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ABSTRACT

Tissue oxygen plays a crucial role in maintaining tissue viability and in various diseases, including responses
to therapy. Useful knowledge has been gained by methods that can give limited snapshots of tissue oxygen
(e.g., oxygen electrodes) or evidence of a history of tissue hypoxia (e.g., EF5) or even indirect evidence by
monitoring oxygen availability in the circulatory system (e.g., NMR methods). Each of these methods has ad-
vantages and significant limitations. EPR oximetry is a technique for direct measurement of tissue pO,, which
has several advantages over the other existing methods for applications in which the parameter of interest is
the pO; of tissues, and information is needed over a time course of minutes to hours, and/or for repetitive
measurements over days or weeks or years. The aim of this article is to provide an overview of EPR oxime-
try using particulates to readers who are not familiar with this technique and its potential in vivo and clini-
cal applications. The data presented here are from the experiments currently being carried out in our labo-
ratory. We are confident that in vivo EPR oximetry will play a crucial role in the understanding and clinical
management of various pathologies in the years to come. Antioxid. Redox Signal. 9, 1169-1182.

RATIONALE FOR THE USE OF EPR
OXIMETRY FOR TISSUE pO,
MEASUREMENTS

as the saturation of hemoglobin. Of the direct methods, the Ep-
pendorf pO, histograph is considered the “gold standard,” even
though it has several limitations (46, 51). Other useful direct
methods include fluorescence quenching, O, binding to myo-
globin, phosphorescence quenching, Overhauser imaging, and

THE AMOUNT OF OXYGEN present in tissue plays an impor-
tant role in the pathophysiology of many diseases and in
their response to treatment, including cancer, ischemia—reper-
fusion injury, and wound healing (7, 22, 32, 63, 66, 67). Over
the past several years, considerable time and effort has been in-
vested in developing techniques to measure effectively and re-
liably tissue oxygen (reported as the concentration [O;] or the
partial pressure, pO,). Currently available techniques can be
broadly classified in two categories (a) direct methods (inva-
sive and noninvasive) that measure the [O,] or pO,, and (b) in-
direct methods that measure a parameter related to them, such

19F.-NMR spectroscopy, but these have limitations for making
continuous and repeated measurements (2, 31, 39, 69). There-
fore, a need exists for methods that can make the desired con-
tinuous and repeated measurements.

In the last two decades, our laboratory has actively contrib-
uted to the development of in vivo electron paramagnetic reso-
nance (EPR) oximetry for direct tissue pO, measurements us-
ing particulates. Our rationale for the development of this type
of oximetry is to provide a method to measure tissue pO, di-
rectly and repeatedly to facilitate the study of the mechanisms
and modifications of various physiologic and pathologic pro-
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cesses that occur in intact animals, including human subjects.
All the factors that affect these processes are fully active in liv-
ing subjects as compared with studies in model systems or even
isolated organs, where systemic factors, effects from other or-
gan systems, efc., do not occur.

INTRODUCTION TO EPR OXIMETRY

The basis of EPR oximetry is the paramagnetic nature of mo-
lecular oxygen, which therefore affects the EPR spectra of other
paramagnetic species in its vicinity by altering their relaxation
rates and, possibly, by other mechanisms as well. The magni-
tude of the effects are directly related to the amount of oxygen
that is present in the environment of the paramagnetic materi-
als. The placement of the paramagnetic material in the tissue
of interest is minimally invasive (it usually requires an inser-
tion via a 23- to 26-gauge needle, or direct implantation dur-
ing a surgical procedure required for other reasons), but all sub-
sequent measurements are entirely noninvasive (10, 57, 59).
Two types of oxygen-sensitive paramagnetic materials are used
in EPR oximetry: particulates [such as lithium phthalocyanine
(LiPc) crystals] and soluble probes (such as nitroxides and trityl
radicals). The particulates are materials with unpaired electrons
distributed over complex arrays of atoms and crystalline mate-
rials, such as in LiPc. The useful properties of the particulates
for EPR oximetry are their stability and strong response of their
spectra to the presence of oxygen. These are metabolically in-
ert and are very sensitive for measuring low levels of oxygen.
Once introduced in the tissue of interest, they allow repeated
measurement of pO, at the same site for up to years after im-
plantation (37, 38, 61). The region of the sample that is mea-
sured directly is that immediately surrounding the paramagnetic
material. If the paramagnetic material is a macroscopic particle
(such as chars, LiPc), it reflects the pO, in the tissue that is in
contact with the surface of the particle. If the paramagnetic ma-
terial is a slurry of small particles (such as ink), then it reports
the average pO, of the sum of the surfaces that are in contact
with the individual components of the slurry. EPR oximetry us-
ing particulates, under appropriate conditions, can measure pO,
levels in tissues over a wide range from the extremes of very
low (<0.1%) to very high (=100%) oxygen levels.

To measure pO, using EPR oximetry, a detector (also referred
to as a resonator) is placed on the surface of the skin above the
tissue injected with the paramagnetic material, and through the
application of an appropriate combination of an electromagnetic
field (excitation frequency near 1,200 MHz in our studies) and
a magnetic field (~400 gauss), the scanning of the magnetic field
produces a characteristic resonance signal (10, 57, 59). Typical
EPR signals recorded in applications in vivo in animals (from
LiPc) and in human subjects (from India ink) are shown subse-
quently. Using an appropriate calibration curve, the line width of
the EPR signal provides a sensitive measurement of tissue oxy-
gen. This technique has been used to study the tissue pO,pO; in
a wide range of experimental systems, including muscle (18, 23),
heart (11, 16, 17), brain (26, 27, 28, 41, 62), kidney (33, 34),
liver (35, 44, 64), skin (1) and tumors (29, 30, 47, 49, 50).

Tissue pO, reported by EPR oximetry has been compared di-
rectly with the Eppendorf system in the same animals (49). The
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average pO, values in the rat brain cortex measured by the two
methods were similar, but the EPR oximetry method reported
a statistically significantly higher average pO,. These differ-
ences in the average pO, measured by the two methods were
consistent with other reports (3, 43) and suggest that the Ep-
pendorf electrode may report a lower than expected pO,, likely
because of local perturbations caused by this method. We also
have directly compared the absolute pO, and the changes in rat
brain pO,, measured using EPR oximetry during hyperoxic
treatment with the pO, reported by the OxyLite method at ad-
jacent locations in the same animal (48). The pO, values re-
ported by the two methods were similar but not identical. Both
methods can record a baseline and rapid changes in pO,. The
changes in pO; induced by increasing FiO, from 26% (balanced
with Nj) to carbogen (95% O, + 5% CO,) were similar by the
two methods. It should be noted that OxyLite can measure pO,
only up to 200 mm Hg, but no such limits exist with EPR oxime-
try as long as a reasonable EPR spectrum can be recorded un-
der hyperoxic conditions.

EPR oximetry with particulates has features that often com-
plement those available with other methods and are summa-
rized here:

1. The measurements are made directly in the tissues at the
sites of interest (as compared with indirect techniques such
as BOLD NMR and NIR that make measurements in the
vascular system).

2. The measurements provide quantitative data on the pO, at
the measurement sites (as compared with techniques such
as labeled ATSM or misonidazole, which provide infor-
mation on the occurrence of hypoxia but cannot provide
quantitative information on the pO5,).

3. The measurements can be made continuously and repeat-
edly as desired.

4. The placement of the paramagnetic material is minimally
invasive (usually require insertion via a 23- to 26-gauge
needle, or direct insertion if a surgical procedure is required
for other reasons), and all subsequent measurements are en-
tirely noninvasive.

5. The oxygen probes used in EPR oximetry are metabolically
inert and are very sensitive for measuring low levels of
oxygen.

6. The oxygen-sensitive particulate is placed in one or more
sites in the tissue, where it then resides permanently, pro-
viding an EPR signal that can be repeatedly and selectively
measured, reporting pO, from a well-characterized site.

7. The technique can use materials that already are accepted
for use in human subjects.

8. Measurements can be made at several sites simultaneously
and quickly (within a minute).

9. Feasibility has been demonstrated in human subjects, as il-
lustrated in the data from measurements of oxygen in the
human foot and in tumors, as summarized in the clinical
section.

10. No other available techniques can make such measure-
ments.

Systematic reviews of EPR oximetry with extensive infor-
mation on the principles, methods, and technical aspects are
available in recent reports and are not covered here (56, 58, 60).



IN VIVO AND CLINICAL APPLICATIONS OF EPR OXIMETRY

An important recent advance in EPR oximetry is the capability
to obtain simultaneous pO,pO, measurements from several sites
(19, 20, 26, 55, 68). The High Spatial Resolution Multi-Site
(HSR-MS) EPR oximetry technique can be used to provide pO,
estimates from multiple LiPc implants with greatly increased spa-
tial resolution (19). This technique uses two EPR spectra that
have been acquired with magnetic field gradients, and an ana-
lytic relation that occurs between the spectra is used to estimate
the line width and hence tissue pO, for each implant site. Very
useful results have been obtained with this approach, which al-
lows multiple measurements within an area of pathophysiology
and simultaneous measurements at a control site (68). We re-
cently refined this technique and achieved improved oximetric
sensitivity through the application of overmodulation during EPR
detection (68). The present resolution of this technique is ap-
proximately 1 mm center-to-center, which has allowed us to mea-
sure pO, simultaneously at three sites in an intracranial tumor
and at one site in the contralateral normal brain (see subsequent
sections). The following sections provide an overview of the in
vivo and clinical applications of EPR oximetry using particulates
that are currently being pursued in our laboratory.

IN VIVO APPLICATIONS OF EPR
OXIMETRY IN EXPERIMENTAL ANIMALS

Measurement of tissue pO; in tumors

The level of oxygen in tumors at the time of radiotherapy plays
a crucial role in the response to the radiation, with a decrease
in responsiveness up to a factor of three when the tumor pO;
decreases from radiobiologically oxic levels (>15-20 mm Hg)
to significant radiobiologic hypoxia (pO, < 10 mm Hg) (21).
The presence of hypoxic cells in tumors, and their impact on
the ability of radiotherapy to control tumor growth, has been
demonstrated in numerous studies over the past decades (5, 14,
15, 21, 25, 45). The region covered by EPR oximetry spans the
intercapillary distance of normal and tumor tissue. Normal rat
brain is reported to have an intercapillary distance of ~45 um
(42) and a capillary density of between 150 and 300 per mm?
(6, 13), depending on the study or the method of measurement.
EPR oximetry therefore samples a region that includes, at min-
imum, scores of capillaries and potentially a region that spans
the heterogeneous tumor structure.

The ability to follow the tumor pO, over the course of ther-
apy could provide the crucial information needed to optimize
the effectiveness of hypoxia-modifying procedures and radio-
therapy. The need for such measurements has increased further
because of recent developments in radiation oncology, in which
conformal therapy, alternative fractionation schemes, and vari-
ations in dose rates are increasingly used. This information po-
tentially then could be used to understand, optimize, and indi-
vidualize the treatment strategies, including its use in combined
treatments with other modalities, such as chemotherapy, im-
munotherapy, and surgery. These treatment strategies can sig-
nificantly affect the extent and the kinetics of changes in tumor
oxygenation and therefore may significantly alter the thera-
peutic outcome. Tumor pO, is an independent prognostic indi-
cator in cancer because it influences tumor progression and
treatment outcomes (51). Given the importance of tumor pO,
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in therapy and in predicting disease progression, it is impera-
tive that reliable and technically simple methods should be de-
veloped for repetitive noninvasive tumor pO, measurements.

Measurement of tissue pO, in intracranial tumors.
HSR-MS EPR oximetry currently is being used in our laboratory
to measure tumor pO, at more than one site in the tumor and to
investigate the effect of hyperoxia (such as breathing carbogen)
and the effect of irradiation on intracranial tumors. This technique
is being used to study the intracranial tumors at their orthotopic
position, as compared with other methods that have been used to
study intracranial tumor models grown subcutaneously in the
flanks because of technical limitations. The treatment strategies
developed using subcutaneous tumors may not show the same ef-
ficacy in orthotopic tumors, as the oxygenation in the brain is reg-
ulated by factors such as perfusion and local metabolism.

The changes in tumor pO, observed in a rat with 9L-in-
tracranial tumor (three LiPc implants in the tumor, and one LiPc
implant in the contralateral normal brain) when allowed to
breathe carbogen, are shown in Fig. 1a, and the typical EPR
spectra obtained from these experiments are shown in Fig. 1b.
Results indicate that the tumor pO, was <10 mm Hg for the
lateral and medial sites of the tumor, and the pO, of the center
site was ~12 mm Hg in a rat breathing 26% O, (balance with
N,). Carbogen breathing resulted in a significant increase in
pO; in the lateral and center tumor sites, as well as in the con-
tralateral normal brain. These results illustrate the capability of
multisite EPR oximetry to monitor the dynamic changes in tis-
sue pO, simultaneously from three sites in the tumor along with
one site in the contralateral brain. This information can be used
to deliver radiotherapy at the time of optimal tumor oxygena-
tion to enhance the radiotherapeutic efficacy.

The effect of irradiation (9.3 Gy) on the tissue pO; of the tu-
mor also was investigated using HSR-MS EPR oximetry, Fig.
2. The tumors were irradiated on day 0 after baseline pO, mea-
surements, and changes in tissue pO, were followed for 6 con-
secutive days. The results indicate that HSR-MS EPR oxime-
try could resolve different pO, values at the three sites in the
tumor and that all sites had a similar pattern of oxygen changes
after irradiation. The pO; initially decreased at the 24-h time
point, and this was followed by reoxygenation at the 48-h time
point. The tumor pO, then gradually decreased during the next
4-6 days. The pattern of the pO, changes in the contralateral
normal brain was different; the pO, decreased on days 4-6,
which may be the effect of increased tumor volume and in-
tracranial pressure. The different baseline tumor pO, observed
in Figs. 1a and 2, in our experience, is typical for variations be-
tween tumors in this model; this further supports the value of
making direct measurements of pO, in individual tumors.

These results highlight the capability of EPR oximetry to fol-
low the time course of tumor pO; levels over the course of hy-
peroxia or radiotherapy. We believe that EPR oximetry will
provide novel, detailed information on the changes in the oxy-
gen status of tumors in response to a treatment.

Measurement of tissue pO, of subcutaneous tu-
mors. Multisite EPR oximetry has been successfully used
noninvasively to monitor pO, at two sites in subcutaneously
grown RIF-1 tumors in the flanks of C3H mice (30). Here, we
describe the pO; results obtained immediately after each dose



1172 KHAN ET AL.
80 :
© Tumor: Lateral H : - rrrerieed
70{ * Tumor: Center a # _% }r* b
4 Tumor: Medial ’} * * H L. J
60| * Contralateral Normal Brain 4 3
S o
% 50 ' = " 3 * i ¢ — _g SIEPPRN W T [ R TR R T B T AP PERRRE T D =
£ e, g* Carbogen =
E 40f-x =g - 5 | : il
& ¥ ¥ < :
'e) 1 11
o 30 ¥ +1’ ** ! E A . i S T U .o
20 PR _ f
10 ‘§¢ e $MA Carbogen
@ : : -
% 500 1000 1500 2000 397 398 388 400 401 40z 403
Time, sec Magnetic Field, Gauss

FIG. 1. (a) Intracranial 9L-tumor and contralateral normal brain pO, in anesthetized (1.5% isoflurane) rat breathing
26% O, and during carbogen breathing. EPR spectra were averaged over 2 min at each time point. For the HSR-MS oxime-
try, spectra were collected with magnetic field gradients of 8 G/cm and 12.5 G/cm, and the modulation amplitude was scaled in
proportion to the applied gradient. The pO, values are expressed as the mean = SEM. (b) Typical EPR spectra obtained from
the three LiPc implants in the tumor and one LiPc implant in the contralateral normal brain of rat breathing 26% O, (upper trac-
ing) and after 25 min of carbogen breathing (lower tracing). The lowest field EPR signal (farthest left) is from the lateral LiPc
implant of the tumor; the next signal is from the center LiPc implant of the tumor; and the third one is from the medial LiPc im-
plant of the tumor. The highest field EPR signal is from the LiPc implanted in the contralateral normal brain. The carbogen
breathing resulted in the broadening of the EPR signals (i.e., increase in tissue pO,).

during a fractionated radiotherapy (five repeated daily doses of
4 Gy), Fig. 3, and Table 1. Both a traditional 7 test and more-
advanced dynamic models (9) confirm that statistically signif-
icant changes in tumor pO, are found shortly after irradiation.
No significant difference was noted in the pO, measured from
the two sites in the tumors, and also no significant difference
was found in the baseline pO, between the irradiation and the
sham-irradiation groups.

The pO; increase reached a maximum at 15.2-22.5 min (av-
erage, 20 min) after irradiation, and the average time required
to return to the baseline pO, was 8.2—12.7 min. The average

maximum tumor pO, achieved after irradiation from days 1
through 5 ranged from 7.1-11.7 mm Hg. No significant increase
in tumor pO, was observed in the sham-irradiation (control)
group. The average maximum increases in tumor pO, after ir-
radiation treatment on day 5 were significantly higher than the
maximum tumor pO, for days 1-4 (Table 1).

These results demonstrate the value of direct monitoring of
the dynamics of pO, in tumors to detect and characterize quan-
titatively the time course of changes in tumor oxygenation. It
is likely that with this knowledge, treatments such as those pro-
posed here can be used more optimally so that even changes
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FIG. 2. Changes in intracranial 9L tumors and
contralateral normal brain pO, before and after
a single dose of irradiation (9.3 Gy). The tumor
volume was measured using MRI on days 0, 3, and
7. The rats were anesthetized with 1.5% isoflurane
with 26% FiO,, and the body temperature was main-
tained at 37°C using a warm water pad. At each time
point, the data were collected for 30 min and aver-
aged. The pO, values are expressed as the mean =+
SEM.
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that are quantitatively modest may have large radiobiologic ef-
fects if they can be delivered at appropriate times.

Application of EPR oximetry to study the

effect of preexisting vessels and gene therapy on
tissue oxygenation of the hindlimbs in

response to ischemia

The role of hypoxia in the regions of collateral arterial growth
in femoral artery ligation models or in patients with peripheral
vascular disease has been intensely debated (24, 54, 65). We
have used EPR oximetry to investigate the role of preexisting
collateral vessels and the effect of gene therapy on tissue pO,
in response to ischemia due to blockage of the femoral artery
of the hindlimbs in mice.

A wood char was used as an oximetry probe to measure tis-
sue pO; in the hindlimb muscle before and after femoral artery
ligation in two strains of mice (C57BL/6 and BALB/c) with
different degrees of innate collateral circulation. The response

Time, minutes

of tissue pO, of muscle distal to the site of occlusion (gastroc-
nemius muscle) and of the medial thigh (adductor muscle) was
different in the two mice strains. This study provided the first
conclusive evidence that the preexistent collateral vessels play
an important role in mouse strain dependent differences. The
remodeling of the preexisting interarterial collateral connec-
tions into mature collateral arteries is potentially the most im-
portant process for the restoration of blood flow after femoral
artery ligation in mice (23).

We also investigated the effect of an inflammatory mediator
CD154 on the response to hypoxia of the gastrocnemius mus-
cle in mice (Fig. 4). The procedures for ligation in the right
hindlimb (RHL) were similar to that described by Helisch et al.
(23). Tissue pO, was measured on day 1 before ligation, and
the effect of ischemic challenge was followed up for 4 weeks.
Results indicate a profound ischemia from day O to day 3 after
ligation, followed by a slow recovery of tissue pO,. However,
no significant differences in the recovery of tissue pO, between
the control and knockout groups were observed. No significant
changes in the tissue pO, of the left hind limb (LHL, nonli-
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TaBLE 1. TiME COURSE AND EXTENT OF MAXIMUM INCREASE IN pO; IN
Tumors FROM IRRADIATION (4 GY/DAY) ON 5 CONSECUTIVE Davs
Days N pOZ,Imse (t()rr) Tma)c (mm) p02mux (l()rr) Tlmse (mll’l)
1 22 5.5 (0.7) 18.2 (0.2) 7.2 (1.0)* 9.2 (0.3)
2 22 5.0 (0.5) 15.6 (0.3) 7.1 (1.1)* 11.1 (0.6)
3 20 5.0 (0.5) 22.5 (0.2) 6.9 (1.0)* 12.7 (0.4)
4 20 6.1 (0.8) 16.1 (0.3) 7.5 (1.3)* 9.9 (0.5)
5 20 5.3 (0.7) 17.5 (0.2) 11.7 (2.0)»b 8.2 (0.3)

PO2 pase, baseline pOs; Trax, time to reach maximal pOy; pO2s max, maximal pOs; Tpyee, time required to come back to the base-
line pO, from maximal pO,. Standard error is shown in parentheses.

4 < 0.01, compared with the baseline pO,; ’»p < 0.01, compared with the pO, max from day 1 to day 5. N, number of
implants on which measurements were made (two implants per mouse).

gated) of the control and knockout groups were observed. These
results indicate that CD154 likely does not play a significant
role in collateral development to normalize blood flow after
ischemic challenge. Nevertheless, these results highlight the ca-
pability of EPR oximetry to monitor and detect changes in tis-
sue pO, over time for several weeks in mice and the effect of
genetic manipulations on tissue response to ischemia.

Application of EPR oximetry to study the
response of heart tissue to ischemic insult

These experiments were designed to investigate the myocar-
dial tissue pO, during ischemia and reperfusion and the effect
of collateral growth during ischemic challenges to the heart.
EPR oximetry was successfully used in this study for repeated
measurement of the myocardial tissue pO, before, during, and
after the left anterior descending coronary artery (LAD) occlu-
sion. These experiments were carried out in collaboration with
Dr. Chilian’s group, Louisiana State University Health Sciences
Center (LSU). The rats were implanted with a pneumatic oc-
cluder over the LAD by the procedure developed at LSU. Dur-
ing the surgery, LiPc crystals (40 ng) were injected into the left
ventricular myocardial wall, and the rats were allowed to re-
cover for 1 week. The tissue pO, was continuously measured,
and repeated ischemia (5-min cycles) was induced by inflating
the balloon (thus occluding the LAD) using an externalized oc-
cluder catheter (PE-50 tubing). This occlusion procedure al-
lowed continuous measurement of tissue pO, during repetitive,
transient occlusions in anesthetized animals. Representative
EPR spectra obtained during baseline, ischemia, and reperfu-
sion are shown in Fig. 5a, and the tissue pO,, in Fig. 5b. These
results indicate a significant decrease in the tissue pO, during
an ischemic challenge, and then the pO, recovered to baseline
value during the reperfusion cycle. However, after several cy-
cles of repetitive ischemic insults, no further decrease in tissue
PO, during ischemia was observed. These results also highlight
the ability of in vivo EPR oximetry to follow up tissue oxygen
in beating hearts of anesthetized animals over time. Currently,
we are developing implantable resonators, which can be used
to study myocardial pO; repetitively for several weeks. The ini-
tial implantation procedure will be invasive, but the rest of the
oximetry measurements will be entirely noninvasive.

Application of in vivo EPR oximetry to follow up
tissue pO, of wounds

Oxygen is a critical nutritional substrate and perhaps the most
important variable in the healing of wounds. An adequate sup-
ply of oxygen facilitates cell replication, deposition of colla-
gen, angiogenesis, epithelialization, and resistance to infection
(32, 63). Oxygen tensions in wounds have previously been mea-
sured using oxygen electrodes by methods such as aspiration
of fluid from the wound dead space, or from an implanted oxy-
gen-permeable tube. However, the electrodes often are unsta-
ble, requiring frequent calibration, and cannot be used for re-
peated measurements in the same tube.

EPR oximetry can make noninvasive, accurate, and repeated
measurements of tissue pO, in wounds. These experiments were
carried out in collaboration with Dr. Hopf, University of Utah.
We placed two aggregates of LiPc crystals (total, ~200 ug, 10
mm apart) into oxygen-permeable Teflon tubing, and the tub-
ing was fixed in the Silastic cylinders. These cylinders were
then implanted in the space created by longitudinal dorsal mid-
line incisions. Each incision was used to place two cylinders in

==LHL-KO -+RHL-KO
~O=LHL-WT -#-RHL-WT

-1 0 1 3 5 7 10 14 28
Days

FIG. 4. Tissue pO, of gastrocnemius muscle of control (WT)
and CD154 knockout mice in response to femoral artery lig-
ation in the right hindlimb (RHL). No ligation was per-
formed in the left hind limb (LHL), and it served as a control
in each mouse. n = 10, mean £ SD. *p < 0.05 vs. LHL. This
study was carried out in collaboration with Dr. DeMuinck and
Dr. Helisch from Dartmouth-Hitchcock Medical Center,
Lebanon, NH.
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FIG. 5. (a) In vivo EPR spectra acquired from the LiPc crystals injected in the left ventricular myocardial tissue of an

anesthetized rat during baseline, ischemia, and reperfusion.

Optimized spectrometer settings were used with a scan time of

10 s, P = 10 mW, and the modulation amplitude was one third of the line width. (b) Tissue pO, of the left ventricular myocar-
dial tissue of an anesthetized rat during baseline (10 min), repetitive cycles of ischemia (LAD occlusion, 5 min each), and reper-
fusion (5 min). The rat was anesthetized with 1.5% isoflurane with 100% FiO, through a nose cone. After a baseline pO, mea-
surement, the ischemia reperfusion cycles were repeated using an LAD occluder.

the animals, one on each side, for a total of four cylinders per
animal. This approach enabled us to measure oxygen levels in
the wound dead space at several defined sites and time points.
We also tested the response of the wound pO, to changes in
the breathing gas (Fig. 6).

A significant difference in wound pO, was observed when
the breathing gas was changed from 21% oxygen to 100% oxy-
gen on days 5-25, but no significant difference was observed
on days 59-76. A gross examination of Silastic cylinders and
the surrounding tissues on days 10 and 76 after implantation
revealed a connective tissue layer around the tubes. We spec-
ulate that the decrease in the response of tissue pO, of older
wounds (days 59-76) during 100% oxygen breathing is proba-
bly due to the formation of more scar tissue.

These results indicate the feasibility of using this approach
for repeated pO, measurements in a dorsal wound from a few
days to weeks. In principle, this approach also could be used
to calculate the gradients from the center to the edge of the
cylinder in the wound dead space.

Application of in vivo EPR oximetry for pO,
measurement in deeper tissue using
implantable resonators

The currently available EPR oximetry (at 1,200 MHz) tech-
nique can be used for pO, measurements in tissues up to a depth
of 8-10 mm from the surface. The rationale for using an im-
plantable resonator is to overcome this depth limitation so that
the measurements can be made in the deeper tissues repetitively.
The implantable resonator is composed of three parts: a small
loop (~1 mm) with the oxygen-sensing materials in a biocom-
patible film at the site to be measured, a larger loop (~10 mm)
placed just under the skin for magnetic coupling to the exter-
nal surface resonator, and a wire to bridge the two loops. Op-
eration of an implantable resonator is based on the well-known
properties of a transmission line that is short-circuited at one

end (40). In vitro calibration of the resonators indicated a sim-
ilar response of line width to perfused gases as that of the LiPc
crystals used in the resonators. We have begun a systematic
study to test the feasibility of this approach in animal models.
The calibrated resonators were implanted into the spinalis tho-
racis muscle of the rats, and tissue pO, measurements were car-
ried out for 2 weeks (Fig. 7a). A stable baseline tissue pO, was
observed in measurements done for 2 weeks, and the pO; in-
creased significantly during carbogen breathing. A significant
decrease in tissue pO, was observed when the FiO, was
changed to 10% oxygen. These results are encouraging and sug-
gest good stability in vivo and good sensitivity of the im-
plantable resonators to oxygen changes in the perfused gases.
Another advantage of implantable resonator is a remarkable in-
crease in the SNR (signal-to-noise ratio) as compared with con-
ventional methods. In vivo EPR spectra acquired using an im-
plantable resonator were compared with a spectrum acquired

—e—Fi02 =0.21 *
——Fi02=1.0

pOz, mm Hg
w
o

5(n=16) 8(n=16) 10(n=16) 25(n=8) 59(n=8) 76 (n=8)

Days postimplantation

FIG. 6. Mean pO, measured within the wound cylinders for
11 weeks after implantation. *Indicates a significant in-
crease in wound pO, when FiO, was changed from 21% to
100%. The pO, values are expressed as mean = SD, n = 2.
Four cylinders were implanted in each rat, and pO, measure-
ments were made from two LiPc implants in each cylinder.
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FIG. 7. (a) In vivo measurement of the rat muscle pO, using an implantable resonator.

The rat was anesthetized using

1.5% isoflurane, and the body temperature was maintained at 37°C using a warm-water pad. The pO, data are expressed as
mean * SD. (b) EPR spectrum acquired from the injected LiPc crystals and from the implantable resonator under similar con-
ditions in muscle of a rat breathing 30% O, and carbogen. Measurements were made with the automatic frequency-control cir-
cuit in operation, which, at this state of development, leads to a significant amount of dispersion in the signal recorded with the
implantable resonator. Recognizing the fact that the phases where not equal and that the pO, at the implantable resonator was
slightly lower (51 vs. 60 mm Hg, breathing 30% O,), a significant increase in S/N of the EPR signal acquired from the im-

plantable resonator was observed.

using the conventional technique with a rat breathing 30% O,
and carbogen (Fig. 7b). In this comparison, 300 ug of LiPc (an
amount 10 times larger than the amount used in the implantable
resonator) was inserted into the biceps femoris muscle at a depth
of ~3 mm, which is the same depth as the implantable resonator.
The SNR values of the spectrum obtained with implantable res-
onator were 3-8 times larger than those observed with con-
ventional detection. This technique has considerable promise
for clinical use, with the resonators being implanted at the time
of biopsy or surgery of tumors and then removed at the end of
the treatment regimen several weeks later. Removal can occur
via a small incision in the skin overlying the large loop.

CLINICAL APPLICATIONS OF IN VIVO
EPR OXIMETRY

This section describes the potential application of in vivo EPR
oximetry to monitor tissue pO; in clinical settings. Our goal is
to provide a method that can be used to measure tissue pO, and
provide information that can be used to determine either the sta-
tus of a disease or the effects of various therapeutic interven-
tions during treatments. All the major technical challenges to
make measurements in human subjects have been met, and in
vivo EPR oximetry now is being applied to monitor tissue oxy-
gen in peripheral tumors and in the feet of normal volunteers,
as the first step toward application for peripheral vascular dis-
ease (PVD). We believe that once in vivo EPR oximetry is suc-
cessfully introduced in the clinic as a valuable tool for tissue
pO, measurements in PVD and radiation therapy, it is quite
likely that its use will be extended to other diseases that are di-
rectly or indirectly linked with tissue pO,.

Before initiating the clinical studies, we thoroughly exam-
ined the potential hazards of in vivo EPR for use in human sub-

jects. Because of the low magnitude of the magnetic field and
the absence of substantial gradients, the primary concern was
the possibility of local heating (usually referred to as specific
absorption rate, SAR). Results indicate that the SAR measured
in our clinical setup is well below the established limits (53).
We have initiated the clinical studies using India ink as an
oximetry probe, which is sensitive to tissue pO,, is very stable
in tissue, and already has been approved for use in human sub-
jects (8,37, 38, 61). This ink is prepared using components that
are already in use in various pharmaceutical preparations. The
reproducibility of this ink and its sensitivity to oxygen has been
thoroughly examined and is found to be very satisfactory (8).

The following data were collected using the clinical L-band
(1.2 GHz) EPR spectrometer that was specifically designed at
our center for use with human subjects (52). This spectrometer
is located at the Dartmouth-Hitchcock Medical Center in the
Department of Radiation Oncology. The close proximity of the
spectrometer to the clinical radiation therapy units enables EPR
oximetry to be performed quickly before and after the treat-
ment. The magnet has a pole separation of 50 cm, which al-
lows the comfortable positioning of a patient in the magnet. A
customized nonferrous stretcher and chair are available for po-
sitioning the patient. In combination with a variety of surface-
loop resonators, EPR measurements can be made at virtually
any location on the body surface (52).

Application of EPR oximetry for pO>
measurements in patients with peripheral
vascular disease (PVD)

Poor tissue perfusion to the feet and legs is an important and
common problem, especially in diabetics (12). Foot ulcers are
estimated to occur in 10-15% of people with diabetes, and more
than half of the lower-limb amputations occur in diabetic pa-
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tients (4). Tissue oxygen appears to be the most relevant pa-
rameter for PVD, but it is not measured in clinical practice be-
cause of a lack of any direct and noninvasive tissue oximetry
technique. Transcutaneous oximetry (TcO,) provides a measure
of local soft-tissue oxygen content, but this measurement is in-
direct and has several limitations (36), and it is not clear how
the measurements with the TcO, technique relate to the actual
tissue oxygenation. It measures the amount of oxygen available
during local hyperthermia (local heating of tissue at 42—44°C),
which is dependent on several factors such as systolic arterial
blood pressure, arterial oxygen content, local blood flow, local
oxygen consumption, and diffusion. All these factors are influ-
enced by commonly occurring pathophysiologies such as local
alterations in the vasculature, heart failure, respiratory diseases,
infection, edema, and skin thickness. Because of the depen-
dence on skin thickness, TcO, measurements are generally
made at prescribed locations on the dorsal surface of the foot,
despite the fact that ulcers form primarily on the plantar pres-
sure-bearing surfaces. Direct measurements of the tissue pO,
at various sites within the affected areas can provide very use-
ful information to the clinician, and this will facilitate the choice
of therapy and the subsequent adjustments of the therapy, based
on the pO, data obtained with EPR oximetry.

Before initiating clinical measurements in patients with com-
promised tissues, we have been performing measurements in
normal volunteers to demonstrate the feasibility of the oxime-
try approach and the ability of EPR to monitor tissue pO, for
prolonged durations. These measurements are being performed
using India ink as the oximetry probe (8, 37, 38, 61). India ink
is sensitive to changes in pOy, has a stable and predictable re-
sponse to these changes, and is already used in the clinic as a
fiducial marker for radiation therapy and to delineate lymphat-
ics, etc., in surgical procedures. The ink remains permanently
in the tissue and can be used to make repeated pO, measure-
ments in the same tissue over time and throughout the course
of treatments. Before measurements, the ink is sterilized using
an autoclave, and a small volume (~20 ul) is injected into the
tissue using a narrow-gauge needle (20-23 gauge). For these
measurements, the volunteer is seated in a customized reclin-
ing chair that is equipped with a fixture for comfortably im-
mobilizing the foot, centering the injection site with respect to
the modulation coils, and holding the surface-loop resonator in
position. All measurements are performed using a surface-loop
resonator with a 10-mm detection loop. An adjustable warm-
air system is used to maintain the surface temperature of the
foot at 37°C. Data are typically collected for 5—10 min to mea-
sure the pO, of the tissue, using sets of 10-s scans that can be
either averaged to provide a mean value or used individually to
characterize the dynamics. The observed line widths of the col-
lected spectra are related directly to pO, through an established
calibration curve.

Measurements have been made with the normal volunteers
at the metatarsal head on the plantar surface of the foot, a com-
mon location of diabetic ulcers, and also at the first interosse-
ous space on the dorsal surface of the foot, the site where TcO,
measurements are often performed clinically. Measurements
have been made in five volunteers to date, with measurements
ongoing for each and the longest set of measurements carried
out successfully over the last 4 years. In addition to monitor-
ing the pO, under normal conditions, we have used two per-
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turbations to assess how the tissue responds to acute hyperoxy-
genation and hypoxia. Hyperoxygenation is initiated by in-
creasing the fraction of inhaled oxygen to 100%. Acute hypoxia
is established by impeding the flow of blood to the foot by com-
pressing the thigh with a standard blood pressure cuff. The re-
sponse of the tissue to such interventions may be useful in clin-
ical applications, as the pO, response may be used to characterize
the status of blood supply and O, consumption in the tissue.
Figures 8 and 9 show results for one of the volunteers, with ink
injected at the metatarsal head, where measurements have been
under way since March 2005. Figure 8 shows baseline pO; lev-
els and the response to compression. At each time point, com-
pression has led to near anoxia, followed immediately by full
recovery to the baseline pO, level. In this volunteer, variation
in the baseline level was observed over the total measurement
period. It is possible that these variations could be due to ac-
tual acute and gradual changes in the tissue pO,, but we can-
not rule out that the variations could be related to instability in
the material calibration. We are currently investigating this is-
sue through the collection of data with a more-extended popu-
lation of volunteers. Figure 9 shows similar data for this vol-
unteer, where 100% inhaled oxygen was applied. Again,
baseline and recovery values are consistent, and a marked in-
crease in tissue pO, during the perturbation is observed.

These results indicate that EPR oximetry is a feasible way to
measure and track peripheral tissue oxygenation. Using EPR
oximetry, clinicians will be able to directly assess the status of
these tissues in disease and monitor the effects of therapeutic
intervention. After further testing with additional healthy vol-
unteers, and initial studies with diabetic patients, it is expected
that this technique may be used to provide clinicians with di-
rect and useful information to better manage peripheral vascu-
lar disease.

Clinical application of EPR oximetry for pO;
measurements in tumors

In view of the critical role that pO, has in the treatment re-
sponse and prognosis of tumors, considerable research has been
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FIG. 8. India ink was used to monitor the tissue pO, at the
metatarsal head on the plantar surface of the foot of a
healthy volunteer. Baseline pO, was measured for 10 min,
followed by measurements during a 5-min period during which
blood circulation to the foot was restricted and a 10-min re-
covery period. The foot temperature was maintained at 37°C
with a warm-air blower in all the measurements. The pO, val-
ues are shown as mean * SD.
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carried out to develop techniques that might be suitable for the
measurement of tumor oxygenation or related parameters in pa-
tients (43, 61). However, the application of many of these meth-
ods for making repeated measurements is problematic. Studies
in animal tumor models using EPR oximetry, however, dem-
onstrated the feasibility of making such repeated measurements
of pO, during the course of radiotherapy. We recently initiated
a tumor oximetry study in patients with tumors at depths of =1
cm from the surface. We also are at an advanced stage of plan-
ning for the use of implantable resonators, to increase the depth
at which oxygen measurements can be made.

Data on changes in tumor pO, over the course of radio- or
chemotherapy would provide important clinical information on
the probability that human tumors will respond to combined
treatments using radiation or chemotherapy or both or antian-
giogenic and vascular targeting approaches or surgery, or a
combination of these, which could lead to changes of oxygen
that would then affect the response to the subsequent therapy
or therapies.

To allow the capabilities of EPR oximetry to be used in clin-
ical studies of human tumors, it is necessary to demonstrate that
the measurements can be made successfully in tumors under
clinically applicable conditions, and that the data are consistent
with the expectation that such measurements will be clinically
useful. Ongoing studies focus on demonstrating the ability to
make repeated measurements with EPR oximetry to measure
changes from “baseline” tumor pO,, following this parameter
over time within individual patients, and across groups of pa-
tients. Along with the absolute value of the baseline pO,, the
measurements of time-dependent changes are likely to be very
productive parameters for clinical decision making, providing
information on the progression of tumors and the effects of
treatment.

In such a feasibility study, it would be premature and per-
haps limiting to make measurements and refinements of the
technique in restricted types of patients (e.g., with a specific tu-
mor type in specific stages), so we have instead used patients
who have tumors of which the geometry is suitable for the most
straightforward measurements (i.e., within 10 mm of the sur-
face), regardless of the prescribed treatment plans. Tumors suit-
able for this study include, but not are limited to, skin cancers,
head and neck tumors (especially those with nodal metastases),
lymphomas, sarcomas, and metastases to the skin from visceral
sites. We are making measurements in these volunteers to dem-

onstrate the feasibility of making repeated measurements both
continuously over short intervals and intermittently through an
entire course of therapy. These ongoing studies will provide
some of the first systematic data on tumor oxygen levels dur-
ing the course of clinical radiation-therapy protocols. The ini-
tial clinical studies have been performed in two general groups
of patients. The first group is comprised of patients with ad-
vanced melanoma with cutaneous lesions, where the measure-
ments are relatively simple and the lesions are geometrically
similar. Treatments for these patients have generally included
systemic chemotherapy and surgical resection. The second
group of patients includes those with superficial tumors who
are undergoing radiation therapy, where the effects of radiation
and tumor growth on tumor pO, can be monitored.

In these clinical studies, between 10 and 20 ul of India ink
(8) is injected into the tumor tissue at the sites of interest. The
ink is biologically inert and sterilized before injection by auto-
claving. The ink is injected using a 23-gauge needle and mi-
crosyringe under sterile conditions, with optional local anes-
thesia. In the studies involving melanoma lesions, the ink is
deposited in the tumor tissue at a depth of ~2-3 mm. In the
studies of other superficial tumors, where a range of tumor types
and depths will be studied, the ink can be deposited at depths
of up to 10 mm below the skin surface.

The data-acquisition procedures for EPR tumor oximetry are
similar to those used successfully in our prior clinical studies
(37, 61). Volunteers are positioned centrally in the clinical EPR
magnet in either a seated or a lying position, depending on the
site of the measurement. Additional pillows and supports are
used to maximize patient comfort, immobilize the tissue, and
isolate the measurement site from diaphragmatic motion. Care
is taken to provide optimal instrumental access to the mea-
surement site. A surface-loop resonator is placed on the surface
of the tumor with the detection loop centered above the ink de-
posit of interest. The surface temperature of the patient at the
measurement site is monitored and maintained using warm air.
The resonator is externally supported using an assortment of
holders to prevent perturbation of blood flow and tissue pO,pO,
by excess pressure of the resonator on the tumor surface. Con-
tinuous-wave (CW) EPR spectra are recorded using instru-
mental settings that are optimized for the observed physiologic
and anatomic conditions. Typically, sets of spectra are col-
lected, with periods of 3—-10 s, over a 5- to 10-min period, mak-
ing it feasible to obtain data on the time course of changes or
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more-precise estimates of the average pO; or both. Spectra are
analyzed using least-squares spectral fitting with a double-
lorentzian spectral model, and the observed peak-to-peak line
width is converted to pO, according to an oxygen-sensitivity
calibration curve (8, 37).

To date, measurements have been performed in five volun-
teers, involving three melanoma tumors, one squamous cell car-
cinoma, and one superficial lymphoma. A description of our
first human tumor measurement, which was performed in a mel-
anoma, has been published (38). Figure 10 shows a set of spec-
tra acquired with a different volunteer, in which ink was in-
jected in the tissue of a subcutaneous lymphoma tumor.

This tumor was located centrally on the posterior surface of
the right thigh, and formed an open lesion with a necrotic core
surrounded by viable tumor tissue. Ink was deposited in tumor
tissue on the medial rim of the lesion. For these measurements,
the volunteer was in a prone position with the tumor centered
in the magnet volume. Sets of spectra were collected under
baseline conditions, while the volunteer breathed room air, and
then repeated after the volunteer had acclimated to breathing
100% O,. Each data set was acquired over a 4-min period, with
60 separate sweeps of the magnetic field. A stable baseline pO,
of 4.1 mm Hg was observed, which increased significantly
when the patient was breathing 100% O,. These results, and
similar results measured in other volunteers, indicate that it is
likely that EPR oximetry can be used successfully in the clin-
ical setting to measure tumor pO, in humans.

CONCLUSIONS

Our extensive animal studies highlight the applicability and
usefulness of EPR oximetry for repeated measurements of oxy-
gen in various tissues. The unique advantage of this approach
is its capability to make repeated measurements of oxygen from
the same sites with little or no invasion.

The most exciting and promising area for the application of
EPR oximetry is in clinical applications. It now has been dem-
onstrated that measurements can be made successfully in hu-
man subjects. It will be essential to demonstrate that such mea-
surements can provide clinically useful information. This can
occur both by use of the present capabilities and by enhance-
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FIG. 10. Response of tumor pO, to breathing 100% oxygen
in the volunteer with a subcutaneous lymphoma. Spectra
A-C are consecutive averages of 60 scans (4 s each) with the
volunteer breathing room air (pO, = 4.1 = 0.1 mm Hg). These
were followed by another acquisition of 60 4-s scans with the
volunteer breathing 100% O, after a 10-min equilibration pe-
riod, during which the pO, increased to ~150 mm Hg.
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ment of the capabilities through additional technical develop-
ments. Ample reason exists for optimism in both regards.

The present capabilities appear to be very suitable for a num-
ber of significant applications, where the targets of interest are
within a few millimeters of the surface, and it is reasonable to
place paramagnetic India ink directly into the tissue. One of the
areas of immediate promise is for the use of in vivo EPR to ob-
tain crucial data on acute or chronic ischemic diseases. The
largest and most feasible application is to monitor the status of
peripheral vascular disease in diabetic patients. The oxygena-
tion of the tissues of the foot and leg is the critical parameter
that determines the viability of the tissues and their suscepti-
bility to infection and tendency to necrosis. Currently no other
methods provide direct measurements of the pO, in the tissues
at risk, whereas in vivo EPR oximetry has this potential. In prin-
ciple, the measurement of oxygen at selected sites in the foot
and leg could be done routinely after the placement of India ink
at these sites. It also should be feasible to obtain indications of
functional status at the sites by simple maneuvers such as
breathing in oxygen-enriched gas mixtures. These data would
enable clinicians to have an objective measure of the efficacy
of therapeutic regimes as well as providing indications of de-
teriorating conditions in critical tissues.

Another area of immediate application is pO, measurements
in suitably located tumors. Such measurements provide an op-
portunity to obtain unique and clinically important information:
the level of oxygen in the tumor and how it varies over time,
especially during the course of treatment. When the treatment
is radiation therapy only, this capability makes it feasible to tai-
lor the delivery of the radiation so that the doses are given at
times of optimal oxygenation. /n vivo EPR has the capability
to do this with each patient, enabling the treating physician to
schedule the delivery of radiation at the times that will provide
the best therapeutic efficacy. This capability also should en-
hance the ability to develop optimal modifications of standard
therapy, where the dose per fraction or the intervals between
fractions is varied (or both); such modifications are being in-
creasingly used to enhance therapeutic effectiveness or for
greater convenience of patients, especially for a palliative ther-
apy. This may be very important because, although a vast
amount of empiric evidence exists on the efficacy of standard
fractionation schemes, no such data base is available for the
new fractionation schemes that are increasingly being used.
Similar considerations apply to the development of new thera-
peutic approaches that combine radiation therapy with chemo-
therapy and/or surgery. Each modality has the potential both to
have its efficacy affected by the level of oxygen and to affect
those levels. Using the information available with in vivo EPR
oximetry, the timing and sequence of the treatments could be
optimized to obtain the best therapeutic ratio.

The third area of early clinical applications is likely to be
monitoring wound healing. This is another area where the lo-
cal oxygenation is a crucial parameter that provides an indica-
tion as to whether the wound will heal effectively and could be
used to monitor the effectiveness of therapeutic interventions.

Although a number of potential significant enhancements of
the capabilities of in vivo EPR are known, the one that is likely
to have the greatest impact at an early date is the development
of the implantable resonator. This will enable measurements to
be made at essentially any depth, and after the treatment regi-
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men is completed in several weeks or months, the implanted
resonator can be readily removed through a small incision. We
are preparing to initiate the first such study to measure oxygen
in deeper head and neck tumors.

Another technical advance that is likely to become available
in the near future includes the use of oximetric probes with en-
hanced sensitivity that can be used in human subjects by en-
capsulating them in biocompatible containers that can be
removed. With the recent development of a whole-body elec-
tromagnet that can accommodate human subjects (the current
clinical studies at Dartmouth use a permanent magnet) with a
large gap with a large region of high magnetic homogeneity, it
should become feasible to use various other frequencies that
may be optimal for particular applications.
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ABBREVIATIONS

ATSM, Diacetyl-bis(N4-methylthiosemicarbazone); BOLD
imaging, blood oxygen level ependent imaging; EPR spec-
troscopy, electron paramagnetic resonance spectroscopy; HSR-
MS, high spatial resolution—multi site; LAD, left anterior de-
scending; LHL, Left hindlimb; LiPc, lithium phthalocyanine;
NIR, near infrared; NMR, nuclear magnetic resonance; PVD,
peripheral vascular disease; RHL, right hindlimb; RIF, radia-
tion-induced fibrosarcoma; SAR, specific absorption rate;
TcO,, transcutaneous oximetry; WT, wild type.

REFERENCES

1. Abramovic Z, Sentjurc M, Kristl J, Khan N, Hou H, and Swartz
HM. Influence of different anesthetics on skin oxygenation stud-
ied by electron paramagnetic resonance in vivo. Skin Pharmacol
Physiol 20: 77-84, 2006.

2. Baudelet C and Gallez B. How does blood oxygen level-dependent
(BOLD) contrast correlate with oxygen partial pressure (pO;) in-
side tumors? Mggn Reson Med 48: 980-986, 2002.

3. Baumgartl H, Zimelka W, and Lubbers DW. Evaluation of pO,
profiles to describe the oxygen pressure fleld within the tissue.

132: 75-85, 2002.

4. Borssen B, Bergenheim T, and Lithner F. The epidemiology of foot
lesions in diabetic patients aged 15-50 years. Digbetes Med 7:
438-444, 1990.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

KHAN ET AL.

. Brizel DM, Sibley GS, Prosnitz LR, Scher RL, and Dewhirst MW.

Tumor hypoxia adversely affects the prognosis of carcinoma of the

head and neck. uinieRididiniaalRialbias 38: 285-289, 1997.

. Cavaglia M, Dombrowski SM, Drazba J, Vasanji A, Bokesch PM,

and Janigro D. Regional variation in brain capillary density and
vascular response to ischemia. Brain Res 910: 81-93, 2001.

. Ceconi C, Boraso A, Cargnoni A, and Ferrari R. Oxidative stress

in cardiovascular disease: myth or fact? Azch Bigchem Bignhys 420:
217-221, 2003.

. Charlier N, Beghein N, and Gallez B. Development and evaluation

of biocompatible inks for the local measurement of oxygen using
in vivo EPR. NMR Biomed 17: 303-310, 2004.

. Demidenko EZ. Mixed Models: Theory and Applications. Hobo-

ken, NJ: Wiley-Interscience, 2004.

Dunn JF and Swartz HM. In vivo electron paramagnetic resonance
oximetry with particulate materials. Methods 30: 159-166, 2003.
Friedman BJ, Grinberg OY, Isaacs KA, Ruuge EK, and Swartz
HM. Effect of repetitive ischemia on myocardial oxygen tension
in isolated perfused and hypoperfused rat hearts. Mggn Reson Med
35: 214-220, 1996.

Geiss LS, Herman WH, and Smith PJ. Mortality in non-insulin-
dependent diabetes. In: Diabetes in America, edited by Harris MI,
Cowie CC, Stern MP, Boyko EJ, Reiber GE, and Bennett PH, 1995,
pp. 233-258.

Gobel U, Theilen H, and Kuschinsky W. Congruence of total and
perfused capillary network in rat brains. Circ Res 66: 271-281, 1990.
Graeber TG, Osmanian C, Jacks T, Housman DE, Koch CJ, Lowe
SW, and Giaccia AJ. Hypoxia-mediated selection of cells with di-
minished apoptotic potential in solid tumors. Nature 6560: 88-91,
1996.

Gray LH, Conger AD, Ebert M, Hornsey S, and Scott OCA. The
concentration of oxygen dissolved in tissues at the time of irradi-
ation as a factor in radiotherapy. Br J Radiol 26: 638-648, 1953.
Grinberg OY, Friedman BJ, and Swartz HM. Intramyocardial pO,
measured by EPR. Ady Fap Med Biol 428: 261-268, 1997.
Grinberg OY, Grinberg SA, Friedman BJ, and Swartz HM. Myo-
cardial oxygen tension and capillary density in the isolated per-
fused rat heart during pharmacological intervention. Adv Exp Med
Biol 411: 171-181, 1997.

Grinberg OY, Hou H, Grinberg SA, Moodie KL, Demidenko E,
Friedman BJ, Post MJ, and Swartz HM. pO, and regional blood
flow in a rabbit model of limb ischemia. Physiol Meas 25: 659,
2004.

Grinberg OY, Smirnov Al, and Swartz HM. High spatial resolu-
tion multi-site EPR oximetry: the use of convolution-based fitting
method. J Magn Reson 152: 247-258, 2001.

Grinberg VO, Smirnov Al, Grinberg OY, Grinberg SA, O’Hara
JA, and Swartz HM. Practical experimental conditions and limita-
tions for high-spatial-resolution multisite EPR oximetry. Appl
Magn Reson 28: 69-78, 2005.

Hall EJ. Radiobiology for the Radiologist. Philadelphia: Lippincott
Williams & Wilkins, 2000.

Halliwell B. Oxidative stress and cancer: have we moved forward?
Biochem J 401: 1-11, 2007.

Helisch A, Wagner S, Khan N, Drinane M, Wolfram S, Heil M,
Ziegelhoeffer T, Brandt U, Pearlman JD, Swartz HM, and Schaper
W. Impact of mouse strain differences in innate hindlimb collat-
eral vasculature. dutgiigsalelbiamb g aRigl 26: 520-526, 2006.
Hershey JC, Baskin EP, Glass JD, Hartman HA, Gilberto DB,
Rogers IT, and Cook JJ. Revascularization in the rabbit hindlimb:
dissociation between capillary sprouting and arteriogenesis. Car-
diovasc Res 49: 618-625, 2001.

Hockel M, Knoop C, Schlenger K, Vorndran B, Baussmann E,
Mitze M, Knapstein PG, and Vaupel P. Intratumoral pO, predicts
survival in advanced cancer of the uterine cervix. Radiother On-
col 26: 45-50, 1993.

Hou H, Grinberg O, Grinberg S, and Swartz H. Cerebral tissue oxy-
genation in reversible focal ischemia in rats: multi-site EPR oxime-
try measurements. Physiol Meas 26: 131-141, 2005.

Hou H, Grinberg OY, Grinberg SA, Khan N, Dunn JF, and Swartz
HM. Cerebral PtO,, acute hypoxia, and volatile anesthetics in the

rat brain. Ady Fap Med Biol 566: 179-185, 2005.




IN VIVO AND CLINICAL APPLICATIONS OF EPR OXIMETRY

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Hou H, Grinberg OY, Taie S, Leichtweis S, Miyake M, Grinberg
S, Xie H, Csete M, and Swartz HM. Electron paramagnetic reso-
nance assessment of brain tissue oxygen tension in anesthetized
rats. Anesth Analg 96: 1467-1472, 2003.

Hou H, Khan N, O’Hara JA, Grinberg OY, Dunn JF, Abajian MA,
Wilmot CM, Demidenko E, Lu S, Steffen RP, and Swartz HM. In-
creased oxygenation of intracranial tumors by EFAPROXYN
(efaproxiral), an allosteric hemoglobin modifier: in vivo EPR
oximetry study. atalRadigtQuealRiglDLys 61: 1503-1509, 2005.
Hou H, Khan N, O’Hara JA, Grinberg OY, Dunn JF, Abajian MA,
Wilmot CM, Makki M, Demidenko E, Lu S, Steffen RP, and Swartz
HM. Effect of RSR13, an allosteric hemoglobin modifier, on oxy-
genation in murine tumors: an in vivo electron paramagnetic reso-
nance oximetry and BOLD MRI study. gz L Radigr Queal Rigl
Phys 59: 834-843, 2004.

Hunjan S, Zhao D, Constantinescu A, Hahn EW, Antich PP, and
Mason RP. Tumor oximetry: demonstration of an enhanced dy-
namic mapping procedure using fluorine-19 echo planar magnetic
resonance imaging in the dunning prostate r3327-AT1 rat tumor.
eliiioiiiialeRialellis 49: 10971108, 2001

Hunt TK, Ellison EC, and Sen CK. Oxygen: at the foundation of
wound healing: introduction. World J Surg 28: 291-293, 2004.
James PE, Bacic G, Grinberg OY, Goda F, Dunn JF, Jackson SK,
and Swartz HM. Endotoxin-induced changes in intrarenal pO,,
measured by in vivo electron paramagnetic resonance oximetry and
magnetic resonance imaging. Lrge Radic Bigl Med 21: 25-34,
1996.

James PE, Goda F, Grinberg OY, Szybinski KG, and Swartz HM.
Intrarenal pO, measured by EPR oximetry and the effects of bac-
terial endotoxin. jo] 411: 557-568, 1997.

Jiang J, Nakashima T, Liu KJ, Goda F, Shima T, and Swartz HM.
Measurement of pO, in liver using EPR oximetry. J Appl Physiol
el balehliial 80: 552-558, 1996.

Jorneskog G, Djavani K, and Brismar K. Day-to-day variability of
transcutaneous oxygen tension in patients with diabetes mellitus
and peripheral arterial occlusive disease. J Vasc Surg 34: 277-282,
2001.

Khan N, Hou H, Hein P, Comi RJ, Buckey JC, Grinberg O, Sa-
likhov I, Lu SY, Wallach H, and Swartz HM. Black magic and
EPR oximetry: from lab to initial clinical trials. Ady Fap Med Biol
566: 119-126, 2005.

Khan N, Williams BB, and Swartz HM. Clinical applications of in
vivo EPR: rationale and initial results. Appl Maeon Reson 30:
185-199, 2006.

Krishna MC, English S, Yamada K, Yoo J, Murugesan R, Devasa-
hayam N, Cook JA, Golman K, Ardenkjaer P, Larsen JH, Subra-
manian S, and Mitchell JB. Overhauser enhanced magnetic reso-
nance imaging for tumor oximetry: coregistration of tumor anatomy
and tissue oxygen concentration. RugeNatldegd Sci LS4 99:
2216-2221, 2002.

Lance AL. Introduction to Microwave Theory and Measurements.
New York: McGraw-Hill, 1964.

Lei H, Grinberg O, Nwaigwe CI, Hou HG, Williams H, Swartz
HM, and Dunn JF. The effects of ketamine-xylazine anesthesia on
cerebral blood flow and oxygenation observed using nuclear mag-
netic resonance perfusion imaging and electron paramagnetic res-
onance oximetry. Brain Res 913: 174-179, 2001.

Lierse W. Capillary density in the vertebrate brain. Acta Anat
(Basel) 54: 1-31, 1963.

Lubbers DW and Baumgartl H. Heterogeneities and profiles of oxy-
gen pressure in brain and kidney as examples of the pO, distribu-
tion in the living tissue. Kidney Int 51: 372-380, 1997.

Madhani M, Barchowsky A, Klei L, Ross CR, Jackson SK, Swartz
HM, and James PE. Antibacterial peptide PR-39 affects local ni-
tric oxide and preserves tissue oxygenation in the liver during sep-
tic shock. Bigchim Rionhus Actg 1588: 232-240, 2002.
Nordsmark M, Overgaard M, and Overgaard J. Pretreatment oxy-
genation predicts radiation response in advanced squamous cell car-
cinoma of the head and neck. Rgdiother Oncol 41: 31-39, 1996.
Nozue M, Lee I, Yuan F, Teicher BA, Brizel DM, Dewhirst MW,
Milross CG, Milas L, Song CW, Thomas CD, Guichard M, Evans
SM, Koch CJ, Lord EM, Jain RK, and Suit HD. Interlaboratory

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

1181

variation in oxygen tension measurement by Eppendorf “histo-
graph” and comparison with hypoxic marker. J Surg Oncol 66:
30-38, 1997.

O’Hara JA, Blumenthal RD, Grinberg OY, Demidenko E, Grin-
berg S, Wilmot CM, Taylor AM, Goldenberg DM, and Swartz HM.
Response to radioimmunotherapy correlates with tumor pO, mea-
sured by EPR oximetry in human tumor xenografts. Radiat Res
155: 466473, 2001.

O’Hara JA, Hou H, Demidenko E, Springett RJ, Khan N, and
Swartz HM. Simultaneous measurement of rat brain cortex PtO,
using EPR oximetry and a fluorescence fiber-optic sensor during
normoxia and hyperoxia. Physiol Meas 26: 203-213, 2005.
O’Hara JA, Khan N, Hou H, Wilmo CM, Demidenko E, Dunn JF,
and Swartz HM. Comparison of EPR oximetry and Eppendorf po-
larographic electrode assessments of rat brain PtO,. Physiol Meas
25: 1413-1423, 2004.

Pogue BW, O’Hara JA, Goodwin IA, Wilmot CJ, Fournier GP,
Akay AR, and Swartz H. Tumor pO, changes during photodynamic
therapy depend upon photosensitizer type and time after injection.
Comp Biochem Physiol Part a, Mol Jutegr Phvsiol 132: 177-184,
2002.

Rudat V, Stadler P, Becker A, Vanselow B, Dietz A, Wannen-
macher M, Molls M, Dunst J, and Feldmann HJ. Predictive value
of the tumor oxygenation by means of pO, histography in patients
with advanced head and neck cancer. Sgzghlenther QOukol 177:
462468, 2001.

Salikhov I, Walczak T, Lesniewski P, Khan N, Iwasaki A, Comi
R, Buckey J, and Swartz HM. EPR spectrometer for clinical ap-
plications. Mggn Reson Med 54: 1317-1320, 2005.

Salikhov IK and Swartz HM. Measurement of specific absorption
rate for clinical EPR at 1200 MHz. Appl Magn Reson 28: 287-291,
2005.

Scholz D, Ziegelhoeffer T, Helisch A, Wagner S, Friedrich C,
Podzuweit T, and Schaper W. Contribution of arteriogenesis and
angiogenesis to postocclusive hindlimb perfusion in mice. J Mol
Cell Cardiol 34: 775-787, 2002.

Smirnov Al, Norby SW, Clarkson RB, Walczak T, and Swartz HM.
Simultaneous multi-site EPR spectroscopy in vivo. Magn Reson
Med 30: 213-220, 1993.

Swartz HM. The measurement of oxygen in vivo using EPR tech-
niques. In: Biological Magnetic Resonance, Volume 18: In Vivo
EPR (ESR): Theory and Applications, edited by Berliner LJ. New
York: Plenum Publishing, 2003, pp. 403-440.

Swartz HM. Potential medical (clinical!!) applications of EPR:
overview and perspectives. In: Biological Magnetic Resonance,
Volume 18: In Vivo EPR (ESR): Theory and Applications, edited
by Berliner LJ. New York: Plenum Publishing, 2003, pp. 599-621.
Swartz HM and Berliner LJ. In vivo EPR: Foundations of Modern
EPR, edited by Eaton SS, Eaton GR, and Salikhov KM. Singapore/
New Jersey/London: World Scientific Publishing, 1998, pp. 361-378.
Swartz HM and Clarkson RB. The measurement of oxygen in vivo
using EPR techniques. Phys Med Biol 43: 1957-1975, 1998.
Swartz HM and Halpern H. EPR studies of living animals and re-
lated model systems (in vivo EPR). Biol Maen Reson 14: 367-404,
1998.

Swartz HM, Khan N, Buckey J, Comi R, Gould L, Grinberg O,
Hartford A, Hopf H, Hou H, Hug E, Iwasaki A, Lesniewski P, Sa-
likhov I, and Walczak T. Clinical applications of EPR: overview
and perspectives. NMR Biomed 17: 335-351, 2004.

Swartz HM, Taie S, Miyake M, Grinberg OY, Hou H, el-Kadi H,
and Dunn JF. The effects of anesthesia on cerebral tissue oxygen
tension: use of EPR oximetry to make repeated measurements. Ady
Exp Med Biol 530: 569-575, 2003.

Tandara AA and Mustoe TA. Oxygen in wound healing: more than
a nutrient. World J Surg 28: 294-300, 2004.

Towner RA, Sturgeon SA, Khan N, Hou H, and Swartz HM. In
vivo assessment of nodularin-induced hepatotoxicity in the rat us-
ing magnetic resonance techniques (MRI, MRS and EPR oxime-
try). Qhemico-Riol Juterger 139: 231-250, 2002.

Unthank JL, Nixon JC, and Lash JM. Early adaptations in collat-
eral and microvascular resistances after ligation of the rat femoral
artery. J Appl Physiol 79: 73-82, 1995.



1182

66.

67.

68.

69.

Vaupel P and Mayer A. Hypoxia and anemia: effects on tumor
biology and treatment resistance. Izgusfius Clip Biol 12: 5-10,
2005.

Warnholtz A, Wendt M, August M, and Munzel T. Clinical aspects
of reactive oxygen and nitrogen species. Bigchem Soc Svimp 71:
121-133, 2004.

Williams BB, Hou H, Grinberg O, Demidenko E, and Swartz H.
High spatial resolution multi-site EPR oximetry of transient fo-
cal cerebral ischemia in the rat. Antioxid Redox Signaling (in
press).

Young WK, Vojnovic B, and Wardman P. Measurement of oxy-
gen tension in tumours by time-resolved fluorescence. Br J Can-
cer Suppl 27: S256-S259, 1996.

KHAN ET AL.

Address reprint requests to:
Harold M. Swartz

HB 7785, Vail 702
Dartmouth Medical School
Hanover, NH 03755

E-mail: harold.swartz@dartmouth.edu
Date of first submission to ARS Central, February 28, 2007;

date of revised submission, February 28, 2007; date of accep-
tance, March 8, 2007.



Thisarticle has been cited by:

1. Ly-Binh-AnTran, AnneBol, Daniel Labar, Bénédicte Jordan, Julie Magat, Lionel Mignion, Vincent Grégoire, Bernard Gallez.
2012. Hypoxiaimaging with the nitroimidazole 18F-FAZA PET tracer: A comparison with OxyL.ite, EPR oximetry and 19F-
MRI relaxometry. Radiotherapy and Oncology . [ CrossRef]

2. Oussama Karroum, Julie Kengen, Pierre Danhier, Julie Magat, Lionel Mignion, Caroline Bouzin, Julien Verrax, Nicolas
Charette, Peter Starkel, Pedro Buc Calderon, Pierre Sonveaux, Oliver Feron, Vincent Grégoire, Bernard Gallez, Bénédicte
F. Jordan. 2012. Tumor reoxygenation following administration of Mitogen-Activated Protein Kinase inhibitors: A rationale
for combination with radiation therapy. Radiotherapy and Oncology . [ CrossRef]

3. Andrey A. Bobko, Timothy D. Eubank, Jeffrey L. Voorhees, Olga V. Efimova, Igor A. Kirilyuk, Sergey Petryakov, Dmitrii
G. Trofimiov, Clay B. Marsh, Jay L. Zweier, Igor A. Grigor'ev, Alexandre Samouilov, Vaery V. Khramtsov. 2012. In vivo
monitoring of pH, redox status, and glutathione using L-band EPR for assessment of therapeutic effectivenessin solid tumors.
Magnetic Resonance in Medicine 67:6, 1827-1836. [ CrossRef]

4. Nadeem Khan, Sriram Mupparaju, Huagang Hou, Benjamin B. Williams, Harold Swartz. 2011. Repeated assessment of
orthotopic glioma pO2 by multi-site EPR oximetry: A technique with the potential to guide therapeutic optimization by
repeated measurements of oxygen. Journal of Neuroscience Methods . [CrossRef]

5. Yu Shang, Lei Chen, Michal Toborek, Guogiang Y u. 2011. Diffuse optical monitoring of repeated cerebral ischemiain mice.
Optics Express 19:21, 20301. [ CrossRef]

6. Huagang Hou, Ruhong Dong, Hongbin Li, Benjamin Williams, Jean P. Lariviere, S.K. Hekmatyar, Risto A. Kauppinen,
Nadeem Khan, Harold Swartz. 2011. Dynamic changes in oxygenation of intracranial tumor and contralateral brain during
tumor growth and carbogen breathing: A multisite EPR oximetry with implantabl e resonators. Jour nal of Magnetic Resonance
. [CrossRef]

7.Leanne K. Bell, Nicola L. Ainsworth, Shen-Han Lee, John R. Griffiths. 2011. MRl & MRS assessment of the role of the
tumour microenvironment in response to therapy. NMR in Biomedicine n/a-n/a. [ CrossRef]

8. Reut Avni, Batya Cohen, Michal Neeman. 2011. Hypoxic stress and cancer: imaging the axis of evil in tumor metastasis.
NMR in Biomedicine n/a-n/a. [ CrossRef]

9. JesGis Pacheco-Torres, Pilar Lopez-Larrubia, Paloma Ballesteros, Sebastian Cerdan. 2011. Imaging tumor hypoxia by
magnetic resonance methods. NMR in Biomedicine 24:1, 1-16. [ CrossRef]

10. Huagang HOU, Ruhong DONG, Jean P. LARIVIERE, Sriram P. MUPPARAJU, Harold M. SWARTZ, Nadeem KHAN.
2011. Synergistic Combination of Hyperoxygenation and Radiotherapy by Repeated Assessments of Tumor pO2 with EPR
Oximetry. Journal of Radiation Research 52:5, 568-574. [ CrossRef]

11. Siyuan Liu, Sameer J. Shah, Lisa J. Wilmes, John Feiner, Vikram D. Kodibagkar, Michael F. Wendland, Ralph P. Mason,
NolaHylton, Harriet W. Hopf, Mark D. Rollins. 2011. Quantitative tissue oxygen measurement in multiple organs using 19F
MRI in arat model. Magnetic Resonance in Medicine n/a-n/a. [CrossRef]

12. Nadeem Khan, Sriram Mupparagju, Shahryar K. Hekmatyar, Huagang Hou, Jean P. Lariviere, Eugene Demidenko, David
J. Gladstone, Risto A. Kauppinen, Harold M. Swartz. 2010. Effect of Hyperoxygenation on Tissue pO2 and Its Effect on
Radiotherapeutic Efficacy of Orthotopic F98 Gliomas. International Journal of Radiation Oncology* Biology* Physics 78:4,
1193-1200. [CrossRef]

13. Guruguhan M eenakshisundaram, Edward Eteshola, Aharon Blank, Stephen C. Lee, Periannan Kuppusamy. 2010. A molecular
paramagnetic spin-doped biopolymeric oxygen sensor. Biosensors and Bioelectronics 25:10, 2283-2289. [ CrossRef]

14. Huagang Hou, Zrinka Abramovic, Jean P. Lariviere, Marjeta Sentjurc, Harold Swartz, Nadeem Khan. 2010. Effect of a
Topica Vasodilator on Tumor Hypoxia and Tumor Oxygen Guided Radiotherapy using EPR Oximetry. Radiation Research
173:5, 651-658. [ CrossRef]

15. Aharon Blank, Revital Halevy, Michael Shklyar, Lazar Shtirberg, Periannan Kuppusamy. 2010. ESR micro-imaging of LiNc-
BuO crystalsin PDMS: Spatial and spectral grain distribution. Journal of Magnetic Resonance 203:1, 150-155. [ CrossRef]

16. Guruguhan M eenakshisundaram, Ramasamy P. Pandian, Edward Eteshola, Stephen C. Lee, Periannan Kuppusamy. 2010. A
paramagnetic implant containing lithium naphthal ocyanine microcrystals for high-resolution biological oximetry. Journal of
Magnetic Resonance 203:1, 185-189. [ CrossRef]

17. Nadeem Khan, Valery V. Khramtsov , Harold M. Swartz Methodsfor Tissue pO2, Redox, pH, and Glutathione M easurements
by EPR Spectroscopy 81-89. [Abstract] [Summary] [Full Text PDF] [Full Text PDF with Links]


http://dx.doi.org/10.1016/j.radonc.2012.04.011
http://dx.doi.org/10.1016/j.radonc.2012.05.005
http://dx.doi.org/10.1002/mrm.23196
http://dx.doi.org/10.1016/j.jneumeth.2011.10.026
http://dx.doi.org/10.1364/OE.19.020301
http://dx.doi.org/10.1016/j.jmr.2011.09.043
http://dx.doi.org/10.1002/nbm.1720
http://dx.doi.org/10.1002/nbm.1632
http://dx.doi.org/10.1002/nbm.1558
http://dx.doi.org/10.1269/jrr.11028
http://dx.doi.org/10.1002/mrm.22968
http://dx.doi.org/10.1016/j.ijrobp.2010.05.045
http://dx.doi.org/10.1016/j.bios.2010.03.011
http://dx.doi.org/10.1667/RR1947.1
http://dx.doi.org/10.1016/j.jmr.2009.12.011
http://dx.doi.org/10.1016/j.jmr.2009.11.016
http://dx.doi.org/10.1089/9781934854068.81
http://online.liebertpub.com/doi/sum/10.1089/9781934854068.81
http://online.liebertpub.com/doi/pdf/10.1089/9781934854068.81
http://online.liebertpub.com/doi/pdfplus/10.1089/9781934854068.81

18. Nadeem Khan, Sriram P. Mupparaju, Huagang Hou, Jean P. Lariviere, Eugene Demidenko, Harold M. Swartz, Alan Eastman.
2009. Radiotherapy in Conjunction with 7-Hydroxystaurosporine: A Multimodal Approach with Tumor pO 2 as a Potential
Marker of Therapeutic Response. Radiation Research 172:5, 592-597. [ CrossRef]

19. Caroline Diepart, Bénédicte F. Jordan, Bernard Gallez. 2009. A New EPR Oximetry Protocol to Estimate the Tissue Oxygen
Consumption In Vivo. Radiation Research 172:2, 220-225. [ CrossRef]

20. Guruguhan Meenakshisundaram, Edward Eteshola, Ramasamy P. Pandian, Anna Bratasz, Stephen C. Lee, Periannan
Kuppusamy. 2009. Fabrication and physical evaluation of a polymer-encapsulated paramagnetic probe for biomedical
oximetry. Biomedical Microdevices 11:4, 773-782. [ CrossRef]

21. Przemyslaw M. Plonka. 2009. Electron paramagnetic resonance as a unique tool for skin and hair research. Experimental
Dermatology 18:5, 472-484. [ CrossRef]

22. Pierre Sonveaux, Bénédicte F. Jordan, Bernard Gallez, Olivier Feron. 2009. Nitric oxide delivery to cancer: Why and how?.
European Journal of Cancer 45:8, 1352-1369. [ CrossRef]

23. Huagang Hou, Jean P. Lariviere, Eugene Demidenko, David Gladstone, Harold Swartz, Nadeem Khan. 2009. Repeated tumor
pO2 measurements by multi-site EPR oximetry as a prognostic marker for enhanced therapeutic efficacy of fractionated
radiotherapy. Radiotherapy and Oncology 91:1, 126-131. [CrossRef]

24. Nadeem Khan, Hongbin Li, Huagang Hou, Jean P. Lariviere, David J. Gladstone, Eugene Demidenko, Harold M. Swartz.
2009. Tissue pO2 of Orthotopic 9L and C6 Gliomas and Tumor-Specific Response to Radiotherapy and Hyperoxygenation.
International Journal of Radiation OncologyBiologyPhysics 73:3, 878-885. [ CrossRef]

25.Roger G Evans, Bruce S Gardiner, David W Smith, Paul M O’Connor. 2008. METHODS FOR STUDYING THE
PHY SIOLOGY OF KIDNEY OXYGENATION. Clinical and Experimental Pharmacology and Physiology . [ CrossRef]

26. Andrey Gurachevsky, Steven C. Kazmierczak, Achim Jorres, Vladimir Muravsky. 2008. Application of spin label electron
paramagnetic resonance in the diagnosis and prognosis of cancer and sepsis. Clinical Chemistry and Laboratory Medicine
46:9, 1203-1210. [CrossRef]

27. Deepti S. Vikram, Rizwan Ahmad, Ramasamy P. Pandian, Sergey Petryakov, Periannan Kuppusamy. 2008. Evaluation of
oxygen-response times of phthal ocyanine-based crystalline paramagnetic spin probes for EPR oximetry. Journal of Magnetic
Resonance 193:1, 127-132. [ CrossRef]

28. Mark W. Dewhirst, Yiting Cao, Benjamin Moeller. 2008. Cycling hypoxia and free radicals regulate angiogenesis and
radiotherapy response. Nature Reviews Cancer 8:6, 425-437. [ CrossRef]

29.M IBRAGIMOVA, V PETUKHOV, E ZHEGLOV, N KHAN, H HOU, H SWARTZ, G KONJUKHQOV, R NIZAMOV.

2008. Quinoid radio-toxin (QRT) induced metabolic changesin mice: An ex vivo and in vivo EPR investigation. Nitric Oxide
18:3, 216-222. [CrossRef]

30. Michael SimonsChapter 14 Assessment of Arteriogenesis 445, 331-342. [CrossRef]

31. Harold M. Swartz . 2007. On Tissue Oxygen and Hypoxia. Antioxidants & Redox Sgnaling 9:8, 1111-1114. [Citation] [Full
Text PDF] [Full Text PDF with Links]

32. Dipak K. Das Methods in Redox Signaling . [Citation] [Full Text HTML] [Full Text PDF] [Full Text PDF with Links]


http://dx.doi.org/10.1667/RR1781.1
http://dx.doi.org/10.1667/RR1448.1
http://dx.doi.org/10.1007/s10544-009-9292-x
http://dx.doi.org/10.1111/j.1600-0625.2009.00883.x
http://dx.doi.org/10.1016/j.ejca.2008.12.018
http://dx.doi.org/10.1016/j.radonc.2008.10.015
http://dx.doi.org/10.1016/j.ijrobp.2008.10.025
http://dx.doi.org/10.1111/j.1440-1681.2008.05063.x
http://dx.doi.org/10.1515/CCLM.2008.260
http://dx.doi.org/10.1016/j.jmr.2008.04.034
http://dx.doi.org/10.1038/nrc2397
http://dx.doi.org/10.1016/j.niox.2008.01.002
http://dx.doi.org/10.1016/S0076-6879(08)03014-0
http://dx.doi.org/10.1089/ars.2007.1694
http://online.liebertpub.com/doi/pdf/10.1089/ars.2007.1694
http://online.liebertpub.com/doi/pdf/10.1089/ars.2007.1694
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2007.1694
http://dx.doi.org/10.1089/9781934854068
http://online.liebertpub.com/doi/full/10.1089/9781934854068
http://online.liebertpub.com/doi/pdf/10.1089/9781934854068
http://online.liebertpub.com/doi/pdfplus/10.1089/9781934854068

