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Abstract

Yakov Sergeevich Lebedev was a pioneer in high-frequency EPR, taking advantage
of the separation of g-factor anisotropy effects from nuclear hyperfine splitting and
the higher-frequency molecular motion sensitivity from higher-frequency meas-
urements (Appl Magn Reson 7: 339-362, 1994). This article celebrates a second
EPR subfield in which Prof. Lebedev pioneered, EPR imaging (Chem Phys Lett 99:
301-304, 1983). We celebrate the clinical enhancements that are suggested in this
low-frequency work and imaging application to animal physiology at lower-than-
standard EPR frequencies.

Abbreviations

EPR Electron paramagnetic resonance

0, Molecular oxygen

pO, Partial pressure of dissolved molecular oxygen
MHz Megahertz, units of 10° Hz

WWII World war two

RF Radiofrequency

P Charge density

J Current density

o Material conductivity

E Electric field intensity

B Magnetic field induction

0} Electric and magnetic field temporal angular frequency
v Electric and magnetic field temporal frequency
A Wavelength

k Wave number =2n/A

€ Local material permittivity

P4 Howard J. Halpern
h-halpern @uchicago.edu

Center for EPR Imaging in Vivo Physiology, University of Chicago, Chicago, USA
Department of Radiation and Cellular Oncology, University of Chicago, Chicago, USA

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00723-020-01261-7&domain=pdf

888

H. J. Halpern, B. M. Epel

ESE
SLR
IRESE

0X071
Rle

R2e
Tle

Cw

mT
mT/m
TCD
TCDn
Gy
FSa

MCa4

RTOG

XRAD225Cx

@ Springer

Local material permeability

Electron spin echo

Spin lattice relaxation

Inversion recovery electron spin echo, a SLR based but echo
detected measurement used in pO, imaging

Also known as OX063d,,, the spin probe capable of quantitative
pO, imaging

Longitudinal electron relaxation rate

Transverse electron relaxation rate

1/R1e Longitudinal electron relaxation time for signal reduction by
1/e

1/R2e Transverse electron relaxation time for signal reduction by
1/e

Continuous wave (measurement technique)

Delay time between (1) the 90° pulse rotating magnetization
initially oriented in the direction of the tmain magnetic field to a
direction transverse to that direction, allowing regions of higher
or lower magnetic field to develop larger or smaller phase delays
and (2) the 180° pulse rotating the magnetization about the main
magnetic field direction to correct for the local magnetic field
inhomogeneities leaving only information from intrinsic transverse
relaxation processes.

Delay time between (1) the 180° pulse rotating magnetization
initially oriented in the direction of the tmain magnetic field to the
opposite direction and (2) the 90° pulse rotating magnetization to
a direction transverse to that direction, the beginning of a fixed t©
electron spin echo magnetization readout

Millitesla

Millitesla/meter measure of magnetic field gradient strength
Tumor control dose

Tumor control fraction n at a particular dose

Radiation dose in Joules of energy deposited per Kg material

A mouse fibrosarcoma tumor type grown in the progeny of the
specific mouse type referred to as C3H that originally developed
the fibrosarcoma in response to irritation from repeated application
of methylcholanthrine dye

A mammary carcinoma that developed spontaneously in the same
mouse type as the FSa fibrosarcoma and grown in the C3H mouse
type progeny.

Radiation Therapy Oncology Group, a US national cooperative
group organized for the purpose of conducting radiation therapy
research and clinical investigations.

Precision x-ray small animal x-ray radiator and computed tomogra-
phy machine, North Branford, CT
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1 Introduction
1.1 Short History of Low-Frequency EPR

Yevgeny Zavoisky’s observation of resonant absorption of electromagnetic energy was
the first observation of spin magnetic resonance in liquid copper chloride solutions
although spin magnetic resonance had been long predicted. The resonance frequency
was 133 MHz in a 47.6 Gauss electromagnet [1]. As expected, the EPR was born at
low field. The development of radar during the preparation for WWII stimulated the
development of higher-frequency and higher-power RF/microwave devices eventually
including the magnetron, the klystron and other devices propelling the increase of spec-
tral information available from those devices. In this tribute to Yacov Lebedev, who
pioneered or at least was among the pioneers of EPR at thousand times the frequency
used by Zavoisky [2], we think it useful to recognize that important biologically rel-
evant and possibly medically relevant information can be obtained through another of
Professor Lebedev’s pioneering work, that in EPR imaging [3]. In lossy animal sys-
tems, this further draws attention to the usefulness of EPR measurements at lower fre-
quency to afford access to biologic information deep in living tissues of animals and
our dearest among them, the human.

1.2 Tissue Penetration

The most important consideration from the perspective of intended EPR images in
human subjects is the ability for the exciting radiofrequency/microwave frequency to
reach all parts of a human body. A physicist who understands the primarily non-reso-
nant absorption of electromagnetic energy by lossy living tissue recognizes the impor-
tance of reducing the RF frequency to reach deeper into human tissues. We spend a few
lines reviewing the physics (Maxwell’s equations) of RF penetration of lossy human
tissues.
Maxwells equations:

eV-E=p 1)
V.-B=0 2)

oB

VXE+—=0

+6t 3)

1 oE

—VXB—-—e— =J=0cFE

P € o 4)

where ¢ is charge density, J is current density, o is the material conductivity, E is the
temporally and spatially oscillating electric field intensity with angular frequency
® (=2nXxthe frequency v and wavenumber k (2r times the inverse of the wave-
length A), B is the corresponding magnetic field induction e is the local material
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permittivity and u is the local material permeability. The permittivity can develop an
imaginary component when there are dielectric losses as the electromagnetic wave
passes through a lossy medium, where the electromagnetic wave causes dipolar mol-
ecules to rotate creating frictional losses. Combining these and recalling that the curl
of a vector field is the gradient of the divergence minus the Laplacian lead to a wave
equation in both £ and B

0*E JE
VE -2 —oy5+v( ) (5a)
0°B oB
VZB—€/4¥=O'ME (Sb)

In conducting media, local space charge gradients are rapidly quenched leading to
the disappearance of the second term on the left of (5a), the only inhomogeneity in
Egs. (5a, 5b), although this is also a consequence of the general disappearance of lon-
gitudinal components of propagating plane waves. (Corson and Lorraine, Electromag-
netic Fields and Waves, W. H. Freeman, 1962). The result is an attenuated wave equa-
tion in the matter for the field vectors E and B.

0°E _

V2E — ep— % ok

0’E

where ¢,, = 1/4/eu is the wave speed in medium m and c is the speed in free space.

0’B

V2B — ep— % oB

=V’B - [1/c2]02—B =op— (6b)
m o at

The terms on the left of Eqs. (6a, 6b) are separate second derivatives with respect
to space and time allowing a solution that is, if the medium conductivity ¢ is zero,
able to propagate undiminished through space. If the constants for the derivative on the
right side of the equation are positive, these are damping terms whose solution is eas-
ily characterized by a wave that diminishes in amplitude as it propagates through space
depending on c.

Without too much loss of generality, we can consider the electromagnetic distur-
bance, E and B, to be a planar wave propagating in the z-direction k. In that case, we
can rewrite Eq. (1) as

dE,
eV -E=e— =9 7
dz
and take its second derivative
@E,, _ do/e)
dz dz

k ®)

From Eq. (6a), we have
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&PE, . d°E,  d’E, 0% (E i+ E,j+ Ek) O(Ei+Ej+EKk) d(o/e)
1i+ j+—k—e/4 + uo o + 7 k.
Z

V’E =
dz? dz? dz? or

Cancelling the last two terms on each side of Eq. (8) for plane waves
E| = E,i+ Ej with constant magnitude, just beyond the interface between vacuum
(€ = €9, u = y), and a conducting medium conductivity o and permittivity &,

0’E,| te dE,

=0
c?tz dt

€

The frequency of the electromagnetic wave is v=wm/2x, the angular frequency,
then we can write

EJ_ — EJ_Oe—i(kz—a)t)—Z/(s

where k = <E> = ﬂ.

A
6 is the skin depth the depth at which £, diminishes by 1/e.
o= ~ 1/2/(wvopu) for a good conductor where
1 2\ 2 :
27rv|:(%>2:|[(1+(2—€> ) —l:|
20 /ev > 1.

Figure 1 from Roschmann [4] shows measurements of the effective skin depth
from measurements in patients as a function of the radiofrequency roughly verify-
ing the predicted increased fall-off with frequency. A key point is that low RF fre-
quency, significantly less than 1 GHz is necessary to penetrate to the depths of living
tissue in the human body. A wealth of information establishes that at~0.5-1 GHz,
the absorption of RF energy transitions from dipolar energy interaction with water
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to conductive loss through stimulation of conductive oscillations from the dissolved
electrolytes in living tissue [5—7]. Perhaps more important is that tomographic
reconstruction requires low-frequency electron spin excitation. Deep penetration of
tissues for human use will be limited to below 250-300 MHz, corresponding to ana-
tomic imagers using 6.25-7 T magnetic fields for water proton-based MRI. There
are at present human systems up to 10.5 T (450 MHz), but these are principally lim-
ited to head MRI [8-11].

1.3 Signal-to-Noise at Lower Frequencies in Lossy Living Samples

Simple considerations of the dependence of the signal as a function of frequency
would argue that it increases as the square of the frequency v, one for the increase
in the energy levels with the resonant magnetic field and another for the inductive
coupling to the resonator. However, similar simple arguments indicate that noise
increases as 1'% so that SNR increases as v*2. Halpern et al. [12] reviewing signal
loss in tissues (e.g., Hoult and Lauterbur [13] who concluded with sample losses
an SNR frequency dependence of ~v) including sample losses opined a much lower
loss, 1°%. This agreed with the subsequent careful analysis by Rinard et al. [14].
Thus, in the context of living samples, oversimplified analysis overestimated the loss
in SNR at lower frequencies. There was a good chance that valuable information
might be available from images obtained at these frequencies.

1.4 EPRImaging
1.4.1 The Possibility of EPR-Based Molecular Oxygen Imaging

The absence of molecular oxygen, O,, in malignant tissue enhances therapeutic
resistance.

Schwarz in 1909 first demonstrated (on himself) the surprising reduced effect of
radium y-ray toxicity in the skin whose blood vessels were occluded [15]. It was
soon recognized that virtually all living things were susceptible to hypoxic resist-
ance to radiation. When Thomlinson and Gray [16] found viable tumor layers in
sections of lung cancer with remarkably consistent 150-micron thickness, they
hypothesized that these represented the diameter of the diffusion cylinder about a
tumor feeding capillary, the so-called Krogh cylinder, through which oxygen could
pass before being exhausted by cell/tissue metabolism. The edges of these cylinder
boundaries clearly demarcated the edge of dead or necrotic lung tissue. They also
hypothesized that the edges of the layers would be hypoxic. This hypoxic tissue,
“hypoxic rims” would then be the principal source of resistance of malignancy to
cancer therapy.

The recognition of the presence of hypoxic resistance ignited a considerable
effort in the 1970s to eliminate hypoxia in tumors. An initial set of 100% inhaled
oxygen trials failed to show increased tumor control, but emphasized the buffer-
ing capability of living systems to regulate relatively narrow limits on viable tissue
pO, [17]. Trials of three atmospheric pressure 100% hyperbaric oxygen in a 2-in.
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thick Plexiglas chamber during radiation treatment compared with normal radiation
showed statistically improved local control and survival [18, 19]. However, the com-
plexity of such treatments and the death of an oncologist from an explosion dis-
couraged general acceptance. In the 1980s and 1990, nitroimidazole oxygen mimetic
compounds that distribute with more facility in the chaotic vasculature of malig-
nancy than molecular oxygen delivered by hemoglobin in vascular red cells. These
again showed promise but provided less advantage and more toxicity than what is
necessary to convince clinicians of utility [20].

However, in the 1990s, data were accumulated from multi-sample (typically >
30) local (300 um diameter volume of sensitivity) polarographic oxygen electrode in
multiple types of human tumors. These indicated that (1) tumors have different frac-
tions of tumor hypoxia, defined as a fraction of measurements of pO, <10 torr, and
(2) tumor control with radiation was statistically significantly double the rate when
the mean or median pO, was < 10 torr [21]. The question then raised is whether
there are tumor regions large enough to identify with the resolution of an EPR-based
pO, image and whether the direction of radiation based on the EPR pO, image can
improve tumor control.

1.5 Minimizing Confounding Variables Affecting the Accuracy of EPR pO,
Oximetry, a Summary

The attraction of using linewidth to measure the dissolved rapidly relaxing para-
magnet in a biologic solution is its simplicity. This can be accomplished naturally
with continuous wave (CW) techniques or with the theoretically, but not technically
equivalent Fourier transform of a free induction decay (FID) using pulse techniques.
These techniques allow the recovery of the array of spectral parameters that reflect
the environment and motion of the spin probe/spin label, hereafter referred to as the
spin probe. However, to focus on the environmental condition of the local O, con-
centration or partial pressure requires desensitization to those effects.

These confounding effects might include temperature dependence of the widths
or relaxation rates, but in vivo, this is tightly regulated. Animal environments
also rigorously maintain tight constraints on solution tonicity, maintaining them
at 310 mOsm. Local viscosity can affect relaxation mechanisms as well, but the
development of spin with defined but relevant fluid compartment distribution pro-
tects against confounding variation. Labile diffusible metal ions are very difficult to
detect in the living system but estimates from scientists and physicians specializing
in metal (iron, copper) overload disease opine very low concentration of diffusible
paramagnetic metal species. They are rapidly bound by carrying proteins. Hydroxy-
lated metal concentration in aqueous is estimated to have concentrations estimated
in the few nanomolar range in the environment [22]. The single major confound-
ing variation from spin probe-based solution measurement of O, concentrations or
partial pressure is the broadening effect of the spin probe itself, particularly as the
O, concentration is significantly exceeded by that of the local spin probe, even if the
exchange efficiency with the probe is significantly less than that of O, [23].
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894 H. J. Halpern, B. M. Epel

One solution to this has been the development of carbon particulate probes
which are, at this writing, either crystals of lithium phthalocyanine [24] or
butoxy lithium napthocyanine [25], or selected carbon chars including specific
India inks, the latter of which are the material of human tattoos and, therefore,
automatically allowed in human subjects. These materials appear to consist in
part of stacks of planar carbon molecules arranged about a pore large enough to
freely admit O, molecules. These materials have a high unpaired electron den-
sity which rapidly exchanges along the pore surface. Di-paramagnetic molecular
oxygen interferes with the rapid exchange, increasing the width of the exchange
narrowed Lorentzian EPR signal. This gives these species high signal and high
change in linewidth as a function of pO,. They are most often prepared as a slurry
of material and injected into animal tissue or, in the case of India inks, the skin
or several mm linear dimension of tissue and detected from the animal surface
using surface coils. Batches of the phthalocyanine crystals and other carbon chars
have a sample-dependent linewidth vs pO, calibrations requiring individual sam-
ple calibration, likely due to the heterogeneity of crystal morphology. Particulates
have been used in single or multisite spectroscopic oximetry but not in animal
imaging. What is particularly attractive about these molecules is that the oxime-
try takes place in the internal pore of the crystals and, therefore, not susceptible
to effects external to the crystal pore. This substantially frees the measurements
from the above confounding variation. Repeatable measurements have been per-
formed using India ink in human subjects over periods of years [26].

The second approach has involved fortuitous spin probes and pulse spin—lat-
tice relaxation techniques enabled by these spin probes. As noted above, there is
a variety of infusible soluble spin probes, which can be chosen according to their
octanol partition coefficients to distribute variably but controllably in various tis-
sue compartments: intravascular, interstitial but extravascular and extracellular,
and intracellular. Nitroxides have been extensively reviewed [27]. A remarkable
group of tri-acid carbon-centered spin probes, MW 1.1-1.8 KD was developed
by Lars-Goren Svensen, Jan Henrik Ardenkjaer-Larsen, and Klaes Golman in
the Nycomed subsidiary of what is now GE Healthcare [28]. The size and tri-
ple anionic character of the molecules limited them to extracellular distribution.
The alcoholic decorations on the sulfur bridging carbons of this tri-aryl molecule
shown in Fig. 2 minimized toxicity to the point where rodent models tolerated
hours of infusion on multiple occasions with extremely low noted toxicity attrib-
utable to the spin probe. The deuterated form referred to as OX071 Fig. 2 has an
8 uT hypoxic linewidth and a strong signal at local animal tumor concentrations
of 200-300 pM. The OX071 hypoxic longitudinal relaxation time 7, is 7 ps and

Fig.2 OX071 with deuteration H/D . H/D
site indicated HO ﬂ Ca ﬂ OH
S S
S S
o co, Natl  OH
H/D H/D
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its transverse relaxation time 7, is 6 ps contrasting with nitroxides whose long-
est hypoxic 7T is 1 ps and 72 is 0.5 ps at 250 MHz. This near order of magnitude
increase in relaxation time enables pulse acquisition.

1.6 Evolution of our Approach to pO, Imaging in the Tumors of Live Mammals

Our initial approach to quantitative oximetry and oximetric imaging was to use a
four-dimensional spectral-spatial imaging technique with signal overmodulation
[29], and fixed-stepped gradient direction and amplitude tomographic image acqui-
sition over periods from 30 to 45 min [29, 30]. Beginning in 2006, we started to use
stepped gradient direction tomographic image acquisition with electron spin echo
(ESE) and phase relaxation images [31]. During the period from 2008 to 2010, with
careful maintenance of the signal amplitude during image acquisition, we obtained
oxygen images in animal tumors with hypoxic voxel pO, resolution of 5-7 torr [32].
In 2010, we realized that spin—lattice relaxation (SLR) inversion recovery images
with a fixed echo electron spin echo readout (IRESE) improved the hypoxic voxel
resolution for our normal 10-min images to 1 torr as shown in Fig. 3 [33, 34].

The reason behind this is that spin—lattice relaxation pathway is associated with
the spin probe magnetization energy deposition into the two unpaired spins of
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Fig.3 a Comparison of SLR relaxation homogeneous sample measurements Rle=1/Tle response to
pO, (open circle) with that of ESE relaxation R2e=1/T2e (filled circle) (note shift of R2e intercept). b
Comparison of Rle (open circle) response to spin probe concentration with that of R2e (filled circle).
Slope of R2e is 4.86 that of Rle. ¢ Sagittal plane from leg tumor pO, image with tumor [52] and normal
tissue [53] region indicated. d Comparison of in vivo response of Rle (filled circle) with that of R2e to
spin probe concentration. Slope ratio is similar to that of B [33, 34]
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oxygen, while phase relaxation can be sensitive to spin—spin interaction and associ-
ated relaxation pathways that bear strong dependence on spin probe concentrations
and other environmental parameters. The upper bounds on concentrations of other
diffusible paramagnetic species are several orders of magnitude smaller than those
of oxygen and the spin probe. Beginning in 2010, IRESE has been used to obtain
pO, images.

1.7 Can EPR pO, Imaging at Low Frequencies Provide Compelling Evidence
for Advantage Hypoxia Targeting with Radiation

In addition to his pioneering work in high-field EPR, Yacov Lebedev pioneered in
the development of EPR imaging [3]. Our interest in imaging has, since its incep-
tion, been stimulated by the early publication of Backer et al. [35] demonstrating
the sensitivity of the superhyperfine spectral definition of a nitroxide spin label/spin
probe to the solution concentration of molecular oxygen. This, in turn, was based on
the Freed group publication of Heisenberg spin exchange as a principal mechanism
by which dissolved paramagnetic materials broadened spectral line, a spin—spin
exchange mechanism [36, 37]. The appreciation of the possibility of a quantitative
molecular oxygen image based on spectroscopic [38] or spectral-spatial [39, 40]
EPR image was stimulated by these convergent developments.

The construction of a 250 MHz imaging spectrometer capable in principle of
distinction of two adjustable orthogonal horizontal magnetic field gradients to pro-
duce a two-dimensional spatial-one-dimensional spectral image [41] furthered this
possibility.

1.8 Imaging Technique

CW image methods: each gradient was generated by two pairs of rectangular cur-
rent loops. Each pair generated a relatively uniform magnetic field but in opposite
directions creating a linear gradient field between them. Each quadruple of coils was
powered by one axis of a Copley 262 switching mode gradient supply. The gradient
parallel to the main field was a Maxwell pair. The main field was a four-coil 8th-
order corrected coil set as described by Rinard [42]. The gradient magnetic fields
generate 66 spatial directions and 14 spectral angles, i.e., gradient magnitudes maxi-
mum 30 mT/m, overall 924 projections with a spatial field of view 3.0 cm and a
spectral field of view of 0.1 mT. Imaging time was 30 min. Simple 1 loop—1gap loop
gap resonators were used [31].

Pulse image methods: the above gradients and main magnet were used. Equal
solid spatial angle gradient scheme used 208 projections; gradient magni-
tude =15 mT/m:; field of view 4.24 cm; baseline acquired every fourth trace overall
53 traces; 35 ns 7/2 and ® RF pulses, 16-step phase cycling, 40,000 acquisitions,
including phase cycling; images with five different T for ESE [31] or eight different
Ts for IRESE [33, 34] logarithmically spaced.
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1.9 The Biologic Validation of EPR pO, Imaging

We briefly review a few validating experiments from the three different pO, imaging
approaches from our laboratory.

1.10 Can EPR pO, Images Obtained With CW Spectral-Spatial Images
Correlate Point by Point With Oxylite Phosphorescence Quenching pO,
Measurements?

Oxylite is the successor to the Eppendorf needle electrode referred to above as re-
establishing the appreciation of the correlation between tumor failure when treated
with radiation therapy and the fraction of tumor samples with pO, less than a spe-
cific threshold, most commonly 10 torr. We developed a stereotactitic needle holder
shown in Fig. 4 from which to launch the Oxylte fiberoptic probe into a tumor while
the tumor was located and immobilized in the imager resonator. Without significant
perturbation of the tumor immobilized in a rubbery semi-circumferential dental
mold, cast (Ennimax, vinyl polysiloxane) was punctured with a sharp scalpel and
the 230 pM diameter optical (glass) fiber was pushed into the tumor tissue to the
opposite side of the tumor and then withdrawn in 1 mm steps. An equilibration time
of 1 min was taken before recording the relaxation signals from a 250-300 diameter
Ruthenium-III-(Tris)chloride embedded in silicone polymer excited by a pulse from
the blue light-emitting diode [43].

In Fig. 5, two orthogonal pO, slices of the pO, image are shown. They inter-
sect at the path of the Oxylite track shown as the black line in Fig. 5a, c¢. Quan-
titative pO, values from both the Oxylite track and two adjacent pO, image
tracks are shown in Fig. 5b. Coordinates refer to the image coordinates with
zero offset approximately in the center of the resonator and the tumor. Figure 5a
shows a sagittal slice of the quantitative tumor oxygenation image with a color

stereotactic needle localizer

Fig.4 Diagram and photograph of the Oxylite probe, mounted in the stereotactic frame and penetrating
the FSa tumor in the hind leg of a C3H mouse immobilized in the EPR resonator. The Oxylite probe
was advanced to the length of the tumor. Spatial coordinates of probe tip can be controlled within 2-mm
accuracy. For scale, the diameter of the tumor-bearing inductive element of the resonator (the hole
through which the tumor-bearing leg extends) is 16 mm. a Diagram of the stereotactic mount for the
delivery of the Oxylite probe. b Photograph of the same showing the Oxylite probe penetrating the tumor
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Fig.5 a, ¢ EPR Orthogonal pO, image planes through the Oxylite tracks. b (Open circle) pO, values
from adjacent tracks in image c (filled circle) Oxylite pO, values [43]

bar representing the fitted Lorentzian spectral width-based pO, estimate of each
image voxel. This is derived from the four-dimensional EPR pO, spectral-spatial
image of the tumor-bearing leg, the example of which is shown in Fig. 4. In c,
adjacent tracks are shown in black and white in the coronal image. The Oxylite
track values (filled circle) and the two adjacent black and white tracks’ pO, val-
ues from (c) (open circle) are shown in Fig. 5b. The oxygen image “track” with
the higher values corresponds to the black track in Fig. 5c. The error bar along
the abscissa of Fig. 5b represents needle location uncertainty (2 mm). The disa-
greement between image and Oxylite at the right of Fig. 5b is expected since this
is the entrance of the needle where the scalpel has disrupted the tissue. Another
sixteen tracks with similar agreements are shown in Elas et al. [43].

Do multi-voxel pO, sample hypoxic fractions defined by CW spectral-spatial
images significantly correlate with tumor sample hypoxia proteins?

A striking and perhaps expected finding of the 1990s was the existence of an
array of correlated cell, tissue, organ, and organism molecular biology pathways
responsive to local hypoxia. For the discovery of Hypoxia Inducible Factor(s),
HIF, [44, 45] Gregg Semenza was awarded part of the 2019 Nobel Prize in
Physiology or Medicine. A test of the physiologic relevance of pO, images lies
in its ability to correlate with hypoxia response proteins known to be increased
in response to hypoxia. Vascular endothelial growth factor, VEGF was among
the original proteins involved in the molecular response to hypoxia to increase
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VEGF [pg/mg tot protein]

HF10 [%]

Fig.6 Sample VEGF concentration plotted against sample hypoxic fraction (voxel fraction<10 torr).
Pearson correlation coefficient R assuming linear relationship, fraction of effect on protein concntration
due to change in. p is significance of the variation [47]

micro-vessel proliferation of putatively hypoxic regions of tumors [46]. Using the
same stereotactic platform described above with the fiberoptic probe replaced by
an 11 gauge bone biopsy needle, cores of tumor tissue were obtained each con-
taining two or three 200-300 voxel (60-90 ul) samples. These were sufficient to
evaluate the 10 torr or below a hypoxic fraction of voxels in each sample and
obtain the concentration of VEGF evaluated with an enzyme-linked immunosorb-
ent assay (ELISA) for each sample. A significant correlation is shown in Fig. 6
[47].

1.11 Can a Combination of CW Spectral-Spatial EPR pO, Images and Pulse
Electron Spin Echo Images Define Resistant and Sensitive Tumors as Did
the Eppendorf Polarographic Needle Electrode?

A critical requirement to determine the true hypoxic fraction in a tumor is precise
definition of the tumor boundaries. Given how the Eppendorf electrode pO, read-
ings were obtained from a tumor [21], this was not thought to be crucial. However,
radiation oncologists have come to agree in many, if not all malignancies that true
tumor contrast is provided by T2-weighted MRI. Tumor contrast was recognized in
the inception of MRI [48-50]. It continues to be used to stage tumors of the uterine
cervix among other tumor types [51]. This requires the techniques to immobilize
tumors so that images will be obtained with the tumor-bearing anatomy in the same
position for multiple image acquisition. Fiducials, simple geometric objects (sealed
tubes with contrast materials visible in all images) must be placed in the image field.
This allows registration of the various image data for proper colocalization of the
different information in each of the images. Figure 7 shows an example of the semi-
circumferential vinyl polysiloxane mold that minimizes compression of a leg-born
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Fig.7 Mouse leg with FSa
tumor in the resonator [52]

tumor that will fit into various cylinders in the image acquisition instruments and
fiducials to register image datasets [52].

Two separate tumor types FSa fibrosarcomas and MCa4 mammary adenocar-
cinomas were grown in the gastrocnemius muscle in the legs of C3H mice to
volumes of 450+ 100 pl. The tumors were imaged with both T2-weighted MRI
and CW EPR pO, imaging. The MRI provided a three-dimensional tumor margin
image allowing the assessment of the number of pO, image voxels with pO, val-
ues < 10 torr within the tumor margin. This in turn allows the assessment of the
tumor hypoxic fraction.

The FSa sarcomas were treated with a Phillips RT 250 orthovoltage X-ray
machine to a radiation dose obtained in separate experiments to cure 50% of tumors
the 50% tumor control dose or TCDs,=33.8 Gy. The MCa4 adenocarcinomas were
treated to a range of doses about the TCD5,=69 Gy. The FSa sarcomas were fol-
lowed for 90 days, while the MCa4 adenocarcinomas were followed for 120 days,
the intervals found to allow the recurrence of each tumor type. This treatment para-
digm is referred to as a clonogenic assay, determining the dose of a toxin necessary
to prevent the last tumor cell from proliferating and regrowing to a tumor. The data
are presented in Fig. 8 [52]. The difference between large and small hypoxic fraction
tumors is statistically significant for all data presented. The control of FSa fibro-
sarcomas were treated with a 50% control dose (TCDs,) of radiation, the fraction
of whose voxels with pO, < 10 torr that was < 10% of those of the whole tumor
compared with those with a HF10> 10% differed with p=0.0138. For the MCa4
tumors treated with a 20 Gy range of doses distributed about the 69 Gy TCDs,
with HF10<10% compared with HF10>10% tumors, the comparison using K-M
analysis showed a p=0.0072 likelihood that the populations are the same. Using
a slightly higher hypoxic fraction and a smaller dose range, the same comparison
showed p=0.0193.
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Both of the measurement techniques required very careful attention paid to the
infusion rate of the spin probe since there was a concentration/signal amplitude
dependence of the apparent pO, values giving a 5-7 torr uncertainty in the pO, val-
ues near zero and larger uncertainties at higher values. Nonetheless, the EPR pO,
images clearly defined the effect of pO, as measured with EPR on tumor control.
This argues that should EPR technology, including the spin probe, be approved for
human use, it might provide an image to define more radiation-resistant tumors.

1.12 Can EPR p0O, Images Beneficially Direct Radiation to Resistant Portions
of a Tumor, Potentially Enhancing Therapeutic Efficacy?

For the images in this study, the IRESE spin lattice relaxation rate images shown in
Fig. 3 were used exclusively [53].

The general benefit provided by preclinical EPR pO, images is the resolution of
the controversy about the clinical relevance of tumor hypoxia. These images can
determine if the hypoxic resistant tumor portions can be localized and selectively
treated with extra radiation, referred to as boost doses. Present radiation therapy
technology uses multi-leaf collimators that dynamically adjust the aperture through
which the radiation is delivered to patient tumors. This allows radiation dose plans
to provide steep spatial gradients in dose to avoid critical structures with specific
dose thresholds beyond which life-altering complications will have increased proba-
bility. From the 124-year history of radiation delivery, it has also been observed that
such gradients within the tumor volume also produce these complications. One of
the Radiation Therapy Oncology Group (RTOG) radiation plan limits is the amount
of variation within the tumor volume. There has not been the convincing demonstra-
tion that there are regions within human tumors that could beneficially be targeted
with a radiation dose “hot spot”.

There are several limitations in demonstrating this in preclinical animal tumor
models whose tumors have been extensively studied over the past 60 years of pre-
clinical research. The most cost-effective and best studied animal is the mouse. Its
volume is 3000 times smaller than that of the average 70 kg male human, although
this reduces the linear dimension scale by a factor of 15 roughly scaling cm to mm.
Multi-leaf collimators have been tried with leaf thickness reduced to millimeters but
have not been widely used. Technologies utilizing a scanning pencil radiation beam
are another alternatives but may be time-consuming and cumbersome.

Radiation delivery has been found optimal using an isocentric machine, where
the radiation source rotates on a fixed gantry about the immobilized patient on a
table whose position is repeatable to within 1 mm. The recent development of the
XRAD225Cx radiator and CT machine (Fig. 9a) for mouse and rat radiation has ful-
filled part of this need (Supplementary Materials).

The second technical achievement has been the development of radiation
block printing. This technique was used for much larger clinical systems, where
3D-printed plastic blocks loaded with tungsten provided apertures that conform to
the margins of complex tumors. It was not unreasonable to consider such printed
blocks to be inserted in the head of the XRAD mouse radiator to deliver radiation
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Fig.9 XRAD225Cx CT imager and irradiation system. b Collimator with 3D-printed radiation block
holder with key to the left to orient the block. ¢ 3D-printed tungsten loaded plastic radiation block (Sup-
plementary Materials)

boosts to hypoxic resistant portions of the tumor and avoid well-oxygenated more
sensitive tumor regions. Examples of such a block are shown in Fig. 9b, ¢ (Supple-
mentary Materials).

In the experiments to be described, a prior set of experiments were performed
to determine the tumor control vs whole tumor dose, the TCD finding experi-
ments. Because of the extensive hypoxia in 450+ 100 pl tumors in the prior experi-
ments, 350+ 100 ul volumes were used for FSa sarcoma study. Initial experiments
attempted to demonstrate the advantage of tumor boosts using simple spherical radi-
ation volumes covering ~85% of hypoxia and compared these crude hypoxia boost
with boosts to shells of rotation to the usually peripheral well-oxygenated tumor
regions. All of the tumors were treated to a 30% control dose and a 5 Gy boost
(the additional whole tumor dose necessary to control 90% of tumors) was given to
either hypoxic or well-oxygenated regions. The depressing lack of benefit shown in

Fig. 10 Kaplan—Meier analysis
comparing incomplete hypoxic
boost with hypoxia avoidance
boost of similar volume. All of
the tumors were treated to a 30%
control dose and 5 Gy (the addi-

Hypoxia boost
Hypoxia avoidance

. c
tional whole tumor dose neces- k)
sary to control 90% of tumors) °
was given to either hypoxic or ,g
well-oxygenated regions (Sup- =

plementary Materials) ; 1
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0 1 I 1 I 1 I 1 I 1
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Fig. 11 Radiation treatment plans and delivery scheme. a. EPR pO, image slice orthogonal to the radia-
tion beam showing hypoxia boost treatment plan. b. The same EPR pO, image slice showing hypoxia
avoidance boost. Magenta contour: MRI-defined tumor margin. Red contour: projection of all in-tumor
hypoxic volumes onto the EPR image plane. Black contours—radiation treatment beam shape includ-
ing additional setup uncertainty margins. The area of the hypoxia avoiding boost equals the area of the
hypoxia boost. Note in both a and b the islands of hypoxia out of the plane derived from the DRR of
the whole tumor volume as well as the margin about the hypoxia, 1.2 mm for the hypoxia boost and
0.6 mm for the hypoxia avoiding boost. Upper left corners of a and b: black shapes of hypoxic boost (a)
and well-oxygenated boost (b) apertures. ¢ Illustration of opposed field radiation boost treatment with
XRAD225Cx gantry-mounted X-ray machine. Each field was treated with half of the total boost dose
[53]

Fig. 10 (p=0.98) convinced us of the need to target far more than 85% of the resist-
ant hypoxia; > 98% of hypoxic voxels needed to be covered for the hypoxic boost
(Supplementary Material, ref. 53).

For simplicity in using treatments that distinguish boost treatment to the hypoxic
tumor from boosts to well-oxygenated tumor, opposed oblique fields were chosen
for the boosts (Fig. 11c). A 15% control dose for FSa tumors was first administered

Fig. 12 Kaplan—Meier survival . - .
plot comparing conformal 1 :Hypox!a boost 1
hypoxia boost with hypoxia Hypoxia avoidance
avoidance boost. The outcome
from the two treatments show 08}t
control populations that differ
significantly (p=0.04) demon- g
strating the therapeutic efficacy g
of hypoxia guided radiation [53] ) 06T
=
®
2
S 04}
(2]
0.2¢ 1
0 . . . .
0 20 40 60 80

Time (Days)
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to each tumor. MRI outlined the tumor and EPR pO, images defined all hypoxic
voxels including single disconnected hypoxic voxels. The contours of the tumor and
hypoxic voxels were collapsed onto an image of the central plane of the tumor-bear-
ing C3H mouse leg (Fig. 11a, b). The hypoxic tumor boost is shown in Fig. 11a. The
well-oxygenated tumor boost is shown in Fig. 11b. Figure 12 shows the strategy for
the treatment of the FSa fibrosarcomas randomized treatment. Kaplan—-Meier analy-
sis of the outcomes of boost treatments randomly assigned to the hypoxic tumor or
well-oxygenated tumor is shown for the FSa fibrosarcomas in Fig. 12.

As noted above, hypoxic resistance to radiation has been known for nearly a one-
and-a-quarter century. Attempts to overcome this to enhance cancer therapy have
stimulated enormous effort to apply simple solutions to an extraordinarily compli-
cated system as has been defined by Gregg Semenza and an international group of
colleagues. One other relatively simple addition to the manifold enhancements of
this therapy would be to define resistant regions of the proper size to make it ame-
nable to radiation boosts in human subjects. Until the data presented in Fig. 12 were
published [53], there have been no data published to identify and then beneficially
treat resistant hypoxic tumor regions in mammalian tumors. As noted, this appears
to be true in a second mammalian tumor system (unpublished data).

2 Conclusion

EPR pO, measurements in animal systems managed to circumvent numerous techni-
cal challenges associated with SNR losses and variability of the spin-probe environ-
ment affecting the accuracy. The EPR pO, images and applications described here
involved the development of techniques that provide sufficient resolution to observe
medically relevant effects in live subjects and sufficient accuracy to provide signifi-
cant biological data. In fact, pO, images acquired using EPR have become the “gold
standard” of non-invasive in vivo and in vitro measurements. They have provided
transformative data that promise improvements in therapy delivery to patients, pend-
ing much technical progress.

The early imaging studies from Yacov Lebedev’s laboratory were part of the
foundation upon which the present imaging research is based. We review it in cel-
ebration of all the wonderful work produced under Professor Lebedev’s guidance.
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