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Abstract

For over a century it has been known that tumor hypoxia, regions of a tumor with low levels of 

oxygenation, are important contributors to tumor resistance to radiation therapy and failure of 

radiation treatment of cancer. Recently, using novel pulse electron paramagnetic resonance (EPR) 

oxygen imaging, near absolute images of the partial pressure of oxygen (pO2) in tumors of living 

animals have been obtained. We discuss here the means by which EPR signals can be obtained in 

living tissues and tumors. We review development of EPR methods to image the pO2 in tumors 

and the potential for the pO2 image acquisition in human subjects.

Introduction: The importance of imaging molecular oxygen in cancer 

therapy

A near universal characteristic of solid human tumors is hypoxia. Hypoxia is defined as 

clinically significant regions of a malignant tumor with low levels of molecular oxygen, or 

low values of pO2. Resistance of human solid tumors to radiation induced by such regions of 

hypoxia has been recognized for over a century.1 Similar resistance has more recently been 

noted for chemotherapy.2,3 Human trials investigating hyperbaric oxygen and hypoxic 

sensitizers to overcome tumor hypoxia have shown promise but limited success.4,5 

However, the extensive variability of tumor oxygenation, both in overall extent and in the 

location of hypoxic regions, may confound such attempts. The results demonstrate the 

importance of, assessment not only of overall tumor oxygenation, but of locating, through 

imaging, significant regions of hypoxia in the tumor. We will briefly review this data, and 

then discuss various alternative methods of measuring tissue and imaging tumor 

oxygenation.

Imaging Physiology in Living Animals

Short of transillumination, the first images of deep structures in living animals began with 

Wilhelm Roentgen’s discovery of the X-ray in 18956 Since then imaging modalities have 

evolved sensitivity to varied soft tissue states of animals and humans.7,8 In parallel, 

spectroscopies have evolved, revealing the physical aspects of solid and liquid states of 

matter. These states are the environment in which biologic processes evolve.9 However, 

living samples are heterogeneous. The full definition of physiologic states, thus, requires 

spectroscopic imaging. Various forms of spectroscopic imaging have evolved in the past 
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three decades. This makes available from the spectroscopic process information that 

localized within a subvolume of a living sample.10,11

The Nature of Molecular Oxygen

The oxygen molecule, O2, is a diradical with two unpaired electrons in the triplet state that 

define its interaction with other molecules bearing unpaired electron and nuclear spins and 

with electromagnetic radiation. It is a rapidly tumbling diatomic molecule with its two 

unpaired spins rapidly relaxing each other. Thus, the oxygen molecule in solution at room 

temperature has a nearly unmeasurably fast electron relaxation rate. When interacting with 

another molecule bearing a single highly stable unpaired electron spin-- a spin probe-- 

oxygen increases the relaxation rates of the probe, mainly via Heisenberg exchange12,13. 

The solution interaction rates between the spin probe and O2 are described by the 

Smoluchowski diffusion equation, which predicts a linear relation between pO2 and spin 

probe relaxation rate, validated for multiple free radicals14.

Measurement of Molecular Oxygen

A number of techniques for measurement of molecular oxygen have been developed. The 

chemical and physical properties of oxygen enable a variety of methods, each with their own 

applicability and advantages. The “gold standard” of oxymetry in cells and live animal 

tissues is the platinum electrode.15 A recent enhancement of the standard platinum electrode 

is the Eppendorf electrode. This is inserted into tissues of living animals and human subjects 

with a highly regular advance and retreat pattern for measurement consistency. It has a 200–

300 µm diameter tip that is inserted into the tissue, which measures oxygen along a series of 

tracks16. The OxyLite™ probe (Oxford Optronix, Oxford, UK) utilizes fluorescence 

quenching of fluorophore by oxygen17. OxyLite™ can be used for repetitive measurements 

in the same location or along tracks, although the 200 µm glass fiber will wander from a 

straight line sampling. The electrode and Oxylite provide highly local samples, and do not 

provide an overall inventory of the pO2 distributions in tissues.

There are a number of noninvasive qualitative oxymetries available. These include near-

infrared spectroscopy, typically of blood saturation, fluoramisonidozole retention PET18, 

and Blood Oxygenation Level Dependent (BOLD) Magnetic Resonance Imaging 

(MRI)19,20. These methods are subject to confounding variation that frustrates quantitative 

measurement, and, particularly if the animal is stressed or otherwise changes its state, 

prevents reliable repeated measurement. Phosphorescence quenching21, 19F22,23 proton–

electron double resonance imaging (PEDRI)19,24 and Electron Paramagnetic Resonance 

(EPR) are more quantitative pO2 imaging modalities. Despite their quantitative imaging 

capabilities, phosphorescence quenching, 19F MRI20 and PEDRI are still subject to 

confounding variation, most significantly from the effect of the concentration of the sensing 

molecule (the phosphorescent compound, the 19F for MRI, or the self relaxation of the 

electron bearing spin probe and the relaxation time of the water proton in PEDRI) on the 

relaxation rate-dependence on O2. Solutions to this problem have included the use of EPR 

with particulates or application of longitudinal or spin lattice relaxation rate EPR imaging of 
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soluble spin probes, that provide near absolute measurements of local pO2, with order-of-

magnitude reduction in confounding variation.

Principles of Electron Paramagnetic Resonance

The Electron Paramagnetic Resonance technique detects molecular species with one or more 

unpaired electrons: paramagnetic complexes, radicals, lattice defects, etc. Principles of 

magnetic resonance are covered in a number of books25–28. Here, we discuss essential 

relevant aspects of the technique for understanding EPR imaging and oxymetry.

An unpaired electron possesses an intrinsic magnetic moment not associated with its orbital 

angular momentum. The spin moment is  where g is the electron g-factor equal 

to 2.0023 for a free electron, μB is the Bohr electron magneton and ℏ is Planck’s constant 

divided by 2π.

A crucial difference between the technique of electron paramagnetic resonance and that of 

nuclear magnetic resonance and their respective imaging techniques is the difference in the 

magnitude of the magnetic moments. This three order of magnitude difference completely 

transforms the respective methods. Relativistic quantum mechanics predicts the spin 

magnetic moment μB to be, μB = ℏe/2πmc29, where e is the magnitude of the charge of the 

electron or proton, c is the speed of light and m is the mass of either the electron or, in the 

case of a hydrogen nucleus, the mass of the proton. The magnetic moment of the electron is 

1836 times larger than that of the proton. Due to the anomalous magnetic moment of the 

proton, which is 2.79 times larger than the pure relativistic prediction because of the finite 

size or non-point charge distribution of the proton, the actual magnetic moment of the 

electron is 658 times or still nearly three orders of magnitude larger than that of the proton.

In the presence of a static magnetic field (B0), the energy (E) of a magnetic moment depends 

on its orientation relative to B0. For a spin 1/2 particle (S=1/2), quantum mechanics 

counterintuitively requires orientations to be parallel (−) or anti-parallel (+) to the imposed 

magnetic field B0.

[1]

The difference between these energy levels (ΔE) can be described in terms of angular 

frequency (ω0) via Planck’s energy-frequency relationship.

[2]

Combining these two equations gives the relation between frequency and applied field as:

[3]

where γe = g μB/ℏ is the electron gyromagnetic ratio. This is equal to 1.76×1011 s−1T−1 for 

the free electron. The three order of magnitude smaller proton gyromagnetic ratio γp is 2.68 
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×108 s−1T−1. ω0 is known as the Larmor frequency, the Zeeman frequency or the basic 

resonance frequency.

The major instrumental consequences of these results are

1. The magnetic field at which an electron magnetic absorbs significantly more 

energy from the oscillating electromagnetic field -- resonance -- is approximately 

658 times smaller (=γp/γe) than that for a proton at a given excitation frequency, 

ω0. The “approximately” is due to the inevitable modification of the local 

environment of the resonating electron by the magnetic fields of nearby nuclei or, 

rarely, unpaired electrons. This means that at high field MRI frequencies, EPR 

imagers use much lower magnetic fields.

2. The rates at which excited electron spins relax are proportional to γ2.30 Electrons 

relax ~ (658(=γe/γp))2 or nearly six orders of magnitude faster than water protons. 

Electrons relax in times of nanoseconds to microseconds. Water protons and 

common nuclei relax in tens of milliseconds to many tens of seconds. Excited 13C 

enriched pyruvate, for example in human subjects, relaxes in ~ 1 minute.

The numbers of unpaired spins in common samples measured with magnetic resonance, 

either electron spins or nuclear spins, are very large, from a billion billion to a trillion trillion 

spins, which are thermodynamic numbers. These are subject to thermodynamic energy 

distributions, the Boltzmann distribution, with smaller numbers of spins in the higher energy 

orientation than in the lower energy orientation. The magnitude of the equilibrium 

magnetization is proportional to the imposed magnetic field, B0. The overall magnetic 

moment summed over all the magnetic moments of the spins is referred to as the 

magnetization of the spin system. The magnetization in a sample can be manipulated by 

addition of a second, oscillating magnetic field (B1). To be effective for S=1/2 states, B1 is 

oriented orthogonal to B0 and oscillates at frequencies close to the Larmor frequency. The 

time varying magnetic field B1 can add energy to the magnetization system. It accomplishes 

this by inverting the orientations of individual electronic spins and changing the direction of 

the overall sum of the unpaired spins, the magnetization. The phenomenological Bloch 

equation describes the time evolution of magnetization orientation in the presence of both B0 

and B1 magnetic fields25. In a coordinate system rotating at the spectrometer operating 

frequency where B1 is not changing, the return of transverse (MT) and longitudinal (MZ) 

components of magnetization to equilibrium in the absence of B1 is described by25:

[4]

[5]

Here, Ω is the difference between the Larmor frequency of the electron and the EPR 

spectrometer’s operating frequency. The longitudinal relaxtion time, T1, and the transverse 

relaxation time, T2, correspond to the relaxation of MT and MZ, respectively. T1 and T2 are 

Epel and Halpern Page 4

Methods Enzymol. Author manuscript; available in PMC 2016 March 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the inverses of the respective longitudinal relaxation rate, R1, and transverse relaxation rate, 

R2. The conventional EPR time domain signal, s(t), is proportional to MT. M describes an 

initial state of longitudinal magnetization. The longitudinal magnetization can be encoded 

into the EPR signal by using special pulse sequences. The transverse magnetization 

relaxation rate, R2, is commonly referred to as the phase memory relaxation rate. This is the 

rate at which spins that have been aligned by a very short duration pulse of oscillating 

magnetic field, which prepares them in a particular magnetization state, lose their coherent 

alignment in the time after the pulse.

The first EPR experiments were continuous wave (CW) EPR experiments. Here the B1 

excitation is applied continuously during an experiment or image. In a CW spectrometer, the 

EPR signal is produced by applying B1 at a fixed frequency ω0 and sweeping B0 through the 

resonance condition of Equation [3].28 In principle, the field B0 could be fixed and the 

frequency swept through the resonance condition of Equation [3], but the former approach 

simplifies the electronics and allows a simpler amplification of signal. An alternate strategy 

applied often to simpler, more robust systems, involves subjecting the unpaired electron 

spin-bearing sample, prepared in a magnetic field, to a high power pulse of radiation, of 

duration shorter than T2. This pulse aligns the magnetization in the magnetic field. Detecting 

the rate of decay of the magnetization signal is the basis of this latter experiment. This is 

referred to as a time domain experiment. It is important to note that the CW magnetic field 

domain spectrum is related to the time domain signal through a Fourier transformation.

[6]

Note that the factor γe converts magnetic field units into inverse time, or rate.

Oxymetry with EPR

Injectable, water soluble spin label or spin probe EPR oxymetry is a minimally invasive 

method that can report absolute pO2 deep in tissues31–33. In the 1980’s, EPR detection of 

oxygen using the broadening of the width of the EPR spectrum from a nitroxide spin probe 

was first reported by Backer et al.34 and Popp et al.35 and later extensively investigated by 

Swartz and coworkers14,33,36, by using various classes of spin probes. In the nineties, a few 

groups pioneered multi-dimensional CW imaging on rodents in vivo and ex vivo, enabling 

repeated measurements of oxygen concentrations in living tissues37–39.

The underlying mechanism of interaction between spin probe and oxygen is predominantly 

Heisenberg spin exchange.29 In this mechanism, the electrons from the rapidly relaxing 

oxygen environment, during the encounter with a spin probe, are not distinguishable from 

the electrons of the spin probe. The spin probe electrons thereby share their environment 

with that of oxygen during which time they relax more rapidly. The increased rate loss of 

both phase and energy of the spin probe electron is proportional to the rate of encounter with 

oxygen. This is directly proportional to the oxygen concentration and the oxygen partial 

pressure.
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EPR techniques like CW or time domain free induction decay (FID) pulse imaging, measure 

total EPR decay rates or line widths (LW) instead of the transverse or longitudinal relaxation 

rates. The total EPR decay rate/line width of free radicals is due to two major components: 

1) homogeneous broadening due to transverse relaxation and 2) inhomogeneous broadening 

due to the interaction of the electron with neighboring paramagnetic nuclei26,27. In the case 

of inhomogeneous broadening, the electron experiences the magnetic fields of multiple 

neighboring nuclei, which variably shifts the resonance frequency, creating hyperfine (HF) 

spectral structure. A more precise method for obtaining spin packet line width, that is used 

in continuous wave oxymetry, explicitly fits the EPR line to spectral models that include 

hyperfine structure, and accounts for the effect of the magnetic field modulation40–42.

In addition to partial pressure of molecular oxygen, details of EPR lineshape provide an 

insite into the thiol-disulfide balance or redox state, the related local bioreduction capability, 

the acidity (pH), the temperature, the presence of specific oxygen centered free radicals, and 

many others.43

Characterizing the spin relaxation by relaxation rates is the inverse of characterizing it by 

relaxation times. Relaxation rates are related to relaxation times, T: R=1/T. Relaxation rates 

can be multiplied by (γe)−1, the inverse of the gyromagnetic ratio, to allow expression of the 

rates directly in magnetic field units (µT). Thus, line broadening is directly related to 

relaxation rate increase. Relaxation rates naturally demonstrate the relationship between 

increasing numbers of relaxation mechanisms and increasing relaxation rates, or linewidths. 

This process also provides a conceptual link between parameters determined by CW and 

pulse methods. For Lorentzian line shapes, the half width at half maximum (HWHM) is 

equal to 1/(γeT2)=(1/γe)R2. For EPR lines with multiple broadening mechanisms, (1/γe)R2 

describes the homogeneous broadening of the EPR line (spin packet line width). In early 

CW oxymetry, the spin packet line width allowed the determination of pO2.

Transverse relaxation-based oxymetry is more susceptible to variation of other physical 

parameters beside oxygen partial pressure. Parameters such as temperature, viscosity and 

salinity are tightly controlled in the body of a living animal44. This allows a quantitative 

enumeration of their effects on relaxation, allowing correction and calibration of oxygen 

measurements. However, spin probe concentration may vary and affect the accuracy of line 

width/transverse relaxation rate-based oxymetry.

Spin Probe Sensitivity to Molecular Oxygen (O2 or pO2) and Other 

Environmental Factors

Heisenberg spin exchange between a spin probe and oxygen acts on the spin probe’s 

longitudinal relaxation in a manner nearly identical to action on transverse relaxation13,45. 

Importantly, other relaxation processes affect transverse and longitudinal relaxation 

differently. Electron spin exchange between two trityl spin probe molecules increases R2
13. 

The effect of the spin exchange between spin probes on R2 is dependent on the number of 

collisions per unit time, and, therefore, on the concentration of spin probe. R2 cannot 

distinguish between the dephasing effect of an interaction of a spin probe with oxygen and a 

dephasing effect of an interaction of a spin probe with another spin probe. The exchange of 
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energies between two spin probes, however, does not alter the total energy of the interacting 

spin pair, and therefore does not affect the spin probe longitudinal magnetization 

component. Thus, R1 is much less susceptible to self-broadening. R1 is nearly an absolute 

measure of oxygen concentration, or pO2. Fig. 2 shows the effect of O2 concentration, or 

pO2, on the relaxation rates, R1 and R2, to have identical slopes, but there is nearly an order 

of magnitude reduction in the dependence of R1 on spin probe concentration relative to R2. 

R1 is a near absolute measure of pO2 with precision exceeding 1 torr. This increase in probe 

specificity is a distinguishing feature of EPR oxymetry, in comparison with other 

noninvasive methods32.

The ability of an EPR image to quantify molecular oxygen dissolved in the life supporting 

solvents of a living animal and eventually a human is among the most important of its 

abilities. The absence of oxygen in the heart, brain, and limbs affected by peripheral 

vascular disease or diabetes, ischemic bowel, and portions of cancers of human patients 

rendered resistant to therapy by the absence of oxygen, is responsible for the death of greater 

than half of our species. The evaluation of treatments and pharmaceutical agents to 

ameliorate the hypoxic state promises to prolong the useful and involved lives of all of us.46

Radio frequency Magnetization Excitation is Necessary for In Vivo EPR 

Imaging of Large Animals and Humans

EPR imaging needs to be done under unusual conditions for eventual human application. 

Conventional EPR spectroscopy is usually carried out at frequencies of gigahertz to 

hundreds of gigahertz. Lower frequencies are required to penetrate deeply into the body of a 

human composed two thirds by weigh of salt water. The non-resonant loss of signal 

amplitude caused by conductive loss at low frequency, or dipolar loss at higher frequency, 

requires magnetization excitation frequencies of the order of hundreds of MHz for large 

human-size animals. This is the excitation frequency of a high field, whole body MRI. For 

small animals, frequencies of up to approximately 1 GHz can be used.47,48 As we mention 

above, unlike MRI, which requires multi-Tesla superconducting magnets, at 250 MHz, the 

B0 for EPR images is 9 milliTesla. These stationary magnetic fields can be generated by 

simple copper air core magnets. Small animal experiments to rapidly and efficiently evaluate 

treatment and pharmaceutical effectiveness, may use higher frequencies near 1 GHz (L-

band), that will give higher signals and will not suffer paralyzing loss that would make large 

animal experiments difficult. Because relaxation rates of even the most slowly relaxing 

aqueous spin probes are five to six orders of magnitude faster than those of a water 

hydrogen nucleus, fixed stepped gradients, tomographic image reconstruction and modest 

power requirements make the technique relatively inexpensive.

Dissolved Spin Probe Oxymetry

In general, quantification of aspects of the tissue microenvironment requires an 

environmental reporter and a readout technique. The reporter can be endogenous, such as 

water protons or sodium ions in MRI, or exogenous, such as implanted particulates or 

injected soluble spin probes. Endogenous reporters typically have much higher 

concentrations than exogenous ones and therefore, are easier to detect, but their localization 
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cannot be controlled. Consequently, they are non-specific and sometimes provide an 

overwhelming background signal that mask a signal of interest. On the contrary, exogenous 

spin probes can be specifically targeted to the areas of interest.

Endogenous paramagnetic species found in mammalian bodies include hemoglobin, 

metalloenzymes, but extremely low concentrations of unbound diffusible species except 

molecular oxygen. Metal centers and oxygen at animal body temperature have very short 

relaxation times, broad lines and thus are not easily and directly measurable at low EPR 

frequencies. Moreover, unbound diffusible paramagnetic metal species, can interact with 

and transform covalent carbon-carbon and carbon-hydrogen molecular bonds as they do as 

enzymatic reaction centers. Therefore, living systems have developed arrays of binding 

proteins to maintain endogenous diffusible concentrations below 1 nanomole because of this 

threat to covalent bonds of the molecules of living systems. At present, exogenous spin 

probes are really the only practical reporters, and appropriate spin probes are the key to 

successful imaging. The line width and relaxation times of the probe, and their sensitivity to 

oxygen, largely define sensitivity of methodology and pO2 accuracy. Probes with narrower 

line widths and longer relaxation times allow higher resolution imaging. High fractional 

sensitivity of line width to oxygen ensures better imaging accuracy. Finally, the spin probes 

should be minimally toxic and metabolically stable.

Summarizing the above, EPR oxymetric imaging requires a spin probe to sample the fluid 

environment and report the oxygen partial pressure through increase in its spin packet line 

width or, equivalently, its relaxation rates. Measurement of line broadening of nitroxide spin 

probes has, until recently, been the principle means of dissolved spin probe oxymetry. 

Hypoxic nitroxide relaxation rates, 1–2 µs−1, are still too rapid for imaging at several 

hundred MHz excitation frequencies. Tri-aryl methyl radicals, specifically, partially-

deuterated methyl-tris[8-carboxy-2,2,6,6-tetrakis[2-hydroxyethyl]benzo[1,2-d:4,5-

d’]bis[1,3]dithiol-4-yl]-trisodium salt, OX063, have an order of magnitude smaller hypoxic 

R1 value of 1/6 µs−1(T1.=6 µs) These relaxation rates enable pulse measurement and imaging 

at 250 MHz.49 R1, measured with inversion recovery pulse sequences, increases signal to 

noise by nearly a factor of two relative to electron spin echo imaging, which measures R2, 

and has reduced the confounding sensitivity of spin probe to the self-relaxation or 

broadening described above, by nearly an order of magnitude. This makes the spin probe 

measurement accurate to within 1–2 torr, an absolute measurement or image for animal 

application (vide infra).50

At present, two large classes of spin probes are used for in vivo oxymetry: Soluble free 

radicals and insoluble paramagnetic particles (particulates)51,52. They are introduced into 

animals in different ways and require different imaging methods.

Soluble spin probes

Physiologic EPR imaging has been enabled by the synthesis of free radical reporter 

molecules. These molecules distribute in specific physiologic compartments. Desirable 

characteristics for these probes include water solubility, kinetic and metabolic stability, a 

single narrow line resonance, line widths or relaxation rates directly related to pO2, 
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persistence of signal from tumors longer than imaging times, and low toxicity32. 

Historically, the first probes applied for oxymetry were nitroxides (Figure 1A)53,54,55,56.

Trityls

The recent success of spin probe oxymetry was enabled by triarylmethyl radicals (TAM 

radicals), which are also referred to as trityls (Figure 1B). Trityl compounds were developed 

by Nycomed innovation (later acquired by GE Healthcare; Little Chalfont, 

Buckinghamshire, United Kingdom). Trityls have extremely narrow, single EPR lines55. 

Those which are used for in vivo imaging are OX063 (16 µT peak-to-peak, p-p) and its 

partially deuterated form Ox63d24 (8 µT p-p) (Figure 1B). The trityl R1 and R2 is linearly 

dependent on pO2
55 (Figure 2). These molecules are triacid, charge 3- anionic and distribute 

in the extracellular fluid compartment32,57. In the blood stream of a mouse, the clearance 

halftime of these probes is 9 – 10 min, while in tumors they remain and provide strong 

signals for 40 – 50 min58. The dose at which 50% of animals die, the LD50, of OX063 is 

large (8 mmol/kg), which allows high dose injections59. Typically, 0.5 ml of 80 to 100 mM 

solutions at neutral pH are continuously injected intravenously (IV) into 20–25g animals to 

give tumor average concentrations of several hundred µM.

Particulates

A number of different solid, crystalline particulates have been used for EPR oxymetry: 

Activated charcoal, and lithium phthalocyanine60 and its derivatives with higher oxygen 

sensitivity, such as octa-n-butoxy-naphthalocyanine56 (Figure 1C). These insoluble 

particulate spin probes can be inserted surgically as several tens or hundreds of micron large 

polycrystals; injected in a form of slurry of finely ground powder; fed to an animal61; or 

implanted with tumor cells during inoculation in mice62,63. One of their major advantages is 

that the oxygen sensing is physically decoupled from the local environment. O2 must diffuse 

into a pore or channel where it interacts with an individual phthalocyanine molecule, which 

is part of a helical stack. The interaction locally breaks the symmetry of the exchange-

narrowed, electron cloud of the stack of phthalocyanine molecules lining the channel, 

increasing its relaxation rate or linewidth.

Limited mobility of particulates enables repeated measurements of oxygen concentration for 

an extended time. The higher concentration of unpaired electrons or spin density in 

comparison with a soluble probe produces higher signal and local sensitivity, although 

spectroscopy in the absence of imaging gives reduced knowledge of the location of the 

signal. Spin probe migration and degradation leads to loss of EPR signal intensity. There 

remain potential biocompatibility concerns with prolonged exposure of particulates to tissue, 

unless the spin probe is excised. Biocompatible coating of the crystalline probes may 

overcome some of these problems and enhance their clinical applicability64.

Techniques for EPR Imaging pO2

For imaging, the location in space of a paramagnetic species is encoded using magnetic 

fields that vary linearly in space, or magnetic field gradients, denoted by a vector along the 

gradient direction, G. Gradients are designed to alter only local amplitude and not direction 
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of the constant magnetic field. The additional magnetic field experienced by a species at 

position x in the sample is then ΔB=G·x. Here x is a three-dimensional spatial coordinate in 

vector form. Since, from Eq. [3], ω0 = γeB0, k = Δω0 = γeΔB this is referred to as frequency 

encoding. The space of frequencies is referred to as k space.49,65,66 Each measurement 

represents a trajectory in k space. The trajectory for a static gradient is a radial line. In the 

process of obtaining a CW spectroscopic image, B0 is swept. Fourier transform of the 

resulting spectra lies along the radial line. This is referred to as a projection, whose angles 

are defined by the directional part of G. Alternately, a very short pulse of radiofrequency is 

applied to the sample. This broadband pulse in the presence of a gradient excites all of the 

spins in the sample. The time trace of the pulse experiment can be mapped to k-space 

directly, as k = γGT. It is, thus, a very efficient imaging acquisition strategy. This strategy is 

referred to as radial imaging and requires filtered backprojection tomographic image 

reconstruction to recover the images. For oxygen imaging, pulse techniques are used with 

different detection times after a magnetization inversion to determine the spin-lattice 

relaxation rate.

A second method for encoding spatial position origin of signal is referred to as phase 

encoding. Because the relaxation of electrons is very rapid, a variation of the pulse phase 

encoding technology used in solid state MRI is used. This involves measuring a signal at a 

the single time point, tp, after a pulse that rotates the magnetization into a plane 

perpendicular to the magnetic field. Very rapid gradient vector angle and magnitude 

stepping to cover a 3D Cartesian grid is necessary. Coverage of k-space is produced by 

selection of gradient kijk = γGijk tp, one for each k-space point. The technique is referred to 

as single point imaging67. It produces images on a Cartesian grid with a much larger number 

of acquisitions than tomographic imaging.68 As a result, it is less efficient than filtered back 

projection, but freer from artifact imposed by radial k-space coverage.

Oxygen Imaging as Longitudinal Relaxation (R1) Parametric Imaging

Oxygen images are derived from three dimensional images of the average longitudinal 

relaxation rate of the trityl spin probe in each voxel or sub volume that is resolved in the 

image. This relaxation rate is related to the oxygen concentration or partial pressure through 

a relevant calibration.

[7]

where i=1 for longitudinal relaxation and i=2 for transverse relaxation. As shown in Fig. 2, 

the constant, b is far less sensitive to the concentration of spin probe for R1 than for R2. One 

of the main advantages of pulse methods, where multiple spatial images are obtained, each 

at a different delay time relative to a magnetization orientation pulse, is their ability to 

determine the relaxation rates directly. The 3D spatial images are reconstructed separately. 

Then in each image the voxel in the same location is selected. Pulse sequences that have a 

relaxation sensitive component (for example the delay) are used for imaging. This forms a 

time dependence of the signal for each voxel. Finally, this time dependence is fitted to 

exponential decay or recovery, and relaxation rate is extracted. The information obtained to 

reconstruct each image is obtained from different delay times between the inversion pulse 
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for R1 images, and from the echo time for R2 images. These times are so thoroughly 

interleaved (separated by a microsecond or less), that the reconstructed voxel locations are 

remarkably stable and reproducible. One of the advantages of the use of highly water soluble 

trityl spin probes is that their distribution volume is extracellular. Use of R1-sensitive pulse 

sequences virtually eliminates confounding variation from spin probe concentration-

dependent effects.

EPR imaging in Cancer Biology

Several laboratories report various spin probe EPR oxygen measurement techniques, 

including spectral-spatial continuous wave imaging and localized spectroscopies and pulse-

based imaging.69–74 Here we describe work in our laboratory focusing on images of tumors 

in animals – mice, although we have demonstrated both pulse and continuous wave EPR 

images from rats and rabbits.75,76 We will also describe our ideas for the progression of the 

technique of spin lattice relaxation (SLR) -based imaging of oxygen tumors to human 

subjects.

Validation of the Oxymetry in Animals

Validation of the biologic relevance of oxygen images in animals has required three sets of 

experiments. We first compared the pO2 from image voxels (volume elements) with point 

fluorescence quenching measurements using an Oxylite fiberoptic probe77. We used a 

stereotactic needle insertion device to locate the end of the 200 µm diameter optical fiber in 

a FSa mouse fibrosarcoma tumor, and registered it with the EPR oxygen image of the tumor. 

The Oxylite fiber tip was inserted just after tumor pO2 imaging, inside the imaging 

resonator/sample holder without disturbing the tumor location. The tumor born by the mouse 

leg in our resonator with the stereotactically registered fiberoptic probe is shown in Figure 

3A. Figure 3B shows examples of 0.7 mm thick pO2 image slices of a mouse leg bearing a 

tumor. Two orthogonal planes are shown, with a thick line indicating the path of the 

fiberoptic Oxylite probe, assuming the fiber to pass from the truly registered entrance 

straight along the axis of the resonator. The pO2 values measured in the Oxylite tracks as the 

probe was withdrawn from the tumor and the corresponding EPR pO2 values from voxels 

attributed to the track location are shown between the images.

For the second validation, we measured voxel pO2 values within regions of tumors, that 

were subsequently sampled by a number 12 breast biopsy needle, and compared them with 

the average levels of hypoxia induced proteins produced by the tumor cells. pO2 images of 

the tumor were registered with quantitative enzyme-linked immunosorbent assay (ELISA) 

determinations of the concentration of the hypoxia induced protein Vascular Endothelial 

Growth Factor from stereotactically localized biopsies from FSa fibrosarcomas. Fig. 4 

presents a scatter plot of 17 biopsies, showing typical biological scatter and high statistical 

significance. About 2/3 of the variation in the protein concentration is associated with the 

mean pO2, which arises from the image of the volume sampled. Approximately 100 image 

voxels were localized to each biopsy volume.78

Locally administered Tumor Necrosis Factor (TNF), produced by viral vectors carrying 

genes to promote the cellular synthesis of TNF (referred to as TNFerade) injected directly 
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into tumors, has shown dramatic sensitization of tumors to radiation therapy in early human 

trials. Although this method of treatment of tumors failed a phase 3 trial, there were a 

number of remarkable cures in phase 2 trials.79 This is contradictory to a history of tumor 

biology showing that hypoxia in tumors creates resistance to radiation therapy.1 This 

prompts inquiry as to the contradictory obliteration of tumor vasculature, which, in 

principle, would increase tumor hypoxia and increase tumor sensitivity to radiation. EPR 

pO2 images showed80 that tumor pO2 increased after TNF administration. These findings 

were consistent with the difficulty of chaotic, dysfunctional tumor vasculature to convey the 

51 kD TNF protein away from the injection site. Increasing vascular obliteration of intact 

microvessels, on the other hand, can rid the tumor of TNF. Thus, TNFerade pruned the 

tumor of chaotic vessels as predicted by Jain et al.81 Consistently, tumor sensitization with 

the anti-angiogenic drug, Sunitinib, which also interferes with tumor angiogenesis, has been 

shown to be associated with a similarly paradoxical increase in EPR image-based 

oxygenation from this anti-blood vessel agent.82 EPR pO2 images provide in situ 

information defining the molecular biologic response to the microenvironment pO2. EPR 

imaging is a powerful tool in defining graded molecular biologic response to 

microenvironment.

The pO2 images that have been obtained with longitudinal relaxation rate pulsed technology 

have spatial resolution of approximately 1 mm. A major question to be answered is the 

biological relevance of this resolution. This third validation asks whether or not these 

images can show, based on the fractions of tumor voxels with pO2, less than a particular 

threshold, and also, that they can predict outcomes of radiation treatment of tumors of a 

given size to a dose sufficient to cure 50% of the tumors. Fig. 5 shows the results of treating 

two different tumor types, a syngeneic mouse mammary tumor, MCa4, and a syngeneic 

fibrosarcoma, FSa, grown in the legs of C3H mice. The data demonstrate that a threshold of 

10% of voxels with pO2 less than 10 torr for FSa tumors, and 15% for MCa4 tumors, 

separates the tumor cure probability. Figure 5 dramatically shows that, for both tumor types, 

the probability for tumor control was significantly better, a factor of two or more better, for 

the hypoxic fraction less than the threshold than for the hypoxic fraction larger than the 

threshold. Therefore, the biomedical relevance of images with the 1 mm spatial resolution 

appears strong.83

Transient hypoxia can be imaged with EPR pO2 images

If tumor hypoxic regions are chronic and unchanging with time, then direction of local 

therapy such as radiation to such regions would be crucially important. However, if tumor 

pO2 distributions fluctuate wildly, such images become irrelevant. There is data showing 

fluctuations in tumor blood flow. This can influence oxygen concentrations.84 This may be 

linked to therapeutic resistance. Dynamic, rapidly acquired images of pO2 are necessary to 

establish this. Yasui et al. showed that pulsed EPR can monitor fluctuations in oxygen 

concentrations in mouse models85. Oxygen images acquired every 3 minutes for a total of 

30 minutes revealed large fluctuations in pO2 in some tumor regions. Redler et al. 

demonstrated that peripheral regions of tumors with intermediate levels of hypoxia, and 

which presumably have more intact vasculature, have larger spontaneous pO2 variations 

then more central regions of FSa fibrosarcomas.86 This EPR imaging technique, registered 
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with tumor locating MRI, may offer a powerful clinical tool to noninvasively detect variable 

oxygenation in tumors.

Effectiveness of localizing radiation to regions of the tumor with high 

hypoxic fraction using EPR pO2 images needs to be tested

The success noted above in identification of regions within a tumor whose voxels are 

hypoxic, and showing that large fractions of these voxels induce resistance to a 50% tumor 

control dose, leads to the question: Does treating only these regions of tumors with extra 

‘boost’ dose increase the tumor cure? This needs to be demonstrated in animal models prior 

to human applications. Figs. 6A and 6B show an hypoxic region defined in a mouse MCa4 

breast tumor, and a spherical volume for radiation boost treatment. This boost would be 

added to a 50% control dose given to the entire tumor. Figs. 6C–E show an XRAD225Cx 

system to precisely deliver the boost dose to the indicated region. A trial comparing the 

tumor control using such a boost with treatment to a well oxygenated shell of similar volume 

(an “anti-boost”) is underway.87

Summary

We have brought the technology for the EPR imaging of tumor pO2 to a point where 

quantitative images of oxygen in the tissues and tumors of living animals, with 1–2 torr pO2 

resolution and 1 mm spatial resolution, can be obtained in 10 minutes or faster. We have 

shown the biologic relevance of the oxygen images and demonstrated that they predict cure 

from radiation therapy. Rapid acquisition of EPR pO2 images will validate the relevance of 

transient hypoxia. We are in the process of validation of the potential use of EPR oxygen 

images in guiding radiation to resistant portions of animal tumors. A path to human 

applications may be possible.
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Figure 1. 
Chemical structures of typical spin probes : A. water soluble fully deuterated 6-member ring 

nitroxide; B. water soluble OX071 trityl, the deuterated methylene groups are marked with 

*; C. particulate LiNc-BuO spin probe.
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Figure 2. 
A and B - relaxation rates of OX063 dissolved in saline at 37°C. The range of the measured 

spin probe concentrations is considerably larger than the one observed in vivo. C. Relaxation 

rate image. D. Relaxation rates in position marked as [1] in Fig. C. Rates are measured as a 

function of spin probe concentration while spin probe is infused at different rates, from low 

to high. The slopes of concentration dependence are given in the plot.
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Figure 3. 
A. Leg born mouse tumor in an EPR pO2 imager with an Oxylite fiberoptic pO2 probe being 

launched into a tumor from a stereotactic frame. B. Two examples of the correlation 

between EPR and fiberoptic pO2 data. Left and right panels: Sagittal and coronal slices 

showing tumor pO2. The assumed probe track is shown as a black line in the images. Middle 

panel: Plot of the oxygen values from the Oxylite™ track (filled circles) and pO2 image 

(open circles). The remarkable correlation between these values was observed.

Epel and Halpern Page 20

Methods Enzymol. Author manuscript; available in PMC 2016 March 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Correlation between hypoxia and VEGF content. Fraction of volumes in the biopsy with 

pO2 less than 10 torr, HF10 from the EPR oxygen image vs VEGF concentration in 

picograms per microgram of total protein.
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Figure 5. 
The outcome of a single X-ray dose treatment. Kaplan-Meier plots for two groups of 

animals separated according to their tumor hypoxic fraction (HF10), a percent of voxels in 

the pO2 image with pO2 below 10 torr. A. FSA tumors treated with 33.8 Gy. Wilcoxon test 

shows that HF10 >10% threshold is a significant predictor of tumor failure (p=0.0138). B. 

MCa4 tumors treated with a single dose in the range of 66–72 Gy. Wilcoxon test shows that 

HF10 >15% threshold is a significant predictor of tumor failure (p=0.0193).
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Figure 6. 
EPR oxygen image of the leg tumor. A. Oxygen map with tumor contour transferred from 

the registered MRI image. B. Boost (red line) and anti-boost (shaded area) as determined by 

the boost planning software. C. D. and E. XRad225Cx small animal cone beam CT imager 

and irradiator. D. Animal bed. E. Collimator.
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