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Purpose: Application of in vivo electron paramagnetic resonance (EPR) oxygen imaging (EPROI)
to tumors larger than those of mice requires development of both instrumental and medical aspects
of imaging.

Methods: 250 MHz EPR oxygen imaging was performed using a loop-gap resonator with a volume
exceeding 100 cm®. The paramagnetic spin probe was injected directly into the femoral artery
feeding the rabbit leg/tumor.

Results: The authors present continuous wave and electron spin echo EPR oxygen images of a
large size (4 cm) VX-2 tumor located on the leg of a New Zealand white rabbit.

Conclusions: This study demonstrates the feasibility of continuous wave and electron spin echo
oxygen imaging modalities for investigation of volumes of tumor and normal tissue relevant to
large animals. The injection of the spin probe directly into the artery feeding a rabbit leg will allow
one to reduce, by over one order of magnitude, the amount of spin probe used as compared to whole

animal IV injection. © 2010 American Association of Physicists in Medicine.
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I. INTRODUCTION

Electron paramagnetic resonance (EPR) imagingk4 is a ver-
satile technique that has been applied to a number of biologi-
cal problems5 and promises eventual medical application.6’7
Due to the very low natural concentration of paramagnetic
species in living tissues, exogenous spin probes, with stable
unpaired electrons, need to be injected into animal subjects.
Specific spin probes report various characteristics of the flu-
ids in which they distribute through their EPR spectra. Of
special value is the sensitivity of EPR spectral linewidths to
oxygen partial pressure (pO,) in tissues.’® Although other im-
aging techniques exist to image hypoxia9_12 (see also Ref. 13
for a review), none of these techniques promise the spatial
resolution, the quantification of pO,, and the consequent re-
producibility of EPR oxygen images (EPROIs)." These OXy-
gen images in point by point comparisons have been shown
to quantitatively and spatially agree with in sifu measure-
ments employing an Oxylite™ fluorescence quenching
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probe.15 Using EPROI we have previously shown that oxy-
genation increases after treatment with a radiation mediated
gene therapy in prostate cancer xenografts.16 In murine fib-
rosarcomas it has been shown that EPR image based tumor
hypoxic fractions sharpen the predictability of tumor cure
when compared to dose alone.'” These promising studies
demonstrate the importance of oxygenation images in pre-
dicting tumor cure and indicate that determining spatial dis-
tributions of tumor oxygenation will enhance the effective-
ness of localized cancer therapy, particularly intensity-
modulated 1radi0therapy.'8 The majority of previous studies
were performed on mice and rats. Thus, it is crucial to inves-
tigate the potential for scaling up EPROI to larger animals.

In general, larger animals require larger amounts of spin
probe but, as shown below, the method of injection plays an
important role in the quantity of probe needed. The most
common spin probe used for oxygenation images in animals
presently is the triarylmethyl radical OX063, referred also as
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trityl.g’19 This spin probe is administered systemically in
mice via tail vein. A short time after the spin probe is in-
fused, it distributes into extracellular volume of tissues of the
entire animal giving rise to an EPR signal.20 Renal excretion
effectively removes the spin probe from the blood and de-
posits it into the bladder. After a single bolus spin probe
infusion, there is a rapid decrease in the spin probe concen-
tration in the animal body with a tissue half-life less than 5
min and tumor half-life of 30 min.'*"” This alters the distri-
bution of spin probe during the acquisition of image projec-
tions and affects image quality. This effect can be minimized
using constant infusion of spin probe for the duration of the
image after initial bolus as demonstrated in this work. The
rate of this infusion varies from animal to animal due to
weight, renal function, and tumor burden. The typical infu-
sion rate in mice is about the amount of the initial bolus dose
infused over 1 h.

While an infusion into rodent’s tail vein eventually deliv-
ers spin probe to a tumor, spin probe is wasted in first pass
kinetics and distribution over the entire animal body. Scaling
of this probe administration method up to larger animals is
not cost-effective. Moreover, for larger animals and human
size subjects, this method presents an unnecessary trityl in-
jection mass that should be avoided for localized images.
Therefore, we developed a more localized delivery method.

Another aspect of larger animal imaging is the reduction
in instrument’s sensitivity associated with the increase in
resonator’s volume and decrease in resonator’s efficiency. In
our laboratory we employ two EPR oxygen imaging meth-
odologies: Continuous wave (CW)S’4 spectral-spatial imag-
ing and electron spin echo (ESE).*> Most of the previous
results are obtained using resonators with volumes below
20 cm?. Therefore, the issue of scaling up EPR imaging
technology to larger objects requires a thorough investiga-
tion. The images in a 50 mm id. loop-gap resonator
(~100 cm®) obtained using our CW methodology have in-
dicated good oxygen resolution in a phantom as large as the
tumor-bearing rabbit leg.21

In this work, we examine the localized delivery of spin
probe to the large tumor located on the leg of a rabbit. The
oxygen and spin probe concentration in the tumor are moni-
tored using CW and ESE imaging methodologies.

Il. MATERIALS AND METHODS
Il.LA. Spin probe

The spin probe used for the EPR imaging was a
0X063 radical 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, molecular weight=1427 (GE Healthcare,
Little Chalfont, Buckinghamshire, U.K.). 70.0 mM OXO063
solution was prepared in distilled water and then passed
through a 5 um filter to remove particles large enough to
occlude a capillary.
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FiG. 1. (a) Cannulation of femoral artery feeding the leg tumor. (b) Rabbit in
the magnet under gas anesthesia. (c) Tumor-bearing leg in loop-gap
resonator.

II.B. Animals and tumor

3 kg New Zealand white rabbits were supplied by Co-
vance (USA). They were received at 11-13 weeks of age,
were housed individually in climate-controlled, circadian
rhythm-adjusted rooms, and were allowed food and water ad
libitum. The culture of syngeneic VX-2 rabbit carcinoma was
obtained as a kind gift from the Tumor Repository of the
NCI Developmental Therapeutics Program, Division of Can-
cer Treatment and Diagnosis (Frederick, MD). The animal
studied in this work was intramuscularly inoculated by a 14
Ga needle of 0.5 ml of coarsely minced tumor fragments. A
roughly ovoid tumor grew to 41 mm maximum linear dimen-
sion in 4 weeks. All animal procedures were performed un-
der Institutional Animal Care and Use Committee approved
protocols.

Il.C. Direct cannulation of the artery feeding the
immediate tumor environment

Prior to imaging, a patent, nonoccluding 27 Ga arterial
catheter was installed in the femoral artery feeding the
tumor-bearing leg of the rabbit. An incision was made in the
midthigh of the animal [see Fig. 1(a)]. Using blunt dissec-
tion, the femoral artery was isolated and the catheter was
placed being careful that its diameter did not occlude the
artery. A 10 ml syringe loaded with a 70 mM solution of
0X063 was attached to the cannula, allowing direct intra-
arterial infusion of spin probe into the tumor during imaging.

II.D. Animal preparation for imaging

Throughout the preparation, transport, and EPR imaging,
the animal breathed medical grade air containing ~1.5%
isoflurane. Blood oxygen saturation, breathing rate, and rec-
tal temperature were monitored throughout the preparation
and imaging. The animal’s body temperature was maintained
by a combination of warm water pads and radiant heat. Fig-
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ure 1(b) shows the intubated animal, while the tumor-bearing
leg is installed in the resonator. The leg bearing the tumor is
shown in Fig. 1(c).

I.E. EPR resonator and animal layout

For EPR imaging, we used a single loop single gap reso-
nator [see Fig. 1(c)]. The inductor/sample holder had an in-
ner diameter of 50 mm, a length of 57.4 mm, and a volume
of 112 ml. The resonator was fabricated from ABS plastic
and electroplated with 12.5 um copper covered with 2 um
gold. The similarly plated RF shield of the resonator was 9.1
cm in diameter and 7.6 cm long with no end caps. A layer of
S00600 insulating varnish (Sherwin-Williams Co., Sprayon
Products Group, Solon, OH) covered the inner surface of the
shield of the resonator to prevent an electrical path from the
resonator to the shield through the animal body. Both CW
and ESE measurements were performed in the same resona-
tor. The resonator was critically coupled at a frequency of
239.3 MHz with a loaded Q of 11.7. The rabbit’s body was
positioned along the axis of the resonator. Its tumor-bearing
leg was centered in the resonator and immobilized using vi-
nyl polysiloxane dental impression material (GC America,
Inc., Alsip, IL) hardened with regular type Examix NDS
hardener.”” This material is relatively soft but retains its
shape and is a major component in tumor/leg registration of
multimodal images.

IIl.F. Animal imaging

Prior to CW imaging, OX063 was injected through the
intra-arterial catheter. A volume of 5 ml of the 70 mM solu-
tion (a total of 0.5 g) of OX063 was used for the initial bolus,
followed by continuous infusion at the rate of 5 ml/h (0.5
g/h). For a 3 kg rabbit, this corresponds to 170 mg/kg body-
weight (b.w.) for the first injection and 170 mg/kg b.w./h
continuous infusion. Continuous infusion was maintained
during both CW and ESE imaging. The duration of CW im-
age acquisition was 48 min, while the duration of ESE ac-
quisition was 13 min.

I.G. Continuous wave imaging

The 250 MHz CW imager used in the study is described
elsewhere.>? 12 dBm of microwave power was used for the
imaging, which corresponds to B; of 1.2 uT, required for
oxygen measurements.'* We used an overmodulation proto-
col with 5 kHz magnetic field modulation of 18 uT peak-
to-peak amplitude. For a 4D spectral-spatial image, we ac-
quired projections at 14 spectral angles for each of 66 spatial
directions, a total of 924. The spatial directions were selected
using an equal solid angle algorithm.24 The spatial and spec-
tral fields of view were 11 cm and 0.1 mT, respectively.
Projections were filtered with a 3D Ram-Lak filter with a
cutoff at 0.5 times the Nyquist frequency and four times
linearly interpolated.m’25 The resulting 4D image obtained
using filtered backprojection contained 64 point spectrum for
each of 64° 3D spatial points. The fitting algorithm for over-
modulated line shapes of Mailer et al.*® was used to extract
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the spin packet line width from the spectral dimension of
each spatial voxel of the image. All data processing was
performed using in-house MATLAB (The MathWorks, Inc.,
Natick, MA) programs.

Il.H. Pulse EPR imaging

The general design of the 250 MHz pulse imager used in
this study is described elsewhere;27 the new transmit/receive
switch, used here, is described elsewhere.”® 500 W of RF
power was used to generate an ESE sequence with 7/2 and
7 pulses with durations of 60 and 120 ns, respectively. The
duration of the pulses was dictated by the maximum avail-
able RF power. The influence of the RF pulses frequency
profile on image intensity was compensated as described in
Ref. 27. We acquired five images with delays between the
pulse pairs logarithmically spaced in the range from 650 ns
and 2 us. For each image, we acquired 164 projections and
42 interleaved baselines for artifact suppression. The maxi-
mum gradient amplitude was 0.5 G/cm; an equal solid angle
scheme®* was used for gradient directional spacing. The ESE
data acquisition and processing methods are discussed in de-
tail elsewhere.”’

I.I. Concentration calibration

The concentration of the spin probe in the rabbit was de-
termined by comparison of the extrapolated to time O signal
intensity derived from the rabbit image with that of an image
of a 1 mM OXO063 deoxygenated solution. The CW and ESE
images of 1 mM OX063 solution were recorded in the same
resonator using the same acquisition parameters. The loaded
Q of resonator was brought down to 11.7 by inserting a tube
with appropriate volume of 5M NaCl solution.

I.J. MRI imaging and image registration

For the identification of the tumor region, we have ob-
tained MRI image of the rabbit leg. After the EPR image was
obtained, the rabbit was sacrificed using first high dose an-
esthesia and then 200 mg/kg injection of pentobarbital. The
rabbit leg was then carefully separated from the animal body,
retaining its immobilizing cast and preserved in formalin for
12 h. Our experience with living and postmortem MRI im-
ages indicates a substantial retention of 7, MRI contrast with
this procedure, enough so that tumor definition is not com-
promised. The tumor-bearing leg was imaged using a 9.4 T,
30 cm diameter bore Bruker MRI scanner equipped with
self-shielded imaging gradients with a Bruker linear, volume,
72 mm birdcage coil. For image registration and anatomical
guidance, the multislice, rapid acquisition with relaxation en-
hancement (RARE) spin echo sequence (TR=4000 ms, ef-
fective TE=28 ms, FOV=8.0 cm, matrix size=256 X 256,
slice thickness=1.0 mm, NEX=1, and RARE factor=4) was
used. Images were acquired in planes roughly orthogonal to
the long axis of the leg, approximating a transaxial plane (the
XZ plane in Fig. 3).
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FIG. 2. The integrated intensity of CW and ESE projections as a function of
the time over the image acquisition. For CW acquisition, the integrals for
projections with the lowest gradient are presented. For ESE the integrals for
projections recorded with 7=860 ns are presented.

The tumor outline was manually contoured in an MRI that
was registered with the EPROI and then transferred to the
EPR image. EPR and MRI images were manually registered
using the Arbuz toolbox for MATLAB developed in our labo-
ratory. The spatial correspondence between images was ob-
tained by means of registering fiducials (i.d. of 1.2 mm) in-
serted into holes in the vinyl polysiloxane cast. For MRI we
used fiducials of identical diameter filled with 1 mM solution
of CuSO,, while for EPR imaging a solution of deuterated
Finland trityl with 35 mG line width was used. The fiducial
EPR image was taken prior to oxygen image. After that fi-
ducials were carefully removed and substituted with EPR-
silent fiducials of identical diameter.

lll. RESULTS

Figure 2 presents the dependence of integral intensity of
different projections as a function of the time over the image
acquisition. For a sample with fixed spin probe concentra-
tion, the integral intensity of a projection does not depend on
the gradient orientation and, therefore, is constant throughout
the imaging time. In reality, the OX063 clearance from a
tumor has an ~30 min half-life time, which is comparable
with the imaging time. Therefore, in the absence of continu-
ous infusion, a decay of integral intensity of projections
should be observed. Figure 2 shows that the concentration of
spin label in the rabbit tumor gradually increased by approxi-
mately 15% during CW imaging and was stable for the ESE
imaging time. From this, we conclude that the rate of con-
tinuous infusion during the imaging was at least sufficient if
not slightly higher than necessary to compensate for the
clearance.

Selected slices of CW and ESE concentration images are
shown in Figs. 3(a) and 3(b). In the images Y axis denotes
the axial direction from foot to thigh. The corresponding
slices of anatomic MRI image registered to EPR images pre-
sented in Fig. 3(c). The T, MRI image was segmented to
include high 7, regions of the leg taken to correspond to
tumor tissue, denoted by contours in EPR images. Note that
while CW and ESE measurements exhibit similar concentra-
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FIG. 3. Selected slices of images: (a) CW concentration, (b) ESE concen-
tration, (c) T, weighted MRI, (d) CW pO,, and (e) ESE pO,. The tumor
region is determined from the MRI image and is outlined by contours.

tion pattern, the intensity of ESE is considerably higher: The
mean concentration of spin probe in the tumor from the CW
image is 0.53 mM and from the ESE image is 0.75 mM.
Since the ESE image was obtained after the CW image, this
confirms that the rate of the spin probe injection was higher
than necessary. It is interesting to note that large amount of
spin probe was accumulated in the portion of the tumor dis-
tant from the arterial infusion [see Figs. 3(a) and 3(b), toward
foot] and the calf muscle adjacent to the knee [see Figs. 3(a)
and 3(b), toward thigh]. The concentration of the spin probe
in these areas reached 2-3 mM.

Figures 3(d) and 3(e) show slices of pO, images corre-
sponding to concentration image slices presented in Figs.
3(a) and 3(b). The image voxels within the tumor segment
demonstrate much lower pO, than within the muscle. Very
high concentrations of spin probe that has been observed in
the concentration images are shown to broaden spin packet
spectral lines or decrease phase relaxation times 7,. The re-
laxation times in some areas of muscle became so short, that
those areas became invisible to ESE images. The CW image
faithfully reproduces the distribution of spin probe line width
in these high concentration areas. However the concentration
in excess of 1 mM induces line broadening that renders
quantitative oxygen measurement problematic. On the other
hand, most of the tumor received an amount of spin probe
optimum for precise pO, measurement. The histogram of the
pO, in the tumor is presented in Fig. 4. One can notice a
broader distribution of pO, in the CW image. The mean tu-
mor pO, determined from the CW image was 27 torr, while
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FiG. 4. The normalized frequency histogram of pO, values in the tumor
region determined using CW and ESE methodologies. The inset shows a
cumulative histogram.

ESE measurements give 29 torr. The medians for CW and
ESE pO, images were both 24 torr. The hypoxic (below 10
torr) fractions for CW and ESE pO, images were 0.22 and
0.04, respectively. For calculation of the means, medians,
and hypoxic fractions, only the tumor regions with concen-
trations below 1 mM were used.

It is also interesting to note that in the tumor regions with
hypoxia, the patterns of oxygenation are reproducible. Re-
gions of higher and lower oxygenation can be seen from
these randomly selected slices to be consistent within the
image. The higher oxygenation regions are discordant, con-
sistent with the difficulty of obtaining high oxygenation, high
concentration region signal with ESE.

IV. DISCUSSION

It is of interest to compare the OX063 dose to that given
to 20 g mice for tumor oxygen imaging.14 For such mice, IV
infusion of trityl involved a bolus of 50 mg, followed by
continuous infusion of a similar amount per hour (1.2 g/kg
b.w. for bolus and 1.4 g/kg b.w./h continuous infusion). A
similar protocol was published elsewhere."” For the rabbit,
this scales to 6 g of OX063 for the initial bolus plus an
additional 6 g infused per hour following the bolus. Over 12
g of trityl would be used for the sequence of images obtained
in this study. Intra-arterial administration of spin probe of
170 mg/kg b.w., one-seventh of the amount used for intrave-
nous injection in mice produced signals in rabbit muscle fac-
tors of 3-5 higher than that in the muscle of mice. The sig-
nals observed in the rabbit tumor also exceed those found in
mice tumors. Thus, a reduction in the amount of injected
trityl per kg bodyweight by factors of 20-50 appears to be
possible when delivered intra-arterially to selected anatomic
regions such as an appendage. Although OX063 has been
found to have minimal toxicity in animals, decreasing the
amount of trityl per kg bodyweight not only decreases the
cost of a experiment but will also reduce any potential spin
probe toxicity in large animals.
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A major problem associated with the imaging of large
objects is the reduced B,/ VW efficiency of large resonators.
Resonators with larger volumes require more power to gen-
erate magnetic field of the same magnitude and have lower
sensitivity, inversely dependent on the volume of the resona-
tor. Bulky animal tissues that have high losses further de-
crease the efficiency of a resonator by lowering the Q. The O
of the loaded resonator in this study was about 12. This is
very low for CW acquisition, whose performance is depen-
dent on Q. For ESE imaging, this Q is close to optimal27 and,
as a result, this methodology may be better suited for larger
specimens. An additional concern associated with the in-
creased resonator size is the fact that the size of 50 mm used
in this study is close to 70 mm skin depth of RF field at 250
MHz in an approximate flat slab geometry.29 These factors
affect the quality and signal-to-noise ratio of images. There-
fore, one should expect some technological limit for applica-
tion of large size resonators. On the other hand, high reso-
lution MRIs have been obtained using large resonators at
frequencies substantially higher than this frequency, 325
MHz (Ref. 30) and 340 MHz.*' The presented EPROI im-
ages and aforementioned MRI studies allowed us to antici-
pate that resonators with even larger volume may be used for
EPR measurements.

The reduction in signal from the unit sample volume in
large resonators can be compensated by either increasing
measurement time or by sacrificing image resolution. We
have used the latter. The estimation of the best spatial reso-
lution of EPR image is given by ratio of the applied magnetic
field gradient and spin probe line width. For the gradients
used in this work this gives about 2 mm for CW measure-
ments and 3 mm for pulse measurements. Taking into ac-
count that the image resolution cannot be better than twice
the linear dimension of an image voxel size,21 the final res-
olution of both modalities is close to 4 mm. This resolution is
worse than the 1.4 mm resolution achieved for mouse tumor
imaging.27 While for CW imaging the major limiting factor
is a signal-to-noise ratio per unit volume, ESE suffers from
another limitation. ESE image projections are acquired in
frequency space. The frequency content of a projection is
proportional to the applied magnetic field gradient and the
dimensions of the object. For correct reconstruction, the full
frequency range of the object should be obtained. Instrumen-
tal bandwidth limitations force a restriction on maximum
gradient strength and, as a result, lead to lower spatial reso-
Iution. Recent developments in our laboratory will eliminate
this limitation.”

In general, EPR methodologies used in this study reveal
the same information. Nevertheless, the CW and EPR images
exhibit certain differences. Accumulation of the spin probe in
some areas of the tumor led to trityl concentrations above 1
mM. At such concentrations, the EPR line of trityl in animals
has been reported to have substantial broadening due to spin-
spin interaction.”” The CW image was able to reproduce
these areas, while the ESE performance in these areas was
found to be rather poor. Thus, for areas with high spin probe
and pO, concentration ESE may emphasize the low concen-
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tration and pO,. However, the main target of present tumor
research focuses on low pO, regions, areas of hypoxia in
tumors. Also we are developing the means for more precise
control of the administered spin probe dose which will pre-
vent accumulation of very high spin probe concentrations in
tissues. It should be noted that the ESE methodology allowed
approximately four times shorter image acquisition time
compared to that of CW. Phantom studies demonstrate an
increase in pO, resolution using the ESE technique relative
to CW by factors of 2-3, making 1 torr resolution possible.27
This may explain broader distribution of pO, values as de-
termined by the CW methodology.

V. CONCLUSIONS

The injection of the spin probe directly into the artery
feeding a rabbit leg bearing a VX-2 tumor allowed us to
reduce, by nearly one order of magnitude, the amount of spin
probe used and provided nearly five times more signal than
has been found adequate for smaller animal imaging. Both
CW and ESE imaging methodologies demonstrated good
performance and produced high quality consistent pO, im-
ages. This study paves the way for application of EPR imag-
ing to the study of animals larger than mice and rats.
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