude than the corresponding 

bicarbonate signal, as evidenced by the CO2:bicarbonate signal ratio being greater than 1 for 

these tip angle values.  
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Figure 4.1: (a) Simulated pH error; and (b-c) CO2-to-bicarbonate signal ratio as a function of first 
excitation tip angle. (b) Bicarbonate excited first. (c) CO2 excited first.	

4.4.3	 Simulation	of	spatial	point-spread	function	broadening	during	multiple	excitations	

 Table S4.1 in the Supplemental Content summarizes the amount of spatial blurring observed 

by simulation as a function of pH, chemical exchange rate, and tip angle scheme. Under 

conditions of slow exchange !!" ≪ !" , the bicarbonate and CO2 resonances experienced 

different degrees of spatial blurring depending on the individual tip angles (higher tip angles led 

to greater PSF broadening), but percentagewise these amounts were equal over all pH values 

simulated.  In the fast exchange regime !!" ≫ !" , both bicarbonate and CO2 experienced the 

same PSF broadening on a percentage basis. With a 9-fold higher tip angle on the CO2 resonance, 

the observed PSF broadening was greater at lower pH values than at high pH values. The 

observed spatial PSF broadening for both resonances increased with the number of excitations. 

 Under the chemical exchange conditions measured via spectroscopy (!!" = 5.51 s-1), the 

spatial PSF broadening of bicarbonate and CO2 were approximately equal at each pH value. The 

maximum broadening was about 22% at pH 6.5, and the minimum broadening was about 7% at 

pH 7.4 (Figure S4.2, Supplemental Content). 

4.4.4	 Summary	of	pulse	sequence	results		

 Representative maps of hyperpolarized [13C]bicarbonate and [13C]CO2 are displayed in Figure 

4.2, along with comparisons between the axial resolution and imaging SNR between pulse 

sequences. The 2D EPI sequence demonstrated the highest SNR, both on a per-voxel basis as 

well as when normalized by voxel volume. For all pulse sequences utilized, the average pH 

calculated via imaging is plotted versus the pH measured via electrode in Figure 4.3. 
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Additionally, Table 4.2 summarizes the average ± s.d. pH error obtained for each pulse sequence 

for acidic, neutral, and basic pH values, as well as 97.5% confidence intervals for the mean pH 

error. A negative pH error indicates that the pH was underestimated; a positive pH error means 

the pH was overestimated. Based upon the reported confidence intervals, all pulse sequences 

except those with n = 1 had a mean |pH error| of zero (p < 0.05).  
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Figure 4.2: Hyperpolarized [13C]bicarbonate and [13C]CO2 images acquired using three pulse 
sequences in three-tube phantoms, overlaid on 1H images. pH values obtained via imaging and 
via pH electrode are displayed on each image. (a) 2D CSI; (b) 2D EPI; (c) 3D GRASE. (d) 
Coronal 1H image displaying axial resolution of the three pulse sequences used. (e) Bar graph 
comparing SNR/voxel (gray + left axis) and SNR/voxel volume (blue + right axis) for CO2 
between all three pulse sequences. All numbers are normalized to the respective 2D CSI average 
value. 
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Figure 4.3: Scatter plot of pH values measured via imaging vs. measured using a conventional 
pH electrode.  

Table 4.2: Measurement error in average voxel pH per tube with the imaging pulse sequences 
used. * indicates 99.5% CI reported. 

Sequence	
Excitation	

scheme,	[BiC,CO2]	
Refocusing	
scheme	 Tube	pH	 pH	error	

97.5%	confidence	
interval	 n	

2D	CSI	

Simultaneous,	
[10°,10°]	

n.a.	

Acidic	 -0.01	±	0.03	 [-0.10,	0.08]	

3	Neutral	 -0.01	±	0.03	 [-0.10,	0.08]	

Basic	 -0.04	±	0.01	 *[-0.10,0.02]	

Simultaneous,	
[2.78°,25°]	

n.a.	

Acidic	 0.00	±	0.04	 [-0.15,	0.14]	

3	Neutral	 0.00	±	0.05	 [-0.19,	0.19]	

Basic	 -0.01	±	0.05	 [-0.20,	0.18]	

2D	EPI	

Sequential,	90°	
CO2	then	90°	BiC	

n.a.	

Acidic	 -0.15	
n.a.	 1	Neutral	 0.00	

Basic	 -0.04	

Sequential,	10°	BiC	
then	90°	CO2	

n.a.	

Acidic	 -0.02	±	0.01	 *[-0.06,	0.03]	

4	Neutral	 -0.03	±	0.02	 *[-0.10,	0.05]	

Basic	 0.06	±	0.04	 [-0.03,0.14]	

3D	GRASE	

Sequential,	10°	BiC	
then	90°	CO2	

Selective	

Acidic	 0.32	
n.a.	 1	Neutral	 0.82	

Basic	 n.a.	

Sequential,	10°	BiC	
then	90°	CO2	

Global	

Acidic	 0.02	±	0.06	 [-0.19,	0.23]	

3	Neutral	 0.08	±	0.07	 [-0.16,	0.32]	

Basic	 n.a.	 n.a.	
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4.4.4	 2D	chemical	shift	imaging	(2D	CSI)	with	simultaneous	bicarbonate-CO2	excitation	

 For the phantom pH experiments employing a 2D CSI pulse sequence, two different 

excitation schemes were utilized (n = 3 each): one in which both [13C]bicarbonate and 13CO2 

were excited each time with a 10° tip angle ([10°,10°] scheme), and one in which the 13CO2 had a 

9-fold higher tip angle applied ([2.78°,25°] scheme). As demonstrated in Figure 4.3, both 

schemes yielded average voxel pH values that were within 0.1 pH unit of those measured using a 

conventional pH electrode. However, only for the [10°,10°] excitation scheme was the |pH error| 

< 0.1 statistically significant (p < 0.05), since the 97.5% confidence intervals contain both 0.1 

and -0.1 (Table 4.2).  

4.4.5	 2D	echo-planar	imaging	(2D	EPI)	with	sequential	spectral-spatial	excitation	

	 		For the phantom pH experiments employing a 2D EPI pulse sequence, both tip angles and 

excitation order were varied between sets. In one case, the CO2 resonance was first excited and 

imaged in a single shot using a 90° spectral-spatial pulse, followed by the bicarbonate resonance 

using a 90° spectral-spatial pulse (<90°,90°] scheme, n = 1). In the other case, the bicarbonate 

resonance was first excited and imaged with a 10° spectral-spatial pulse, followed by a 90° 

excitation and imaging on the CO2 resonance ([10°,90°> scheme, n = 4). For the <90°,90°] 

excitation scheme, the pH was underestimated only for the most acidic pH. In contrast, the 

[10°,90°>  excitation scheme produced accurate pH values for acidic, neutral, and basic pH 

values (Figure 4.3). For the acidic and neutral pH tubes, the pH accuracy was within 0.1 unit (p < 

0.01, Table 4.2).  

4.4.6	 3D	gradient-spin	echo	(3D	GRASE)	imaging	with	sequential	spectral	excitation	

	 For the phantom pH experiments employing a 3D GRASE pulse sequence, only a [10°,90°> 

excitation scheme was utilized. However, two sets of experiments were performed varying the 

refocusing pulses used. In one set, a single-band 180° SLR pulse was used to refocus the 

magnetization, with the band centered upon the active metabolite being imaged (n = 1). In the 

other set, a dual-band SLR 180° pulse was utilized, with the two bands centered upon both 

bicarbonate and CO2 resonances (n = 1). The results are displayed in Figure 4.3 and Table 4.2. 



 68 

With the single-band refocusing scheme, the pH was dramatically overestimated for both acidic 

and neutral pH values. Using a dual-band refocusing scheme, however, the pH accuracy was 

significantly improved, although individual measurements close to neutral pH still yielded values 

overestimated by >0.1 unit (Figure 4.3). 	

	

4.5 Discussion 

 Rapid chemical exchange during pulse sequence execution can significantly alter the 

accurate measurement of biological parameters via hyperpolarized 13C MR imaging, including 

enzyme rate constants and pH. We chose to study chemical exchange effects on hyperpolarized 

pH imaging using 13C-bicarbonate for several reasons: 

1) 13C-bicarbonate and 13CO2 fall within a slow exchange NMR regime, in which the 

exchange rate constant is much lower than the chemical shift separation (in Hz) between 

the two resonances (ie. !!" ≪ ∆!). This means that each resonance can be individually 

excited, inverted, and/or refocused, enabling a wide variety of opportunities for 

manipulating the magnetization pools. 

2) The exchange of the bicarbonate-CO2 exchange in solution can be adjusted by adding 

carbonic anhydrase (CA), which can accelerate the rate of exchange up to a factor of 106-

107 (Berg et al. 2002). 

3) Biological interest in measuring pH in vivo dictates that the pH be measured within 0.1 

pH unit of the true value. This means that imaging pH accuracy is highly sensitive to 

changes in magnetization caused by chemical exchange effects. For example, a modest 

30% decrease in signal of either bicarbonate or CO2 would lead to an error of log 0.7 = 

0.15 pH unit, compromising the accuracy of imaging. 

4) The solution pH in a phantom can be easily measured using a conventional pH electrode 

and compared directly with the pH obtained via imaging.  

In the context of hyperpolarized 13C-bicarbonate imaging, we sought to study the effects of the 

following parameters on pH accuracy: 1) whether bicarbonate and CO2 resonances were excited 

simultaneously or sequentially; 2) the order of excitation and imaging (if sequential excitation); 
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3) the tip angles applied to each resonance; and 4) the use of refocusing pulses, along with 

whether these pulses refocused one or both resonances.  

 When both bicarbonate and CO2 are excited simultaneously, one can utilize an excitation 

pulse with a different tip angle on each resonance. This type of approach is advantageous in that 

spatial resolution of pH imaging with hyperpolarized [13C]bicarbonate is typically SNR-limited 

by CO2. By sampling higher on CO2 than on bicarbonat, one obtains a higher CO2 SNR while 

also preserving total HP magnetization for future excitations by sampling less strongly on 

bicarbonate. If the bicarbonate-CO2 chemical exchange is slow relative to the imaging TR, 

however, partial saturation of the CO2 peak can occur, leading to pH overestimation bias over 

subsequent excitations. Under the 2D CSI experimental conditions, the measured mean 

metabolite lifetime under exchange ( !
!!"

= !
!.!" ! = 181 ms) is on the order of the repetition time 

(TR = 67 ms), so simulation predicts that some CO2 saturation does occur with the [2.78°,25°] 

excitation scheme over 64 excitations; however, this is predicted to overestimate the pH by <0.1 

pH unit for all pH values, assuming all excitations are weighted equally (simulation data not 

shown). Furthermore, the measured pH in each tube is likely weighted more heavily by earlier 

excitations, which begin in the center of k-space and spiral outward under our centric phase 

encoding scheme. Experimentally, the 2D CSI with a [2.78°,25°] excitation scheme gave 

imaging pH values within 0.1 pH unit of electrode measurements, albeit with greater variability 

in pH error than the [10°,10°] excitation scheme (Table 4.2).  

 One disadvantage of simultaneous bicarbonate-CO2 excitation is that the two resonances must 

be subsequently resolved in order to obtain the pH. This in turn may require multiple excitations 

and/or longer scan times. Multiple excitations of HP signal, in turn, can lead to spatial 

broadening in the resulting images, with the amount of broadening per resonance depending on 

the exchange kinetics relative to the imaging TR (Figure S4.2, Table S4.1, Supplemental 

Content). Furthermore, long scan times can be further weighted by tissue inflow and outflow of 

the HP agent over this timescale. Alternatively, one can excite the two resonances sequentially 

and perform imaging in a single shot. However, rapid chemical exchange can compromise the 

accuracy of pH measurement. This is evident in the 2D EPI results using sequential spectral-

spatial excitation pulses (Figure 4.3, Table 4.2). When a 90° tip angle on CO2 was used prior to a 

90° tip angle on bicarbonate, the pH appeared to be underestimated only for the lowest pH tube, 
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with a |pH error| > 0.1. This would make sense because a greater proportion of the total HP 13C 

magnetization resides in the CO2 pool at acidic pH values; when that magnetization is depleted, 

the rapid chemical exchange would cause that depletion to spread across both resonances, 

decreasing the subsequently measured bicarbonate signal and therefore leading to an 

underestimated pH. This effect would be observed only if the exchange kinetics operated on a 

similar or shorter timescale than the imaging TR, which may be partially fulfilled under our 2D 

EPI phantom imaging conditions ( !
!!"

= !
!.!" ! = 181 ms, TR = 21 ms) By simulating the effects 

of excitation order and tip angle on the measured pH under worst-case rapid chemical exchange 

!!" ≫ !
!" , we determined that an excitation scheme of 10° bicarbonate followed by 90° CO2 

([10°,90°>) will ensure |pH error| < 0.015 and will lead to similar SNR for both resonances over 

a physiological pH range (Figure 4.1). We verified that this excitation scheme led to highly 

accurate pH measurements via 2D EPI (Figure 4.3, Table 4.2). It is important to note that this 

approach to sequential excitation is independent of bicarbonate-CO2 chemical exchange rate, 

which could vary in vivo in tumors due to regional differences in carbonic anhydrase 9 (CAIX) 

expression as well as pH, which could further alter regional CAIX activity (Gallagher et al. 

2015). However, some practical concerns need to be noted. First, pulse power miscalibration, 

especially when using large tip angles such as we used on CO2, can lead to pH inaccuracy via 

error in the tip angle correction factor !"#!!!!!"#!!"!!!
 used (Equation 4.4). Second, B1 inhomogeneity 

can further lead to inaccuracies in pH measurement. To correct for these, pulse calibration and B1 

mapping could be performed on a 13C thermal phantom prior to HP imaging (Koelsch et al. 2014), 

or B1 mapping could potentially be performed during the HP experiment using a Bloch-Siegert 

based approach (Lau et al. 2011). 

 Rather than using spectral-spatial pulses and a 2D imaging sequence, one could improve 

imaging resolution, particularly along the slice-select axis, by moving to a 3D imaging pulse 

sequence. By refocusing the magnetization using spin echoes, such a 3D sequence becomes 

feasible, particularly at high field strengths where susceptibility differences lead to significant 

T2* shortening (Yang et al. 2006). However, rapid chemical exchange can once again affect the 

pH accuracy if resonances are sequentially excited and imaged with a spin-echo sequence. In 

particular, if only one metabolite is selectively inverted during refocusing, the inverted z-
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magnetization (which can be large if a [10°,90°>  excitation scheme is used) can exchange with 

the noninverted z-magnetization of the other resonance, leading to destructive combination and 

reducing the subsequent signal measured. The magnitude of this effect should depend on the 

mean metabolite lifetime !
!!"

 relative to half the length of the echo train !!"!!"#
! , since the two 

z-magnetization pools are inverted relative to one another during half of the echoes. This 

explains our results with the 3D GRASE sequence employing a 1-band selective 180° pulse; the 

mean metabolite lifetime under phantom imaging conditions ( !
!!"

 = 181 ms) is on the order of 

half the echo train length (!!"!!"#! = 74.7 ms). The pH error is dramatically large (> 0.3 pH unit) 

and seems to increase with increasing pH, due to a larger remaining bicarbonate z-magnetization 

pool after the 10° excitation pulse (Figure 4.3, Table 4.2). This can be corrected, however, by 

utilizing a 2-band 180° pulse that inverts both resonances simultaneously. As seen in both Figure 

4.3 and Table 4.2, the pH accuracy is mostly recovered by employing this pulse. Remaining pH 

inaccuracy is most likely due to miscalibration of the 180° pulse power, which can lead to signal 

losses in the second excited resonance (in our case, CO2) via incomplete inversion. These effects 

are expected to increase with more refocusing pulses. This consideration makes the utilization of 

spin-echo sequences challenging for rapidly exchanging systems, especially when considering B1 

inhomogeneity throughout the imaging volume. This could potentially be resolved by using 

adiabatic refocusing pulses (Bernstein et al. 2004; Cunningham et al. 2007), but this was not a 

viable alternative for the high-field imaging herein, due to the high pulse bandwidth 

requirements in order to refocus both metabolites (~5.3 kHz separation at 14 T).   

 The simulated and observed effects of chemical exchange upon pH imaging described above 

highlight important considerations that should enter into pulse sequence design whenever 

chemical exchange is present amongst HP metabolites. It is first important to have an expected 

range of possible values in mind that the exchange rate(s) and/or metabolite pool sizes might 

take on in a biological system of interest. From here, pulse sequence parameters can be optimally 

tuned to mitigate detrimental effects of chemical exchange upon imaging. Although resonances 

of interest can be excited with different tip angles in order to optimize total HP magnetization 

usage, the excitation order, tip angles, and/or TR should prevent significant depletion of HP 

signal from exchanging resonances excited after others. Additionally, spin echo sequences 
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should be designed either with pulses that robustly refocus all exchanging resonances or with 

minimal TE and/or echo train length in order to reduce longitudinal magnetization destruction 

via chemical exchange. Because of the aforementioned tunability of bicarbonate-CO2 exchange 

via addition of CA, as well as ease of verifying image quantification, pH-imaging phantoms may 

provide a suitable platform for evaluating pulse sequence performance under anticipated 

exchange parameters.  

 

4.6 Conclusion 

 By studying the rapid chemical interconversion between hyperpolarized [13C]bicarbonate and 

[13C]CO2 and its effects on pH quantification using MR imaging techniques, we have 

characterized some of the effects that chemical exchange can have on hyperpolarized imaging. 

We report four main effects, observed by simulation, experimentation, or both, that can be 

observed under conditions of fast chemical exchange relative to the appropriate imaging 

timescale: (1) the ability to use a higher tip angle on one exchanging resonance without 

saturating it over multiple excitations; (2) equivalent spatial broadening on both exchanging 

resonances as a result of multiple simultaneous excitations; (3) decreased signal magnitude of 

one exchanging resonance after high tip angle excitation of the other; and (4) decreased signal 

magnitude of one exchanging resonance after low tip angle excitation of the other followed by 

multiple selective inversion pulses. We demonstrated that these effects could be minimized via 

careful selection of pulse sequence parameters. In the case of sequential bicarbonate-CO2 

excitation, we verified that a 10° bicarbonate followed by 90° CO2 excitation scheme reduces pH 

error over the physiological pH range. Our results also suggest that refocusing bicarbonate and 

CO2 simultaneously during a spin-echo imaging sequence can reduce pH inaccuracy using this 

excitation scheme.  

 Both the 2D EPI and 3D GRASE pulse sequences seem to demonstrate higher imaging SNR 

per unit volume than the 2D CSI sequence, which we have previously used for mouse tumor 

imaging (Wilson et al. 2010; Korenchan et al. 2016). However, further work is required to utilize 

these two pulse sequences in vivo. Both require proper calibration of both excitation and 

refocusing pulses, which can be difficult to do properly for animal or human subjects due to both 
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B0 and B1 inhomogeneities. Additionally, although our work was performed at a high field 

strength of 14 T, we anticipate that these pulse sequences may be more robust at a lower field 

strength, due to longer 13C T1 values (Keshari & Wilson 2014), lower bandwidth requirements 

for adiabatic refocusing pulses, and reduced susceptibility differences (Yang et al. 2006). 
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4.7 Supplemental Content 

 

Figure S4.1: Results of bicarbonate-CO2 chemical exchange measurement via 13C MRS at 11.7 T 
and 37 °C with 7.55 µg/mL of CAII added. (a-b) Spectra showing [13C]bicarbonate and 13CO2 
resonances at (a) 0.03 s and (b) 0.54 s after selective CO2 inversion. (c) Scatter plot of 
(bicarbonate + CO2) signal sum over time, showing negligible T1 loss over 0.6 s. (d) Exponential 
fitting of (bicarbonate - CO2) signal difference in order to obtain !!" = !!" + !!". 

 

Figure S4.2: Simulation of signal decrease over HP imaging and resulting spatial point spread 
functions (PSFs), using experimental 2D CSI parameters. (a) Bicarbonate and CO2 signal as 
functions of pH and excitation number, normalized by 1st signal value. (b) PSF from uniform k-
space weighting. (c-f) PSFs for (c,e) bicarbonate and (d,f) CO2 at pH values of (c-d) 6.5 and (e-f) 
7.4.  



 75 

Table S4.1: Simulation results of PSF broadening due to HP sampling + chemical exchange over 
64 excitations. *% increase in PSF FWHM compared with uniform k-space weighting. 

Excitation	scheme,	[BiC,CO2]	 Exchange	regime	 pH	 %	broadening,	BiC*	 %	broadening,	CO2*	

[10°,10°]	

Fast	
6.5	 12%	 12%	

7.4	 12%	 12%	

Slow	
6.5	 12%	 12%	

7.4	 12%	 12%	

[2.78°,25°]	

Fast	
6.5	 24%	 24%	

7.4	 7%	 7%	

Slow	
6.5	 4%	 79%	

7.4	 4%	 79%	
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Chapter	5: Development	of	Molecular	Agents	

with	pH-Sensitive	Chemical	Shifts	for	In	vivo	

pH	Imaging	

 

5.1 Chapter Overview 

 This chapter discusses development on pH-sensitive molecules belonging to a new class of 

hyperpolarized 13C spectroscopic imaging agents. Rather than quantifying pH based upon the 

ratio of two MR resonances, these agents produce an MR peak with a pH-sensitive chemical shift. 

This type of pH readout has the potential to improve both resolution and accuracy of in vivo pH 

imaging by boosting available signal-to-noise ratio in MR spectroscopic imaging through 

combining the magnetization of two resonances into one as compared to the ratiometric approach 

(see the end of Section 2.2.2).  

 In the work described, a cohort of candidate molecules was selected based upon pKa near 

physiologic pH, presence of long-T1 13C enrichment sites, and known molecular interactions with 

biomolecules. Two classes of compounds, Good’s buffers and malonic acid derivatives, best 

fulfilled these properties, and further screening identified two molecules, one from each class, 

that demonstrated the greatest potential for translation to hyperpolarized pH imaging in vivo. 

These molecules were N-(2-acetamido)-2-aminoethanesulfonic acid (ACES) and diethylmalonic 

acid (DEMA). After developing chemical syntheses for 13C labeling (and 15N labeling in the case 

of ACES), successful hyperpolarization of each compound was demonstrated. By copolarizing 

ACES and DEMA with pH-insensitive reference compounds, pH was measured with high 

accuracy via hyperpolarized MR spectroscopy and spectroscopic imaging in phantoms. 

Considering the favorable polarization, T1, and toxicological properties of the two molecules, it 

is likely that these compounds will enable high-resolution in vivo pH imaging in the context of 

tumor development. 

 



 77 

5.2 Introduction 

 Metabolic reprogramming in cancer favoring increased glycolysis results in increased 

secretion of acid into the extracellular space. This results in an interstitial microenvironment that 

is slightly acidic, ranging from pH 6.5–7.0 for many cancer subtypes, in contrast with normal 

healthy tissue, which characteristically has pH 7.2–7.4 (Wike-Hooley et al. 1984). Interstitial 

acidification leads to reduced tumor uptake of chemotherapeutics (Parks et al. 2013; Neri & 

Supuran 2011), decreased antitumor immune cell function (S. Y. C. Choi et al. 2013), and local 

invasion and metastasis (Keshari, Sriram, Koelsch, et al. 2013; Estrella et al. 2013; Hashim et al. 

2011). Treatment of solid tumors with sodium bicarbonate increases tumor pH and reduces 

metastasis (Robey et al. 2009). Interestingly, interstitial pH heterogeneity within a tumor may 

contain important information about tumor behavior, especially considering that tumor cells tend 

to grow and migrate predominantly along gradients of decreasing pH (Estrella et al. 2013). These 

findings suggest that acidic extracellular pH represents both a therapeutic target as well as a 

potential biomarker for the presence of aggressive cancer with higher risk of metastases. 

Furthermore, pH imaging approaches may provide valuable information for clinicians wishing to 

grade and effectively treat tumors.  

 Interstitial tumor acidification has been characterized by techniques including microelectrode 

measurements, magnetic resonance, and fluorescence (Volk et al. 1993; Helmlinger et al. 1997; 

Gatenby & Gillies 2004). Several imaging techniques based on magnetic resonance have been 

developed, including methods based on magnetic resonance spectroscopy (MRS) and chemical 

exchange saturation transfer (CEST) (Hashim et al. 2011; X. Zhang et al. 2010; Gillies et al. 

2004; Sherry & Woods 2008; Aime et al. 2002; S. Zhang et al. 2003). A central requirement for 

these techniques is accuracy, since the pH change between healthy and diseased tissues is small. 

In the MRS strategy, a probe that has a known chemical shift response to pH changes is 

administered systemically. The chemical shift is then measured using MRS, and by comparison 

to a standard curve, the pH can be determined. This approach has been studied using several 

different nuclei, including 31P (Gillies et al. 1994; Bhujwalla et al. 1998; Raghunand et al. 1999), 
1H (Van Sluis et al. 1999; Garcia-Martin et al. 2001; Provent et al. 2007), and 19F (Hunjan et al. 

1998; Ojugo et al. 1999). While these techniques have provided important insights in animal 
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model systems, they have various potential limitations, including long scan time, requirement for 

high dose of probe administration, and, in some cases, poor spatial resolution. 

 Hyperpolarized (HP) 13C MRS is an emerging technology which relies upon dramatic NMR 

signal enhancement provided via dynamic nuclear polarization (DNP) (Ardenkjaer-Larsen et al. 

2003). This method has been applied to numerous chemical substrates (Keshari & Wilson 2014) 

and successfully translated to the clinic for use in men with prostate cancer (Nelson et al. 2013). 

An elegant pH imaging strategy using HP 13C MRS to study the equilibrium between bicarbonate 

and CO2 has been reported (Gallagher et al. 2008; Lau et al. 2010). However, this technique has 

practical limitations, including (1) low signal to noise ratio of the CO2 resonance under typical 

physiologic conditions (since pKa,bicarbonate = 6.17), potentially propagating significant errors to pH 

estimates derived from this ratiometric approach; (2) the short effective T1 relaxation time of 

bicarbonate in vivo (Gallagher et al. 2008); (3) the relatively low solubility of bicarbonate in 

glassing agents resulting in difficulty producing sufficient polarized material; and (4) the 

possibility for inhibition of carbonic anhydrase (Schroeder et al. 2010), which is required for 

rapid equilibration between bicarbonate and CO2. Although (3) above has been remedied by the 

previously described polarization approach with HP [1-13C]1,2-glycerol carbonate (see Chapter 

3), the other three represent intrinsic limitations of HP bicarbonate for pH imaging. 

 Since relative chemical shifts can in general be measured very accurately using MRS, 

spectroscopic, or frequency-specific imaging techniques, we reasoned that a hyperpolarized 13C 

approach employing a pair of probes with and without pH-dependent chemical shift could 

address some of the limitations of this prior approach. Specifically, this approach combines the 

robustness and high accuracy of chemical shift based MRS methods with the high signal to noise 

ratio inherent to hyperpolarized 13C imaging. 

 

5.3 Methods 

5.3.1	 General	methods	

 [13C,15N]ACES was synthesized as described or was produced by custom synthesis by Isotec 

(Miamisburg, OH). [1-13C]glycine and [15N]ammonium chloride were purchased from 
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Cambridge Isotope Labs (Tewksbury, MA). Diethylmalonic acid, mellitic acid, trans-1,2-

cyclohexanedicarboxylic acid, (±)-cis-cyclopentane-dicarboxylic acid, and tert-butan-1-13C, d9-ol 

were purchased from Aldrich (St. Louis, MO). Dimethylmalonic acid, phthalic acid, 1,1-

cyclopropanedicarboxylic acid, cis-1,2-cyclohexanedicarboxylic acid, and 1,1-

cyclobutanedicarboxylic acid were purchased from Combi-Blocks (San Diego, CA). Trans-

cyclopentane-1,2-dicarboxylic acid was purchased from Ark Pharm (Libertyville, IL). Cis-1,2-

cyclohexanedicarboxylic acid was purchased from TCI America (Portland, OR). Succinic acid 

was purchased from EMD Millipore (Billerica, MA). Tetramethylsuccinic acid was purchased 

from Apollo Scientific Ltd (Denton, Manchester, UK). All substrates for chemical synthesis, 

including [2-13C]diethylmalonate, [D5]bromoethane, and [D4]1,2-dibromoethane, were purchased 

from Aldrich and were used without further purification. The OX063 and Finland trityl radicals 

(Dhimitruka et al. 2010) were purchased from GE Healthcare (Menlo Park, CA). All other 

compounds and solvents were purchased from Sigma-Aldrich (St. Louis, MO).  

5.3.2	 Syntheses	of	[
13
C,

15
N]ACES,	[2-

13
C,D10]DEMA,	and	[2-

13
C,D4]CPDA	

 For routine characterization of chemical intermediates and products, 1H, 13C, and 19F spectra 

were obtained on a Varian 400 or 500 MHz NMR. All spectra were processed offline using 

ACDLABS 12.0 (ACD/Labs, Toronto, Ontario, Canada) or VnmrJ (Agilent Technologies, Palo 

Alto, CA). All 1H chemical shifts are reported in parts per million and referenced to the residual 

solvent peak or to TSP. All 13C chemical shifts are reported in parts per million and referenced to 

the residual solvent peak of DMSO or to TSP. Note that 13C spectra acquired for DEMA, CPDA 

and all their intermediates had 1H decoupling on. Splitting patterns are designated as singlet (s), 

doublet (d), triplet (t), or quadruplet (q). Splitting patterns that could not be interpreted or easily 

visualized are designated as multiplet (m). All NMR spectra are located in the Supplemental 

Content section of this chapter (Section 5.7). High-resolution mass spectrometry was performed 

by the Notre Dame mass spectrometry facility, on a microTOF instrument (Notre Dame, IN). 

Silica gel flash chromatography was performed on a Biotage SP4 system. 

Synthesis of [13C,15N]ACES (4): 
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Figure 5.1: Synthesis of [13C,15N]ACES. 

Synthesis of 1: 2 g (26.3 mmol) of [1-13C]glycine (Cambridge Isotope Labs) was dissolved in 60 

mL 2:1 dioxane:water (vol:vol). To this solution was added 1.064 g (26.6 mmol) sodium 

hydroxide. The solution was cooled to 0° C. To this solution was added 6.4 g (29.2 mmol) boc 

anhydride in portions. The solution was allowed to warm to room temperature for 1 hour with 

stirring. The solvent was removed in vacuo. The resulting residue was dissolved in 100 mL water, 

and washed with 2 portions of 50 mL ethyl acetate. The aqueous solution was acidified using 

concentrated hydrochloric acid to pH 1-2. The aqueous fraction was extracted with three portions 

of 75 mL ethyl acetate. The organic fraction was dried over magnesium sulfate, and concentrated 

to dryness. Yield was 4.37 g (24.8 mmol), 94%. 

1H NMR (400 MHz, DMSO-d6): δ 12.42 (broad, 1H), 7.04 (t, J = 6.2 Hz, 1H), 3.57 (t, J = 5.9 

Hz, 2H), 1.38 (s, 9H).  

13C NMR (400 MHz, DMSO): δ 171.75 (enriched), 155.80, 78.00, 28.17.  

HR-MAS – m/z (microTOF): C6
13CH13NO4Na (M+ Na+) found 199.0768, calculated 199.0770. 

Anal. calcd. for C6
13CH13NO4: C, 48.29, H, 7.44; N, 7.95. Found: C, 48.51; H, 7.80; N, 8.04. 

Synthesis of 2: 2.5 g of 1 (14.2 mmol) was dissolved in 5 mL of tetrahydrofuran. To this was 

added 2.32 g (14.2 mmol) carbonyldiimidazole, portion-wise, under nitrogen atmosphere. 1.54 g 

of 15N ammonium chloride was dissolved in 4 mL water, and 3.95 mL of triethylamine was 

added to this solution. The ammonium chloride solution was diluted with 5 mL THF, and this 

solution was then added to the first vial. The reaction was stirred at room temperature for 3 hours, 

and the solvent removed in vacuo. The resulting solution was dissolved in a minimum volume of 

methanol. The compound was purified by flash chromatography using 9:1 

1 2 

4 3 
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dichloromethane:methanol as an eluent. Yield was 2.4 g (13.5 mmol), 95%. 

1H NMR (400 MHz, DMSO-d6): δ 7.30 (s, 1H), δ 7.06 (d, 1H, J = 13.6 Hz), δ 6.83 (s, 1H), 3.46 

(t, J = 5.3 Hz, 2H), 1.37 (s, 9H).  

13C NMR (400 MHz, DMSO): δ 171.33 (enriched, d, JC-N = 19.2 Hz), 155.71, 77.90, 28.18.  

HR-MAS – m/z (microTOF): C6
13CH14N15NO3Na (M+ Na+) found 199.0888, calculated 

199.0901. Anal. calcd. for C6
13CH13N15NO3: C, 48.28; H, 8.01; N, 16.46. Found: C, 48.21; H, 

8.48; N, 15.97. 

Synthesis of 3: 2 g of 2 was dissolved in 5 mL of trifluoroacetic acid. The resulting solution was 

stirred for one hour at room temperature. The solvent was removed in vacuo and the resulting 

solid (TFA salt) was dried azeotropically with acetonitrile. Yield: 2.16 g, quantitative. 

1H NMR (400 MHz, D2O): δ 3.85 (s, 2H).  

13C NMR (500 MHz, D2O): δ 172.16 (enriched, d, JC-N = 18.1 Hz), 42.75 (d, JC-C = 10.1 Hz).  

HR-MAS – m/z (microTOF): C13CH6N15NO (M+ H+) found 99.0357, calculated 99.0376. Anal. 

calcd. for C3
13CH6F3N15NO3: C, 25.93; H, 3.20; N, 15.34. Found: C, 26.30; H, 3.62; N, 12.77. 

Synthesis of 4: To 1g (5.6 mmol) of 3 in 20 mL water was added 1.12 g (5.3 mmol) sodium 2-

bromoethanesulfonate. The pH was kept at approximately 8-9 with the addition of 500 µL of 

50% NaOH, and the solution was refluxed for 3 hours. The reaction was cooled and acidified to 

pH 3 with concentrated hydrochloric acid. 20 mL ethanol was added to the solution, and 

precipitate formed upon standing overnight. The resulting compound was recrystallized from 

water:ethanol. Final yield: 633 mg (3.4 mmol), 61%. 

1H NMR (400 MHz, D2O): δ 3.92 (d, J = 4.7 Hz, 2H), 3.48 (t, J = 7.0 Hz), 3.31 (t, J = 7.4 Hz). 
13C NMR (500 MHz, D2O + NaOH): δ 179.26 (enriched, d, JC-N = 16.6 Hz), 53.14 (d, JC-N = 7.2 

Hz), 53.00, 46.48.  

HR-MAS – m/z (microTOF): C3
13CH11N15NO4S (M+ H+) found 185.0419, calculated 185.0438. 

Anal. calcd. for C3
13CH10

15NNO4S: C, 26.62; H, 5.47; N, 15.75. Found: C, 26.39; H, 5.68; N, 

15.20. 
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Synthesis of [2-13C,D10]2,2-diethylmalonic acid (6): 

 The 1H and 13C NMR spectra were compared between each synthesis product and its 

protonated analog. For the structures of the protonated analogs, see Figure S5.16 in the 

Supplemental Content. 

 

Figure 5.2: Synthesis of [2-13C,D10]2,2-diethylmalonic acid. 

Synthesis of 5: This method was based on a previously described protocol (Servens et al. 1985). 

To 900 mg of sodium hydride, 60% dispersion in mineral oil (22.5 mmol), was added 20 mL of 

anhydrous hexamethylphosphoramide (HMPA), under nitrogen atmosphere. To the resulting 

solution was added 1 g (6.3 mmol) [2-13C]diethylmalonate, dissolved in 8 mL of anhydrous 

HMPA. The solution was stirred under nitrogen atmosphere for 30 minutes. To this solution was 

added 1.801 g (1.179 mL, 15.8 mmol) of [D5]bromoethane. The resulting mixture was stirred for 

16 hours at room temperature. Then, 25 mL of an ice/water mixture was added to the solution. 

The resulting aqueous solution was extracted twice with hexanes. The organic fraction was dried 

over magnesium sulfate and the solvent evaporated, yielding a yellowish oil. Purification by 

column chromatography on silica gel (hexane/AcOEt 98:2) afforded [2-13C,D10]diethyl 2,2-

diethylmalonate 5 as a clear oil (1.07 g, 4.71 mmol, 75%).  

1H NMR (400 MHz, DMSO-d6): δ ppm 1.15 (t, J = 7.06 Hz, 6 H, 2 CH3) 4.11 (q, J = 7.06 Hz, 4 

H, 2 CH2)  

13C NMR (100 MHz, DMSO-d6): δ ppm 13.92, 57.25 (enriched), 60.58, 170.98 (d, J = 56 Hz) 

Protonated reference material (5’):  

1H NMR (400 MHz, DMSO-d6): δ ppm 0.73 (t, J = 7.55 Hz, 6 H, 2 CH3) 1.16 (t, J = 7.06 Hz, 6 

H, 2 CH3) 1.80 (q, J = 7.47 Hz, 4 H, 2 CH2) 4.11 (q, J = 7.06 Hz, 4 H, 2 CH2) 
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13C NMR (100 MHz, DMSO-d6): δ ppm 8.07, 13.92, 24.06, 57.60, 60.60, 170.93 

Synthesis of 6: The intermediate 5 was dissolved in 25 mL methanol and 15 mL 50% sodium 

hydroxide, and then stirred under reflux for 6 hours. The solution was diluted in 40 mL water 

and the organic phase was washed with ether. The aqueous phase was acidified with 

concentrated HCl and extracted with ether. The ether was removed in a rotary evaporator to give 

[2-13C,D10]2,2-diethylmalonic acid 6 as a white solid (683 mg, 4.0 mmol, 85%).  

1H NMR (400 MHz, DMSO-d6): no peaks 

13C NMR (100 MHz, DMSO-d6): δ ppm 57.05 (enriched), 173.06 (d, J = 60 Hz)  

HRMS-ES+ (m/z): calculated for C6
13CH3D10O4 172.1470 found 172.1455 ([M+H]+)  

Protonated reference material (6’):  

1H NMR (400 MHz, DMSO-d6): δ ppm 0.74 (t, J = 7.55 Hz, 6 H, 2 CH3) 1.75 (q, J = 7.55 Hz, 4 

H, 2 CH2) 12.59 (br s, 2 H, 2 OH) 

13C NMR (100 MHz, DMSO-d6): δ ppm 8.37, 23.93, 57.44, 173.04 

Synthesis of [2-13C,D4]cyclopropane-1,1-dicarboxylic acid (8): 

 

Figure 5.3: Synthesis of [2-13C,D4]cyclopropane-1,1-dicarboxylic acid. 

Synthesis of 7: To 448 mg of sodium hydride, 60% dispersion in mineral oil (11.2 mmol), was 

added 10 mL of anhydrous HMPA, under nitrogen atmosphere. To the resulting solution was 

added 500 mg (3.1 mmol) [2-13C]diethylmalonate, dissolved in 4 mL of anhydrous HMPA. The 

solution was stirred under nitrogen atmosphere for 30 minutes. To this solution was added 1.786 

g (0.820 mL, 9.3 mmol) of [D4]1,2-dibromoethane. The resulting mixture was stirred for 16 

hours at room temperature. Then, 20 mL of an ice/water mixture was added to the solution. The 
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resulting aqueous solution was extracted twice with hexanes. The organic fraction was dried over 

magnesium sulfate and the solvent evaporated, yielding a yellowish oil. Purification by column 

chromatography on silica gel (hexane/AcOEt 98:2) afforded [2-13C,D4]diethyl cyclopropane-1,1-

dicarboxylate 7 as a clear oil (338 mg, 1.77 mmol, 57%). 

1H NMR (400 MHz, DMSO-d6): δ ppm 1.19 (t, J = 7.18 Hz, 6 H, 2 CH3), 4.11 (q, J = 7.06 Hz, 4 

H, 2 CH2) 

13C NMR (100 MHz, DMSO-d6): δ ppm 13.86, 27.83 (enriched), 60.98, 168.58 (d, J = 3 Hz) 

Protonated reference material (7’):  

1H NMR (400 MHz, DMSO-d6): δ ppm 1.19 (t, J = 7.18 Hz, 6 H, 2 CH3) 1.33 (s, 4 H, 2 CH2) 

4.12 (q, J = 7.06 Hz, 4 H, 2 CH2) 

13C NMR (100 MHz, DMSO-d6): δ ppm 13.86, 14.97, 28.13, 60.99, 168.98 

Synthesis of 8: The intermediate 7 was dissolved in 10 mL methanol and 6 mL 50% sodium 

hydroxide, and then stirred under reflux for 6 hours. The solution was diluted in 20 mL water 

and the organic phase was washed with ether. The aqueous phase was acidified with 

concentrated HCl and extracted with ether. The ether was removed in a rotary evaporator to give 

[2-13C,D4]cyclopropane-1,1-dicarboxylic acid 5 as a white solid (188 mg, 1.38 mmol, 79%).  

1H NMR (400 MHz, DMSO-d6): no peaks 

13C NMR (100 MHz, DMSO-d6): δ ppm 26.89 (enriched), 171.73 (d, J = 73 Hz) 

HRMS-ES+ (m/z): calculated for C4
13CH3D4O4 136.0623 found 136.0597 ([M+H]+)  

Protonated reference material (8’):  

1H NMR (400 MHz, DMSO-d6): δ ppm 1.28 (s, 4 H, 2 CH2) 

13C NMR (100 MHz, DMSO-d6): δ ppm 16.15, 27.25, 171.71 

5.3.3	 HPLC	analysis	of	synthetic	products		

 HPLC analysis of compounds was performed on a Hitachi Elite LaChrome system with L-
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2455 diode array detector (Hitachi, Tokyo, Japan), and a Phenomenex Luna C18(2) column, 100 

Å 250 x 4.6 mm 5 micron. All spectra are reported at 220 nm absorbance. The gradient was from 

0-50% acetonitrile over 20 minutes, with a 2 minute isocratic in water at the start of the run, with 

a flow rate of 1 mL/min. 

5.3.4	 Formulation	of	
13
C-labeled	compounds	for	hyperpolarization	

 Each compound in the study was formulated at the maximum concentration that formed a 

glassy state upon immediate immersion in liquid nitrogen. Formulation glassing was determined 

by visual inspection; if the flash-frozen formulation without radical added was transparent, then 

it was determined to be in a glassy state. All formulations were made with the isotopically 

enriched molecules of interest. Previously-reported formulations were used for both [13C,15N]urea 

(Morze et al. 2011) and [1-13C,D9]tert-butanol (Grant et al. 2011). 

[13C,15N]ACES: [13C,15N]ACES was dissolved in 0.95 equivalents of 10 N NaOH, Gd-DOTA 

was added to 0.5 mM, and OX063 trityl radical was added to 20 mM. 

[2-13C,D10]DEMA: 225.5 mg of [2-13C,D10]diethylmalonic acid (DEMA) were added to 225.2 mg 

of N,N-dimethylacetamide, vortexed to mix, and spun down in a microcentrifuge. The mixture 

was sonicated for 10 minutes at 37 °C, 7.3 mg of OX063 trityl radical were added, and after 

vortexing and spinning down the solution was sonicated for another 8-9 minutes at 37 °C. To 

300 μL of the resulting formulation was added 1.2 µL of 500 mM Gd-DOTA (Guerbet, 

Bloomington, IN). The final concentration of DEMA in the formulation was ~3.8 M.  

[2-13C,D4]CDPA: 29.9 mg of [2-13C,D4]cyclopropane-1,1-dicarboxylic acid (CPDA) were added 

to 32.8 mg of dimethyl sulfoxide, vortexed to mix, and spun down in a microcentrifuge. The 

mixture was sonicated at room temperature until fully dissolved. 1.3 mg of OX063 trityl radical 

were added, and after vortexing and spinning down the solution was sonicated again until fully 

dissolved. The final concentration of CPDA in the formulation was ~4.0 M.  

5.3.5	 Thermal	equilibrium	11.7	T	NMR	studies	and	titration	curves		

 NMR studies were performed on an 11.7 T Varian INOVA spectrometer (125 MHz 13C, 

Varian Instruments) using a 5 mm 15N/31P/13C broadband direct detect probe. For screening of 

compounds, 250 mM solutions of compound and urea in water were prepared, and the pH was 
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adjusted to 7.4 or 6.5. For the ACES titration curve, a solution containing 250 mM natural 

abundance ACES and urea was prepared, and the pH was adjusted to the indicated values. For 

the DEMA titration curve, solutions of the labeled [2-13C,D10]DEMA and [1-13C,D9]tert-butanol 

were used at 5 mM each. All NMR spectra were obtained at 37° C. Values for the !!"#, !!"#, 

and !!!  were solved by iteratively fitting the δ vs. pH data to the following equation in 

Microsoft Excel: 

 !" = !!! + log!" !!!!"#
!!"#!!

 (5.1) 

In this equation, ! refers to the measured chemical shift difference between ACES and urea (or 

DEMA and tBuOH), and !!"# and !!"#  are constants referring to the smallest and largest 

differences in chemical shift between ACES and urea (or DEMA and tBuOH), respectively. For 

ACES, this yielded values of -13.92, -5.52, and 6.58 for !!"#, !!"#, and !!!, respectively. For 

DEMA, this yielded values of 7.00, 10.19, and 7.39 for !!"#, !!"#, and !!!, respectively. 

5.3.5	 Temperature	and	concentration	dependence	of	chemical	shift	studies		

 For temperature studies, a 2.5 mM solution of [13C,15N]ACES with 250 mM natural 

abundance urea at pH 7.4 was prepared. Thermal equilibrium 13C NMR spectra were acquired at 

the indicated temperatures. For concentration dependence studies, a 2.5 mM solution of 

[13C,15N]ACES, with 250 mM natural abundance urea, and variable amounts of natural 

abundance ACES at pH 7.4 was prepared. Thermal equilibrium 13C NMR spectra were then 

acquired. 

5.3.6	 Hyperpolarized	ADA	calcium	response	studies		

 Previous data indicated that ADA buffer binds calcium with a log(KM) of 3.96 (Good et al. 

1966). At the physiological blood calcium concentration of approximately 1 mM, this implies 

that 90% of ADA would be bound to calcium at equilibrium. Thus, we tested the ability of ADA 

to bind calcium. In initial experiments, we found the calcium – ADA complex to be insoluble in 

water at the concentrations necessary for thermal equilibrium 13C NMR. Thus, we developed a 

hyperpolarized 13C method for testing calcium binding. A hyperpolarized preparation of natural 

abundance ADA was prepared by dissolving 50 mg ADA in 119 μL of DMSO. To this was 

added 4 mg of OX063 radical. In a typical experiment, 50 μL of the ADA prep was frozen in 



 87 

liquid nitrogen. To this was added 50 μL of natural abundance urea prep, prepared as previously 

described (Morze et al. 2011), which was also rapidly frozen to avoid mixing of the materials. 

The mixture was polarized for 1 h using a HyperSense DNP polarizer (Oxford Instruments, 

Abingdon, UK). The compound was then dissolved in buffer containing 100 mM TES, at pH 7.6 

or 6.7, with or without 10 mM calcium. The solution was mixed manually in a teardrop flask, 

and injected using a 5 cc syringe into a previously-shimmed 5 mm NMR tube at 37 °C. Time-

resolved hyperpolarized spectra were obtained as previously described (Keshari et al. 2009). 

5.3.7	 Hyperpolarized	11.7	T	NMR	Studies		

 NMR studies were performed on an 11.7 T Varian INOVA spectrometer (125 MHz 13C, 

Varian Instruments) using a 5 mm 15N/31P/13C broadband direct detect probe. The solid-state 

polarization build-up measurements during polarization were fit to the equation: 

 ! ! = !!" 1− !!! !!" + !"#$%&'$ (5.2) 

where !!" is the equilibrium polarization achieved for the sample and !!" is the polarization 

build-up time constant. After dissolution, the solution was mixed manually in a teardrop flask, 

and injected using a 5 cc syringe into a previously-shimmed 5 mm NMR tube at 37 °C. This 

process required approximately 15-25 s. T1’s and signal enhancements were calculated as 

previously described (Keshari et al. 2009). For the HP CPDA experiments, only T1 was 

measured. 

ACES: In a typical experiment, 50 μL of ACES formulation was frozen in liquid nitrogen and 

polarized for 2 h using a HyperSense DNP polarizer (Oxford Instruments, Abingdon, UK). For 

copolarization experiments, 50 μL of ACES formulation was frozen with liquid nitrogen. To this 

was added 20 μL of [15N,13C]urea formulation, which was also rapidly frozen to avoid mixing of 

the materials. The sample was subsequently dissolved in 4.0 mL of 40 mM hydrochloric acid in 

water, which typically yielded a solution with pH 7.4. For experiments where a more acidic pH 

was desired, a greater concentration of hydrochloric acid was used.  

DEMA/CPDA: 5 μL of DEMA formulation was placed in the sample cup along with 5 μL of 

tBuOH formulation, with the two samples kept physically separated. For CPDA experiments, 

only 10 μL of CPDA formulation were placed in the sample cup. This was polarized for 2.5 
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hours in using a HyperSense DNP polarizer (Oxford Instruments, Abingdon, UK). The sample 

was then dissolved using 4-4.3 mL of 0.3 mM EDTA solution and ejected into a glass flask 

containing 160-225 μL of 0.1 M NaOH to neutralize the compounds (380-420 μL of 0.1 M 

NaOH for CPDA). The chemical shift separation between the HP DEMA and tBuOH peaks at 

the 50th timepoint was measured and used with the equation derived from the NMR titration 

curve in order to calculate the pH.  

5.3.8	 3	T	phantom	experiments		

 For all phantom experiments, images were acquired in a clinical 3 T MRI scanner (GE 

Healthcare, Waukesha, WI) using a dual-tuned 13C/1H radiofrequency (RF) volume coil designed 

for imaging rats. Spectroscopic images were acquired using 2D chemical shift imaging (CSI) 

with the following acquisition parameters: matrix = 10 x 10, spatial resolution = 7.5 mm, TR = 

105 ms, spectral resolution= 12.2 Hz, spectral bandwidth = 25 kHz, acquisition time = 10.5 s. 

After imaging, the pH of each tube in the phantom was measured at 37 °C outside the magnet 

using a conventional pH electrode (Ion 500 series, Oakton Instruments, Vernon Hills, IL) to 

compare with the pH measured via spectroscopy. The data was analyzed using open source 

SIVIC software (Sourceforge.net).  

ACES: 50 μL of the ACES prep and 20 μL of the urea prep were copolarized and dissolved as 

above. Following dissolution, the solutions were transferred to 5 tubes containing 50 mM 

phosphate buffer at various pH values.  

DEMA: 75 μL each of [2-13C,D10]DEMA and tBuOH formulations were polarized, as described 

previously, and dissolved using 5 mL of 0.3 mM EDTA solution. ~1 mL of HP solution was 

added to each of five 15 mL NMR tubes filled with 14 mL of water and NaOH at various 

concentrations. 

 

5.4 Results  

 Initially, a small library of compounds was tested with thermal equilibrium NMR, comparing 
13C chemical shifts of long-T1 nuclei at pH 6.5 and 7.4 (Figure S5.1, Supplemental Content) 
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These compounds were selected based on the following key criteria: (1) pKa near the physiologic 

range (between 6.0 and 8.0), (2) presence of a long T1 nucleus, and (3) feasibility of isotopic 

synthesis. Agents likely to be toxic were excluded. The classes of compounds examined included 

biological buffers, dicarboxylic acids, and imidazole/histidine derivatives. 

 Four of Good’s buffers with long T1 nuclei, and Tris, another commonly used biological 

buffer, are depicted in Figure 5.4. Of these, the compounds with the largest chemical shifts were 

ADA and ACES (Figure 5.4). In initial studies, we found that the pH-dependent chemical shift 

change of ADA was blocked by the presence of calcium (Table S5.1A, Supplemental Content), 

consistent with its known chelation properties (Good et al. 1966). Thus, from this cohort we 

selected ACES as the most promising overall compound for imaging, due to the large pH-

dependent chemical shift, synthetic accessibility, predicted lack of toxicity, and known lack of 

chelation of abundant biological cations. 

 

Figure 5.4: Structures of Good’s buffers. Long T1 nuclei are indicated in red. The difference in 
chemical shift between pH 6.5 and 7.4 is shown for long T1 nuclei. A positive δ ppm indicates a 
downfield 13C chemical shift. pKa values are based on prior literature values. 

 Because some dicarboxylic acids are known to have second pKa values in the physiologic 

range (Nachod 1955a), as well as carbon nuclei with long T1 relaxation time constants, we 

further investigated several dicarboxylic acids using 13C MRS to identify nuclei that 

demonstrated a pH-dependent chemical shift (Figure 5.5). All compounds tested had two 

carboxylic acid groups separated by either one carbon (derivatives of malonic acid) or two 

carbons. All molecules also had a known or predicted pKa close to the physiologic range (i.e. 
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near 7-7.4) and contained at least one carbon nucleus without directly bonded protons, making 

them likely to have long T1 relaxation time constants amenable to use with hyperpolarized 

imaging (Keshari & Wilson 2014). Strikingly, the intermediate carbons of all malonic acid 

derivatives in this study demonstrated larger pH-dependent chemical shifts than did the 

carboxylic acid carbons themselves. This finding was somewhat surprising, considering that the 

carbonyl carbons are closer in proximity to the acidic protons in each molecule. Two of the 

malonic acid derivatives, highlighted in yellow in Figure 5.5, demonstrated large chemical shifts 

over the tested pH range: diethylmalonic acid (DEMA) and cyclopropane-1,1-dicarboxylic acid 

(CPDA). Of the compounds with two carbons separating the dicarboxylic acid moieties, the cis 

enantiomers demonstrated larger pH-dependent chemical shifts than the trans. However, these 

molecules exhibited smaller pH-dependent carbonyl chemical shifts than the quaternary carbons 

in the malonates.  

 

Figure 5.5: Investigation of dicarboxylates as 13C MR pH sensors. The downfield CS migration 
from pH 6.5 to 7.4 is listed near each labelled 13C nucleus. Two molecules with large CS 
migration over this pH range are highlighted in yellow: diethylmalonic acid (top right) and 
cyclopropane-1,1-dicarboxylic acid (lower left). 

 [13C,15N]ACES was synthesized in 4 steps starting from [1-13C]glycine in 54% overall yield, 
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based on the previous synthesis of the natural abundance material combined with a previously 

described technique for the preparation of isotopically enriched amino acids (Figure 5.1) (Good 

et al. 1966; Grehn et al. 1992). Secondary labeling with 15N was incorporated in order to 

eliminate low field quadrupolar T1 relaxation effects associated with 14N as well as to increase 

the T2 relaxation time for imaging purposes (Reed et al. 2014). This came at the expense of 

splitting of the 13C peak by the spin-1/2 15N nucleus, which could potentially limit the accuracy 

of chemical shift measurement and signal to noise. 

 Two-step synthetic routes were also developed for the isotopically-enriched, deuterated 

versions of DEMA and CPDA (Figure 5.6). These syntheses were based on a previously reported 

method applied to valproic acid (Servens et al. 1985). In addition to 13C labeling the pH-sensitive 

quaternary carbon, the functional groups were deuterated for each molecule in order to lengthen 

the 13C T1 (Keshari & Wilson 2014). The overall reaction yields were 64% for DEMA and 45% 

for CPDA. The reaction products were confirmed to be the target molecules by both NMR (1H, 
13C) and high-resolution mass spectroscopy. Based upon a preliminary T1 comparison between 

the two synthesized compounds (Figure 5.4), we chose DEMA for further development as a 

hyperpolarized pH probe. 
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Figure 5.6: Synthesis schemes and representative HP 13C T1 decay curves at 11.7 T for (a) [2-
13C,D10]diethylmalonic acid (DEMA) 3, and (b) [2-13C,D4]cyclopropane-1,1-dicarboxylic acid 
(CPDA) 5. The measured T1 values at 11.7 T for DEMA and CPDA were 105.6 ± 5.2 s and 70.2 
± 4.5 s, respectively (n = 3 each). 

 In order to quantify pH, we measured the ACES or DEMA chemical shift relative to a pH-

insensitive chemical shift standard. Urea was selected for use with ACES since its 13C chemical 

shift is close to that of the ACES carbonyl, and hyperpolarized [13C,15N]urea is a well-

characterized imaging agent (Morze et al. 2011). For DEMA, tert-butanol (tBuOH) was chosen 

for similar reasons (Grant et al. 2011). Titration curves were developed comparing the chemical 

shifts of ACES with urea (Figure 5.7a) and DEMA with tBuOH (Figure 5.7b). Values of !!"#, 

!!"#, and !!! for each pair of molecules were obtained by iteratively fitting the data, yielding 

the following equation linking chemical shift difference to pH, in a manner similar to previously 

described (Gillies et al. 1994): 



 93 

 !" = !!!,!"#$ + log!" !!"#$!!"#$!!".!"
!!.!"!!!"#$!!"#$

 (5.3) 

 !" = !!!,!"#$ + log!" !!"#$%!!"#$!!.!!
!".!"!!!"#$%!!"#$

 (5.4) 

The ACES pKa obtained using this technique, 6.58 (at 37 °C), is in agreement with the 

previously published value of 6.56 (Good et al. 1966). The DEMA pKa was determined to be 

7.39 under the experimental conditions, similar to the reported value of 7.29 (Nachod 1955b). 

 

Figure 5.7: Titration curve depicting the difference in chemical shift between (a) urea and ACES; 
and (b) DEMA and tBuOH as a function of pH. Inset of (b): representative 13C MR spectrum of 
DEMA (upfield) and tBuOH (downfield). 

 A method for hyperpolarization of [13C,15N]ACES was developed and optimized with respect 

to microwave frequency and concentration of Gd-DOTA (Table S5.1B, Supplemental Content). 

The optimized prep was obtained by dissolution of [13C,15N]ACES in 0.95 equivalents NaOH 

(using a 10 M solution), and addition of Gd-DOTA to 0.5 mM, with 20 mM OX063 trityl radical 

(Ardenkjaer-Larsen et al. 2008). Using this method, 12.5 ± 2.7% (n = 3) average liquid state 

polarization, back-calculated to the time of dissolution was obtained. The T1 was 18 s at 11.7 T 

and 25 s at 3 T. The polarization time constant was 2490 ± 396 (s.d., n = 10). Similarly, a [2-
13C,D10]DEMA formulation was developed for polarization using 15 mM OX063 trityl radical 

and 2 mM Gd-DOTA. The solution-state polarization, back-calculated to the time of dissolution, 

was 13.7 ± 0.6% (n = 3). The T1 values for the HP signal at 3 T and 11.7 T were 84.3 ± 1.4 s (n = 

2) and 105.6 ± 5.2 s (n = 3), respectively. The T1 was longer at the higher field strength, as might 

be expected for a quaternary carbon nucleus dominated by dipole-dipole relaxation (Becker et al. 

1972). Minimal variation in T1 was observed over the physiologic pH range (Figure S5.7, 

a) b) 

2 
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Supplemental Content).  

 A copolarization method (Wilson et al. 2010) was developed to simultaneously polarize 

either [13C,15N]ACES and [13C,15N]urea or [2-13C,D10]DEMA and [1-13C,D9]tBuOH. This was 

done in order to include a pH-independent chemical shift reference for the sake of accurately 

quantifying the pH-dependent chemical shift. By copolarizing either pair of molecules, we were 

able to accurately determine the pH of solutions in a 500 MHz NMR within 0.1 pH unit (Figure 

5.8; Figure S5.6, Supplemental Content). There was a slight but significant change in the ACES-

measured pH by variation of temperature (Figure S5.3, Supplemental Content) and by variation 

of concentration of the probe (Figure S5.4, Supplemental Content). Furthermore, there was a 

slight change in the pH measured with ACES at the earliest time points in comparison to those 

measured at the latest time points (Figure S5.5, Supplemental Content). This change may be 

related to initial variation in temperature, and limitations of the kinetics of the acid-base 

equilibria (although these are known to be very rapid reactions in most cases (Eigen 1964)). The 

HP DEMA linewidth broadened due to chemical exchange as pH increased from 6.8 (10.9 Hz) to 

7.5 (16.4 Hz), as expected based on the exchange mechanism, which is both acid- and base-

catalyzed (Eigen 1964; Ernst et al. 1987). Overall, these data suggest that both [13C,15N]ACES + 

[13C,15N]urea and [2-13C,D10]DEMA + [1-13C,D9]tBuOH copolarization methods could be used to 

determine the pH in an imaging experiment.  

 

Figure 5.8: Measurement of pH with [13C,15N]ACES. The calculated pH values of (a) 7.16; and 
(b) 6.86 correlated with the values of 7.22 and 6.91 measured on a pH meter following the 
experiment. The carboxylate of [13C,15N]ACES is a doublet owing to coupling with the adjacent 
15N. (c) HP DEMA peak at two pH values (circled points in (d)), demonstrating pH-dependent 
chemical shift. Spectra are referenced to tBuOH peak. (d) Plot of pH calculated from HP 
DEMA-tBuOH spectra vs. pH electrode measurements (n = 5). pH values agree within 0.1 pH 
unit. 

 In order to assess the properties of these two systems under imaging conditions, a five-

a) b) c) d) 
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compartment phantom was imaged on a clinical 3 T scanner (Figure 5.9 and Figure 5.10). Again, 

the dramatic chemical shift changes of both ACES and DEMA in response to pH allowed for 

rapid determination of pH. There was a slight difference in pH calculated from the ACES 

chemical shift and that measured on a pH meter following the experiment. These differences, 

averaging 0.18 pH units, may be due to a combination of factors, including temperature (Figure 

S5.3, Supplemental Content), concentration (3 mM in the phantom, Figure S5.4, Supplemental 

Content), the presence of phosphate buffer in the solution (Table S5.1C, Supplemental Content), 

or the early time point used for imaging (Figure S5.5, Supplemental Content), and are similar to 

previously described phantom experiments for imaging pH using hyperpolarized 13C bicarbonate 

(Ghosh et al. 2014; Lee et al. 2014). At present, we propose that the accuracy of ACES-measured 

vs. calculated pH is within 0.1–0.2 pH units, although a much larger series of experiments would 

be necessary to truly estimate the accuracy (Figure S5.6, Supplemental Content). The DEMA-

measured pH values agreed with electrode measurements within 0.1 pH unit (Figure 5.10). Two 

tubes had pH values at the high and low ends of the measurable pH range. However, the extreme 

high and extreme low pH tubes demonstrated CS differences of 6.9 and 10.3 ppm, respectively, 

which agree with the minimum and maximum ppm values determined for the titration curve. 
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Figure 5.9: Five-compartment phantom for imaging pH using [13C,15N]ACES and [13C,15N]urea. 
(A) Phantom design incorporated 5 compartments with varying pH. (B) 2D chemical shift 
imaging through the phantom. (C) Representative voxel from position 2. (D) Summary of 
calculated and measured pH values. 

 

Figure 5.10: HP phantom imaging with [2-13C,D10]DEMA: (a) T2-weighted 1H image of tubes 
containing ~5 mM co-polarized DEMA and tBuOH at varying pH values. Electrode pH 
measurements are displayed near each tube. (b) Overlaid 13C spectra from color-coded voxels, 
highlighting pH-dependent DEMA chemical shift observed via imaging. Spectra are referenced 
to tBuOH peak. (c) Plot of pH values calculated from spectra in (b) vs. electrode measurements, 
demonstrating agreement within 0.1 pH unit. The highest and lowest pH values are not plotted 
but demonstrated chemical shifts very close to the minimum and maximum CS differences, 
respectively, seen in the MR titration curve. 
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5.5 Discussion 

 The HP agents developed in this work, in addition to others reported previously (Jiang et al. 

2015; Shchepin et al. 2016), represent a departure from previous techniques in HP pH imaging 

using 13C-bicarbonate. Important similarities exist between 13C pH agents that are “ratiometric” 

(eg. 13C-bicarbonate (Gallagher et al. 2008)), which quantify pH using the intensities of two 

separate 13C NMR resonances, and “chemical-shift” (eg. ACES, DEMA, zymonic acid), which 

quantify pH based upon a change in observed 13C NMR frequency (Düwel et al. 2017). In both 

cases, the pH-sensing molecule exists in both a protonated state and a deprotonated state, and the 

molecule exchanges between the two states with an overall first-order rate constant, !!" , 

representing both forward and reverse reaction rates. Ratiometric and chemical-shift sensors 

differ in the magnitude of the exchange rate constant, !!", relative to the CS dispersion, ∆! 

(Hore 1995). For ratiometric pH sensors, the exchange is much slower relative to the CS 

dispersion ( !!" ≪ ∆! ), leading to the observation of two distinct resonances via MR 

spectroscopy. In the case of [13C]bicarbonate, the resonances for bicarbonate and CO2 are 

separated by a large CS difference of 35.5 ppm. Furthermore, the chemical exchange between 

the two states is rate-limited by CO2 hydration to form bicarbonate (Brinkman et al. 1934). 

Conversely, simple protonation-deprotonation of ACES or DEMA is fast relative to the total CS 

dispersion over all pH values (!!" ≫ ∆!), as is generally the case for these reactions (Eigen 

1964). Therefore, these molecules exhibit one MR resonance, with a chemical shift that is a 

weighted average of the chemical shifts of the protonated and deprotonated molecular states. 

 MR chemical-shift sensors of pH possess certain advantages and disadvantages relative to 

ratiometric sensors. The presence of a single peak is a significant boon concerning high spatial 

resolution imaging, since all HP molecules contribute to the magnitude of the single peak, and 

because imaging resolution is not limited by the signal of the lower of two peaks. However, these 

sensors also possess significant challenges. The resonant frequency, which gives a readout of pH, 

is also sensitive to main magnetic field inhomogeneity and changes in susceptibility throughout 

the imaging volume. These effects can be accounted for by co-injecting a pH-insensitive HP 

molecule, in our case urea with ACES and tBuOH with DEMA, used as a chemical shift 

reference. Our experimental results in phantoms demonstrate that we can use this approach for 

highly accurate pH imaging. 
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 DEMA exhibits some striking properties that make it amenable to high spatial resolution 

imaging. Firstly, the T1 relaxation time constant is one of the longest measured for HP 13C 

compounds.(Keshari & Wilson 2014) Interestingly, the T1 increases with field strength, as 

opposed to the vast majority of HP compounds 13C-enriched at carbonyls, whose relaxation is 

dominated by chemical shift anisotropy. However, the T1 is still exceptionally long at a clinical 

field strength of 3 T. Combined with the high polarization obtainable for this compound, the long 

T1 offers significant flexibility in terms of spatial resolution and timing of HP imaging. Different 

approaches to isotopic labeling for ACES, including 14N (to minimize signal loss due to the 

splitting by 15N), and 2H-labelled probes (to improve the T1 of the molecule), may further 

improve the achievable signal-to-noise of this compound. 

 In vivo pH imaging is a key future goal for both imaging agents. The ability to resolve 

different pH values in vivo will depend upon image acquisition parameters, voxel size, and B0 

inhomogeneity within each voxel. High-resolution pH imaging, which may be achievable using 

either ACES or DEMA, should provide relevant data about pH gradients within tissue. As is the 

case with other magnetic resonance-based pH imaging approaches (Gallagher et al. 2011), the 

buffering capacity of DEMA could potentially alter the tissue pH. However, the signal gains 

resulting from hyperpolarization, optimization of signal-to-noise ratio, and from the chemical 

shift imaging based approach compared against a ratiometric approach, have the potential to 

minimize these effects. Based on the phantom experiments, we predict that injection of 0.5 mg 

ACES should be sufficient to generate appropriate signal-to-noise in a mouse, for a total dose of 

25 mg kg-1. A smaller amount of DEMA may be achievable for the same signal-to-noise, due to 

the longer observed T1. 

 

5.6 Conclusion 

 We report two novel compounds for pH measurement via 13C MRSI: [13C,15N]ACES and [2-
13C,D10]diethylmalonic acid (DEMA). These were identified by screening a series of compounds 

for large chemical shift changes over the physiologically-relevant pH range. Of these compounds, 

both Good’s buffers and dicarboxylic acids were the most promising. The pH is measured with 

these agents via changes in NMR chemical shift, potentially circumventing SNR limitations 
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found with HP bicarbonate. The HP imaging pH accuracy and relatively T1 values make both 

ACES and DEMA strong potential candidates for high spatial resolution in vivo pH mapping. 

We anticipate application of both agents to imaging in animal models of malignancy. 
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5.7 Supplemental Content 

 

 

 

Figure S5.1: Structures of compounds investigated by thermal equilibrium NMR. Long T1 nuclei 
that were easily amenable to enriched synthesis are indicated in red. The difference in chemical 
shift between pH 6.5 and 7.4 is shown for long T1 nuclei. A positive δ ppm indicates a downfield 
13C chemical shift. 

 

 

Figure S5.2: HPLC analysis of synthetic products. A) HPLC analysis of 1. B) HPLC analysis of 
2. C) HPLC analysis of 3. D) HPLC analysis of [13C,15N]ACES.  
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Figure S5.3: Change in pH calculated by NMR experiments as a function of temperature. 

 

Figure S5.4: Change in pH calculated by NMR experiments as a function of ACES 
concentration.  
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Figure S5.5: Serial 3 s spectra of hyperpolarized [13C,15N]ACES demonstrating a slight change in 
chemical shift over time. At the first transient, the calculated pH is 6.77, while at the last the 
calculated pH is 6.86. The pH measured on a pH meter following the experiment was 6.91. 

 

Figure S5.6: Summary of all data correlating calculated with measured pH, from both 500 MHz 
NMR experiments (red squares) and in the 3 T phantom experiment (blue diamonds).  
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Table S5.1: A) Chemical shift of ADA buffer in response to pH and calcium. B) Optimization of 
Gd-DOTA concentration for [13C,15N]ACES hyperpolarization. C) Effect of phosphate buffer on 
calculated pH. Both solutions contained 2.5 mM [13C,15N]ACES, with or without 50 mM 
phosphate buffer. Both solutions measured pH 7.40 on the pH meter. 

 

 

 

 

Figure S5.7: Plot of HP [2-13C,D10]DEMA 13C T1 vs. pH.  

A) B) C
) 
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Figure S5.8: 1H NMR of compound 1 in DMSO-d6, 400 MHz. 

 

Figure S5.9: 13C NMR of compound 1 in DMSO-d6, 100 MHz.  
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Figure S5.10: 1H NMR of compound 2 in DMSO-d6, 400 MHz. 

 

Figure S5.11: 13C NMR of compound 2 in DMSO-d6, 100 MHz.  
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Figure S5.12: 1H NMR of compound 3 in D2O, 400 MHz. 

 

 

 

 

 

 

 

Figure S5.13: 13C NMR of compound 3 in D2O, 100 MHz.  
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Figure S5.14: 1H NMR of compound 4 in D2O, 400 MHz. 

 

 

 

 

 

 

 

Figure S5.15: 13C NMR of compound 4 in D2O, 100 MHz.  
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Figure S5.16: Structures of the protonated analogs used for NMR validation of the synthesis 
products.  
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Chapter	6: Interstitial	pH	Mapping	in	a	

Transgenic	Murine	Prostate	Cancer	Model	

Using	Hyperpolarized	13C	Magnetic	

Resonance	Spectroscopic	Imaging	

 

6.1 Chapter Overview 

 This chapter documents initial studies exploring the ability to combine interstitial pH 

imaging using HP [1-13C]1,2-glycerol carbonate imaging with HP 13C pyruvate and 13C pyruvate 

measures of glycolytic flux and perfusion. Measuring these three parameters in vivo can provide 

exciting new insights into the mechanisms of interstitial acidification and prostate cancer 

aggressiveness and metastatic potential.  

 Preliminary in vivo multiparametric-1H MRI/multiple-probe HP 13C MR imaging data from 

two transgenic adenocarcinoma of the mouse prostate (TRAMP) mice are presented in this 

chapter. Our initial HP 13C imaging data obtained from the TRAMP model are consistent with 

what has been previously reported in the literature (H.-Y. Chen et al. 2017). High- versus low-

grade tumors demonstrated higher cellularity and reduced ductal morphology, reflected in a 

significantly lower average ADC value as well as reduced perfusion demonstrated by a 

significantly lower average normalized HP urea signal. Moreover, this preliminary study 

indicated for the first time that high-grade prostate cancer has significantly reduced interstitial 

pH as compared to low-grade disease. These preliminary studies set the stage for larger studies 

fully establishing the relationships between increased glycolytic rate, lactate efflux, and poor 

perfusion with low interstitial pH. Once these relationships are established, additional 

longitudinal studies comparing measures of interstitial pH with cancer progression and 

metastases will need to be performed, which may potentially identify interstitial pH and lactate-

to-pyruvate ratio as orthogonal biomarkers of indolent to aggressive transition. 
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6.2 Introduction 

 A pressing need facing the clinical management of prostate cancer patients is an accurate 

method for distinguishing aggressive, potentially lethal prostate cancer from indolent disease. 

Prostate cancer (PCa) is the second most prevalent cancer in American men, with 1 in 6 

American men being diagnosed, but is fatal in only 12% of these cases (Siegel & Jemal 2015).  

Active surveillance has emerged as an appropriate management technique for patients in whom 

disease is likely to be indolent (tumors ≤ 0.5 cc and Gleason grade ≤ 3+3) (Eggener et al. 2013).  

New focal therapy approaches are also being considered for men with defined regions of 

localized intermediate risk PCa (moderate size cancers with secondary Gleason 4 pattern) that 

can be clearly identified on imaging (Chang et al. 2014; Muller et al. 2014), while patients with 

more aggressive but localized disease are treated with surgical or radiation therapy.  Therefore, 

the ability to localize and provide a non-invasive imaging assessment of cancer aggressiveness 

has become critically important for clinical management of men with prostate cancer. The 

current state-of-the-art for imaging localized prostate cancer, multiparametric 1H MRI, has 

demonstrated the ability to localize tumors for subsequent biopsy and treatment, but cannot 

consistently grade tumor aggressiveness accurately in individual patients (Muller et al. 2014). 

Increasing evidence points to prostate cancer being a disease strongly linked to abnormal 

metabolism due to changes in key metabolic enzymes (Keshari, Sriram, Van Criekinge, et al. 

2013). Also, tumor microenvironment factors such as perfusion (Wilson & Kurhanewicz 2014) 

have been associated with the presence and aggressiveness of prostate cancer.  The glycolytic 

shift of prostate cancer cells from citrate secretion to lactate production, which can be measured 

on biological samples or in living systems using magnetic resonance (MR) techniques (Tessem 

et al. 2008; Albers et al. 2008), is one parameter that has demonstrated considerable potential for 

indicating cancer aggressiveness. Other cellular changes associated with this metabolic shift have 

also been identified. In particular, increased lactic acid export via MCT4 upregulation has been 

observed between low-grade and high-grade cancer for both renal cell carcinoma (Keshari, 

Sriram, Koelsch, et al. 2013) and prostate cancer tissue slices (Keshari, Sriram, Van Criekinge, et 

al. 2013). Although this increase in lactic acid efflux can be measured using diffusion-weighted 

imaging (Koelsch et al. 2014), the inherent loss of signal makes it difficult to do so. Another 

approach is to measure ancillary effects of lactic acid export, such as subsequent acidification of 
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the extracellular space. Such a measurement is possible using hyperpolarized (HP) 13C MR 

techniques, which rely upon dramatic NMR signal enhancement provided via dynamic nuclear 

polarization (DNP) (Ardenkjaer-Larsen et al. 2003). Furthermore, multiple biological parameters 

can be simultaneously measured in the same imaging session with this technique (Wilson et al. 

2010). Interrogating metabolic and physiological changes associated with prostate cancer may 

not only provide information with regards to tumor aggressiveness, but might also provide 

important predictive information about therapeutic efficacy, such as with immunotherapy (Pilon-

Thomas et al. 2016). 

 Although the well-documented acidification seen in tumors (Wike-Hooley et al. 1984) is 

typically assumed to be caused by increased lactic acid production and export, such correlations 

have never been directly assessed in vivo. It is also likely that poorly-perfused tumor regions will 

also be more acidic, especially since highly-glycolytic cells may be outdistanced from their local 

blood supply in these regions (Gatenby & Gillies 2004). All three of these parameters, glycolytic 

activity, perfusion, and interstitial pH, are measurable using HP 13C imaging. Therefore, the goal 

of this study was to perform preliminary measurements of these three parameters in a transgenic 

murine model of prostate cancer, setting the stage for characterizing the interplay between them 

in future studies. 

 

6.3 Methods 

6.3.1	 Chemicals	and	
13
C	imaging	agent	formulations	

  [1-13C]1,2-glycerol carbonate (GLC) was purchased from Cambridge Isotopes Laboratories, 

Inc. (Tewksbury, MA). [1-13C]pyruvic acid and [13C]urea were purchased from Isotec 

(Miamisburg, OH). The OX063 and GE trityl radicals were purchased from GE Healthcare 

(Menlo Park, CA). Other chemicals and solvents were purchased from Aldrich (St. Louis, MO). 

GLC was formulated for hyperpolarization as previously described (Korenchan et al. 2016) and 

consisted of 15 mM OX063 radical dissolved in the neat liquid. [1-13C]pyruvic acid and [13C]urea 

were also formulated as previously described (Wilson et al. 2010). 

6.3.2	 Animal	protocol	and	handling	
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 All animal studies were conducted in accordance with the policies of the Institutional Animal 

Care and Use Committee (IACUC) at the University of California, San Francisco. Transgenic 

adenocarcinoma of the mouse prostate (TRAMP) model mice were supplied by Roswell Park 

Cancer Institute (Buffalo, NY, USA). The mice utilized in this study were cannulated in the 

lateral tail vein and anesthetized with 1-2% isoflurane/100% oxygen at a rate of 1 L/min. The 

anesthetized mouse was secured in an MR-compatible holder with a 37 °C water pad and placed 

within the vertical bore of the imaging system. Anesthesia was delivered to the mouse via a nose 

cone, and the breathing rate was monitored using a pressure-sensitive pad located under the spine 

within the holder. Every 10-12 seconds, the catheter was flushed with 8 µg/mL heparin in normal 

saline to prevent clotting. The pH of all hyperpolarized imaging solutions was checked via pH 

strip (EMD Millipore, Billerica, MA) immediately prior to injecting, and it was only injected if 

between pH 5 and 9. The mouse was given at least 15 minutes of recovery time between 

subsequent injections. 

6.3.3	 Animal	MR	imaging	protocol	

 All MR imaging was performed on a vertical-bore 14 T Varian NMR imaging system (150 

MHz 13C, Varian Instruments) equipped with either a 40 mm 1H quadrature millipede coil 

(Agilent Technologies, Palo Alto, CA) or a 40 mm dual-tuned 1H/13C quadrature birdcage coil 

(m2m Imaging, Cleveland, OH) used for 1H anatomical imaging and hyperpolarized 13C imaging. 

First, the 1H coil was tuned and used to acquire T2-weighted axial and coronal images as well as 
1H diffusion-weighted spin-echo axial images covering the entire tumor volume (40 x 40 mm2 

[128 x 128 matrix] in-plane, 1 mm slice thickness, 0.25 mm slice spacing, 4 b-values between 0 

and 515 s/mm2). Gradient shimming was performed prior to imaging over the tumor mass. The 
1H coil was then switched out for the 1H/13C coil while keeping the same positioning within the 

magnet with respect to isocenter, and tuning and gradient shimming were repeated. 1H T2-

weighted axial and coronal images were acquired either prior to hyperpolarized injections or 

between them. Prior to all 13C imaging, the 13C transmitter offset was calculated from the 1H 

water resonance offset in a PRESS voxel centered on the tumor.  

 Each mouse received two injections of HP 13C imaging agent: 140 mM [13C]bicarbonate 

produced via rapid hydrolysis of HP [1-13C]GLC, as previously described (Korenchan et al. 

2016), or 80 mM sodium [1-13C]pyruvate plus 80 mM [13C]urea in 40 mM TRIS buffer. For each 
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injection, ~450 µL of agent were injected over 15 s (12 s for the [13C]bicarbonate injections). For 

the [13C]bicarbonate injection, a 2D chemical shift imaging (2D CSI) sequence was performed 16 

s after the start of injection, followed by a second 2D CSI image starting 6 s after the start of the 

first (8 x 8 x 256 matrix size, 8-10 mm axial slice thickness, centric phase encoding, FOV = 32 x 

32 mm2, 8013 Hz spectral width, TR = 67 ms, total imaging time ~4 s). To avoid chemical shift 

misregistration between bicarbonate and CO2 resonances, a two-band Gaussian pulse was used 

for excitation, which delivered nominal tip angles of 25° and 2.78° to CO2 and bicarbonate, 

respectively (Korenchan et al. 2016). The ratio of signal excitation between the two pulse bands, 

which was necessary for calculating pH maps, was empirically determined using a spherical 

[13C]urea phantom in a separate experiment. For the [1-13C]pyruvate/[13C]urea injection, a single-

shot 3D gradient-spin echo (3D GRASE) sequence was used for obtaining metabolite maps of 

pyruvate, lactate, and urea (6 ms SLR excitation + refocusing pulses, 40 x 40 x 40 mm3 FOV, 12 

x 12 x 16 matrix, center-out encoding in 2nd PE dimension, total time/metabolite = 156 ms). The 

3D GRASE sequence was initiated 36 s after the start of injection.  

6.3.4	 Histological	staining	and	analysis	

 Mice were euthanized and dissected within 24 hours of completion of the imaging protocol. 

In order to perform hypoxia staining on tissue slices, the mouse was injected with 60 mg/kg 

pimonidazole-HCl 45-60 minutes prior to euthanasia. The mouse was euthanized using 

isoflurane overdose in addition to cervical dislocation. The tumor, proximal lymph nodes, spleen, 

kidneys, liver, lungs, thymus, and any metastatic lesions were removed and immediately fixed in 

10% buffered formalin or flash-frozen with liquid nitrogen. The tumor tissue was transitioned 

into ethanol and embedded in paraffin using a Leica TP1020 benchtop tissue processor (Leica 

Biosystems, Buffalo Grove, IL), sectioned into 4 µm-thick sections using a rotary microtome 

(Leica Biosystems, Buffalo Grove, IL), and dried on glass slides. Tissue staining was performed 

using hematoxylin and eosin (H&E, Thermo Scientific, Waltham, MA), anti-Ki-67 (Agilent 

Technologies, Santa Clara, CA), and anti-pimonidazole mouse IgG1 monoclonal antibody 

(Hypoxyprobe Inc., Burlington, MA). The histological index as defined in Albers et al. was used 

to pathologically define high- versus low-grade TRAMP tumors in this study (Albers et al. 2008).  

A histologic index was calculated based on the weighted percentages of tumor differentiation 

(normal, well-differentiated, moderately well-differentiated and poorly-differentiated) from 
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standard H&E staining. The histologic index ranged between 0 and 3, where 0 indicated that 

100% of the tissue was normal and 3 indicated that 100% of the tissue was poorly differentiated. 

In the Albers’ publication as in this one, the tumors were dichotomized to be either low grade 

(index ≤ 1) or high grade (index ≥ 2) in a manner that reflects the clinical pathologic situation in 

which patients with Gleason score ≤ 3+3 are considered to have low versus Gleason ≥ 3+4 high 

grade tumors.  

6.3.5	 Image	processing	and	data	analysis	

 The 1H diffusion-weighted imaging (DWI) data were processed using VnmrJ 4.2A software 

(Agilent Technologies, Palo Alto, CA). The k-space data were zero-filled to 256 x 256 in-plane 

prior to Fourier transform. From the DWIs, maps of apparent diffusion coefficient (ADC) as well 

as root mean square (RMS) residuals were generated. The 2D CSI 13C imaging data were 

processed using SIVIC open-source software (Sourceforge.net). The FIDs were 10 Hz apodized 

in the spectral domain and zero-filled to 16 x 16 spatially prior to Fourier transformation. 

Integration of the bicarbonate and CO2 peaks was performed on the magnitude spectra, and 

overlays were generated. These overlays were then thresholded to remove SNR < 3 voxels, tip-

angle corrected, and combined into a pH map with a modified Henderson-Hasselbalch equation 

(Gallagher et al. 2008) using the FMRIB Software Library (FSL), developed by the FMRIB 

Analysis Group (Oxford University, United Kingdom). The 3D GRASE 13C k-space data were 

Gaussian-filtered with 12 dB attenuation at the edges and zero-filled to a 32 x 32 x 32 matrix size 

in VnmrJ prior to Fourier transform. 

 All processed 13C images were then further analyzed using custom scripts written in the 

MATLAB programming language (MathWorks, Natick, MA). Statistical tests were performed 

both between the small and large tumors, as well as between distinct regions within the small 

tumor. A two-tailed t-test with unequal variances was performed between each pair of data sets 

analyzed. The processing steps are detailed below: 

 1H diffusion images: ADC maps were thresholded using an upper limit for the RMS residual. 

All voxels with ADC > 3.0 x 10-3 mm2/s, which is the diffusion coefficient of free water at 37 °C 

(Holz et al. 2000), were also excluded from analysis. ROIs were then drawn on each 1H imaging 

slice, with each ROI being designated as either low-grade or high-grade tumor, based on 
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histology. Low-grade and high-grade ROI data were combined across both mice, and the ADC 

values were extracted from the ROIs and used for statistical analysis. 

 HP 13C images: First, axial slices of the urea, pyruvate, and lactate 3D GRASE images were 

averaged together in order to match the 2D CSI slice thickness for bicarbonate/CO2. These 

images were thresholded to exclude voxels with SNR < 3, and the lactate-to-pyruvate ratio 

(LPR) map was then calculated from the pyruvate and lactate images. ROIs were then drawn on 

the reference 1H image, designated as either low-grade or high-grade based upon histology, and 

applied to the other 13C images. Regions with significantly lower signal from pyruvate, lactate, 

urea, and bicarbonate were excluded from analysis. The low-grade and high-grade voxel values 

within each ROI were extracted, combined across both mice, and used for statistical analysis. 

When comparing urea intensities between both mice, the urea was normalized to the observed 

NMR spectral signal from a 1° slab pulse-acquire experiment performed immediately prior to HP 

imaging. The lactate intensity was normalized in a similar way, but using the sum of the pyruvate 

and lactate signals in the 1° slab spectrum. This ensured that differences in polarization were 

accounted for in the measurements. 

 

6.4 Results  

 Two TRAMP mice were successfully imaged using three HP agents: [1-13C]pyruvate, 

[13C]urea, and [13C]bicarbonate, demonstrating the feasibility of imaging metabolism, perfusion 

and interstitial pH in a single imaging exam. At the conclusion of the imaging exam, 

pathological and immunohistochemical analyses were performed. The results of pathological 

analyses are displayed in Figure 6.1 and summarized in Table S6.1 (Supplemental Content).  
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Figure 6.1: Tissue staining of tumor sections after imaging. (a-c) H&E stain; (d-f) Ki-67 stain. 
(a,d) low-grade tumor section (peripheral mass) from mixed-grade tumor; (b,e) intra-urethral 
high-grade tumor (consolidated central mass) from mixed-grade tumor; (c,f) high-grade tumor. 

  

Figure 6.2: HP 13C maps of urea, interstitial pH, pyruvate, lactate, and lactate-to-pyruvate ratio 
overlaid on 1H anatomical images for the two mice used in the study. Regions of interest (ROIs) 
for statistical analyses are bordered by different color outlines and are designated as either high-
or low-grade disease. (a) A TRAMP tumor at an early stage of progression, but with a high-grade 
urethral tumor (red line) surrounded by benign tissue mixed with a low-grade tumor (between 
red and green lines); (b) TRAMP mouse displaying a very large high-grade tumor (red line). 

 Figure 6.2 displays the 13C imaging data overlaid on the corresponding axial 1H images with 

ROIs delineating regions of high- and low-grade tumor within the respective prostates. As can be 

seen in the 1H images, the mouse with the smaller prostate tumor exhibited a central hypointense 

region in the urethra on 1H T2-weighted images which corresponded to a region of reduced ADC 

on diffusion weighted imaging, consistent with the presence of a region of high-grade prostate 

cancer observed at pathology. This region of high-grade urethral cancer was surrounded by 

regions of higher T2-weighted signal intensity and ADC consistent with the pathologic finding of 

a mixture of benign prostate tissue and low-grade prostate cancer in those regions. The other 
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mouse displayed a large, high-grade TRAMP tumor that encompassed all of the prostate and 

most of the abdominal cavity and demonstrated low T2 signal intensity and ADC. 

 

Figure 6.2: HP 13C maps of urea, interstitial pH, pyruvate, lactate, and lactate-to-pyruvate ratio 
overlaid on 1H anatomical images for the two mice used in the study. Regions of interest (ROIs) 
for statistical analyses are bordered by different color outlines and are designated as either high-
or low-grade disease. (a) A TRAMP tumor at an early stage of progression, but with a high-grade 
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urethral tumor (red line) surrounded by benign tissue mixed with a low-grade tumor (between 
red and green lines); (b) TRAMP mouse displaying a very large high-grade tumor (red line). 

 Figure 6.3 compares the distributions of HP 13C MR metabolite intensities overlapping 

regions of high- and low-grade prostate cancer (as indicated in Figure 6.2), with statistically 

significant differences between tumors denoted by asterisks. The low-grade data include the ROI 

demarcated by the green trace in Figure 6.2a. The high-grade data are comprised of two ROIs 

encompassing the central intra-urethral tumor in Figure 6.2a and the entire large tumor in Figure 

6.2b (red traces). Consistent with prior publications (Nagarajan et al. 2012; H.-Y. Chen et al. 

2017; Gallagher et al. 2008), the high-grade tumors exhibited drastically lower values of ADC, 

normalized urea signal intensity, and pH (p < 1 x 10-4 each). The average pH of the low-grade 

cancer was 7.26 ± 0.24, and the average pH of the high-grade cancer was 6.89 ± 0.07. The 

differences in lactate-to-pyruvate ratio or normalized lactate signal were not significantly 

different between low-grade and high-grade (p > 0.25 each), due to the much higher lactate-to-

pyruvate ratio observed in the mixed benign/low-grade tumor ROI as compared to what has been 

observed in prior studies (A. P. Chen et al. 2007; Albers et al. 2008). 
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Figure 6.3: Box-and-whisker plots displaying ROI statistics between low- and high-grade tumor 
regions in both mice, as indicated in Figure 6.2. Statistically significant differences are 
designated using asterisks. (a) Apparent 1H diffusion coefficient (ADC); (b) normalized urea 
signal; (c) interstitial pH; (d) lactate-to-pyruvate ratio; (e) normalized lactate signal. 

 

6.5 Discussion 

 In these preliminary in vivo studies of the TRAMP model, we demonstrated for the first time 

the ability to obtain high-spatial resolution images of interstitial pH in addition to measures of 

glycolytic metabolism and perfusion within the same imaging exam (Wilson et al. 2010). The 

increase in spatial resolution of the interstitial pH images compared to prior publications using 



 120 

HP [13C]bicarbonate was facilitated through the use of [1-13C]1,2-glycerol carbonate (Chapter 3), 

which increased both the concentration and polarization of the resulting injected HP 

[13C]bicarbonate compared to prior studies.  Our initial HP 13C imaging data obtained from the 

TRAMP model are consistent with what has been previously reported in the literature (Albers et 

al. 2008; H.-Y. Chen et al. 2017). As seen in Figure 6.3, high- versus low-grade tumors 

demonstrated higher cellularity and reduced ductal morphology, reflected in a significantly lower 

average ADC value close to 1 x 10-3 mm2/s (Nagarajan et al. 2012), as well as reduced perfusion 

demonstrated by a significantly lower average normalized HP urea signal (H.-Y. Chen et al. 

2017). Moreover, this preliminary study indicated for the first time that high-grade prostate 

cancer has significantly reduced interstitial pH as compared to low-grade disease. It is 

hypothesized that this reduction in interstitial pH is predominately due to the following 

mechanism.  As the glycolytic activity of tumor cells increases, proton efflux from the 

intracellular space must also be upregulated in order to maintain the slightly alkaline intracellular 

pH of cells that is critical to their survival (Webb et al. 2011). Furthermore, export of lactate 

itself is necessary in order to maintain high levels of lactate production (Dimmer et al. 2000), 

since intracellular buildup of lactate could provide a negative feedback mechanism, both by 

LeChatelier’s principle and by product inhibition of the lactate dehydrogenase enzyme (Karlsson 

et al. 1974). If extruded protons cannot be cleared away effectively by nearby vasculature, the 

interstitium should acidify, leading to the characteristically low pH typically found in aggressive 

tumors (Wike-Hooley et al. 1984; Estrella et al. 2013).   

 In contrast to prior HP 13C pyruvate studies of the TRAMP model (A. P. Chen et al. 2007; 

Albers et al. 2008; Lupo et al. 2010), high-grade tumors in this study did not have a significantly 

higher hyperpolarized lactate or lactate/pyruvate ratios. This was due to the fact that the one low-

grade tumor studied had a lactate/pyruvate ratio greater than 2, which is a typical value for high-

grade disease in prior studies (A. P. Chen et al. 2007; Albers et al. 2008). This is likely an artifact 

of very high HP lactate signal in the intra-urethral tumor, leading to signal smearing into the 

region of low-grade tumor region in the one very small low-grade tumor studied. In contrast, less 

HP bicarbonate smearing was observed most likely due to a lower overall SNR, as compared to 

HP lactate, allowing clearer differentiation of pH values between low-grade and high-grade 

disease. Clearly, more studies need to be done to fully establish the relationship between reduced 

interstitial pH with increased lactate production and efflux as well as reduced perfusion in high-
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grade prostate cancer. However, these preliminary studies establish the feasibility of acquiring 

the necessary imaging and correlative biology studies to establish this relationship. Once this 

relationship is established, additional longitudinal studies comparing measures of interstitial pH 

with cancer progression and metastases will need to be performed to more fully understand the 

clinical value of HP [1-13C]1,2-glycerol carbonate imaging compared to a direct measure of 

glycolysis using HP [1-13C]pyruvate.  These studies represent the next steps to the work 

presented in this chapter.  

 

6.6 Conclusion 

 Interstitial acidification within tumors has been closely linked with upregulated glycolytic 

capacity. We demonstrate, for the first time, initial in vivo data using a transgenic murine model 

of prostate cancer that HP [1-13C]1,2-glycerol carbonate imaging of interstitial pH can be 

combined with HP [1-13C]pyruvate and 13C measures of glycolytic flux and perfusion. Our data 

suggest that pH differences can be measured between low- and high-grade tumor regions, 

corresponding to differences in cellularity, perfusion, and glycolytic activity. Future studies with 

more transgenic mice will hopefully confirm and further investigate these findings, potentially 

establishing interstitial pH as a powerful marker of prostate cancer aggressiveness and metastatic 

potential.  
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6.7 Supplemental Content 

 
Figure S6.1: Representative 1H diffusion-weighted images and ADC maps, with ROIs drawn for 
whole tumor in red. (a,c) reference images (lowest b-value) (b,d) ADC maps, without 
thresholding. (a-b) correspond to the high-grade TRAMP tumor. (c-d) correspond to the mixed-
grade TRAMP tumor and display the ROI for the consolidated central region in purple. 

 
Figure S6.2: Histograms of voxel ADC values within the ROIs defined in Figure S6.1. (a) 
Mixed-grade TRAMP tumor. (b) High-grade TRAMP tumor. The mixed-grade TRAMP tumor 
was also divided into two smaller ROIs: (c) a central region, (d) and a peripheral region.  
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Figure S6.3: 2-band Gaussian pulse calibration data in order to determine the tip angle correction 
factor for pH calculation. 2D CSI spectra were acquired from a spherical [13C]urea phantom 
while adjusting the transmit/receive offset appropriately in order to measure the 13C magnitude 
from each pulse band. The signal magnitude ratio determined from the 9 voxels displayed was 
6.58 ± 0.327. 
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Figure S6.4: 2D CSI spectra acquired from both mice. Color overlays pertain to the 
bicarbonate:CO2 ratio per voxel, which is displayed in the top right-hand corner for each 
spectrum. (a) full FOV with SNR > 3 for the mouse bearing a mixed-stage TRAMP tumor. (b) 
zoomed region on tumor, vertical scale adjusted in order to better visualize signal magnitude in 
tumor. (c) full FOV with SNR > 3 in the mouse bearing a late-stage TRAMP tumor.  
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Table S6.1: Summary of histological stains for tumors studied. All percentages are of total area 
on slide. PDT = poorly-differentiated tumor; MDT = moderately-differentiated tumor; WDT = 
well-differentiated tumor; PIM = pimonidazole; PA LN = periaortic lymph node. 

Mouse 
ID Region 

% Viable 
Tumor % PDT % MDT % WDT 

% Ki-67+ 
tumor  

% PIM+ 
tumor Mets? 

 

Intra-urethral 72.5% 70% 1% 1.5% 70.8% n.a. 
PA LN + 

liver MS469 Lateral/Dorsal 50% 0% 0% 50% 5% 0-1% 

 
Lateral/Ventral 100% 0% 30% 70% 19.5% 5% 

MS473 Middle + bottom 
cephalad 75-80% 98-99% 0% 1-2% 75% 15% None 

observed 
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Chapter	7: Conclusion	and	Future	Outlook	

 

 The expertise required to bring a hyperpolarized 13C imaging agent from concept to in vivo 

imaging spans a multitude of fields of study: chemistry, biochemistry, signal processing, spin 

physics, and thermodynamics, to name a few. The work outlined in this dissertation covers all 

stages of new pH imaging agent development, hyperpolarization strategies, and imaging 

techniques for use in preclinical studies of cancer. Most importantly, the techniques reported 

herein were conceived and designed with clinical feasibility and ease of translation at the 

forefront. Careful consideration was given concerning imaging agent selection in order to 

minimize toxicity concerns, and pulse sequences were designed primarily to be readily utilized 

on clinical MRI scanners. As such, the body of work in this dissertation is useful for clinical 

translation of pH imaging via hyperpolarized MR, which we anticipate will occur in the near 

future alongside clinical validation of hyperpolarized [1-13C]pyruvic acid. 

 With regards to characterizing and developing hyperpolarized pH imaging protocols, two 

strategies were pursued in this work. The first centered around improving the hyperpolarization 

of [13C]bicarbonate (Chapter 3) and utilization of hyperpolarized magnetization during MR 

imaging (Chapter 4). Although hyperpolarized [13C]bicarbonate has already been used 

extensively in the context of preclinical imaging (Gallagher et al. 2008; Wilson et al. 2010; 

Scholz et al. 2014; Ghosh et al. 2014; Drachman et al. 2016), it still suffers from inadequate 

generation of hyperpolarized signal as well as high-resolution MR imaging sequences that 

maximize signal use. The work outlined in Chapters 3 and 4, therefore, represent great strides in 

making hyperpolarized [13C]bicarbonate amenable to high-accuracy, high-spatial resolution pH 

imaging in vivo. These advancements made preliminary in vivo imaging studies possible within a 

transgenic prostate cancer mouse model (Chapter 6), which validated correlations between tumor 

grade, lactate production, and interstitial pH.  

 However, [13C]bicarbonate also carries with it some intrinsic properties that are detrimental 

to pH imaging and limit its applicability in vivo. Two of these major properties are its low 

effective pKa and its short apparent in vivo T1. Therefore, the second strategy pursued herein 

focused on development of alternative pH imaging agents that might provide longer-lived, 

higher-signal magnetization for tumor pH imaging (Chapter 5). The two hyperpolarized pH 
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imaging agents arising from this investigation, [13C,15N]ACES and [2-13C,D10]DEMA, hold great 

promise for providing pH information in vivo that cannot be accessed using hyperpolarized 

[13C]bicarbonate. These compounds, while providing distinct advantages over [13C]bicarbonate, 

also present potential challenges as chemical shift-based pH agents that will need to be 

surmounted in order to best utilize them for preclinical cancer imaging. Because, as of the date of 

writing, other chemical-shift agents have been reported for use with hyperpolarized 13C or 15N 

imaging (Jiang et al. 2015; Düwel et al. 2017), it is likely that developments using these agents in 

vivo will progress rapidly and may benefit from collaborations between research groups. 

 The research progress covered within this dissertation has opened up a vast and fruitful 

expanse of future research questions and technological advancements to pursue. With regards to 

technical development of hyperpolarized imaging, the chemical-shift agents developed herein 

still require a great deal of work in order to be successful in preclinical imaging. Further 

characterization of these compounds will identify the robustness of pH accuracy via chemical 

shift readout. In particular, the impact of pKa variability with ionic strength, imaging agent 

concentration, and presence of proteins and other biological entities will need to be measured. 

Advanced pulse sequence development, such as with Dixon-type approaches, may also improve 

the minimum attainable voxel size. The ability of these compounds to accurately measure pH in 

vivo will also need to be evaluated by head-to-head comparison with established imaging agents 

and techniques, including [13C]bicarbonate.  

 Once a robust imaging protocol is established, many research questions will be waiting to be 

answered by hyperpolarized 13C pH imaging. The interplay between tumor glycolysis, perfusion, 

and interstitial acidification in transgenic murine prostate tumors, which has begun to be studied 

in this work, will hopefully come to full fruition in the very near future. Establishing these 

correlations, as well as identifying the sensitivity and selectivity of pH measurement to tumor 

grade, will position pH imaging as a powerful modality for tumor grading. However, measuring 

interstitial pH will likely provide additional benefits besides monitoring tumor aggressiveness. 

Because of the pH dependence of therapeutic efficacy for many therapies, pH imaging is also 

anticipated to play a role in the prediction and evaluation of successful therapeutic intervention. 

Of particular interest in this regard is the field of immunotherapy. The efficacy of immune-based 

interventions may strongly depend on the acid-base status of the tumor microenvironment, 

especially considering the extensive body of literature suggesting that both acidic interstitial 
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tumor pH and high lactate concentrations can reduce antitumor function of infiltrating immune 

cells (Kellum et al. 2004; S. Y. C. Choi et al. 2013). It is possible that information regarding 

tumor pH may aid in developing new immunotherapies that are highly efficacious in combating 

aggressive tumors. 

 The role of hyperpolarized 13C pH imaging as compared with other clinical modalities for 

measuring pH is a topic well worth discussing. As of the date of writing this dissertation, CEST 

techniques employing amide proton transfer as a readout of absolute pH have been developed to 

the point of clinical implementation, although much work still remains before it is widely used 

for pH imaging of tumors (L. Q. Chen & Pagel 2015). This technique has several advantages 

over hyperpolarized imaging, including prior FDA approval of the pH-sensitive imaging agent, 

iopamidol, and lack of requirement for a dedicated polarizer. In contrast, hyperpolarized pH 

imaging has the benefit of lower SAR requirements and faster scan times. With phase II clinical 

trials for hyperpolarized [1-13C]pyruvic acid currently underway at several institutions worldwide, 

it is hopeful that this agent will be approved for clinical use. If pyruvic acid becomes 

implemented clinically, it is likely that a pH imaging agent, which can provide complementary 

information in the same timecourse of imaging, would find great utility for improving cancer 

imaging in patients as well.  

 It is the unique ability of hyperpolarized 13C imaging to track rapid, real-time metabolism and 

physiological processes that give it incredible potential for revolutionizing the field of medical 

imaging. The future likely holds many exciting developments in the realm of probing other 

aspects of the tumor microenvironment in order to better characterize its interactions with 

surrounding cells. The author’s opinion and ardent hope, expressed herein, is that hyperpolarized 

imaging in general will find application in the context of clinical imaging, providing biological 

information that was previously inaccessible and significantly improving patient outcomes and 

quality of life. However, it will only be by conducting preclinical and clinical research within the 

proper milieu, the right combination of interactions and collaborations between biologists, 

chemists, engineers, radiologists, and oncologists, that this will come to fulfillment. Monitoring 

(and building) that milieu, however, is outside the scope of this dissertation. 
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