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ABSTRACT

The purpose of this review is to provide an overview of the methods available for imaging tissue oxygenation.
The following imaging methods are reviewed: phosphorescence, near-infrared (NIR), positron emission to-
mography (PET), magnetic resonance imaging ('°F MRI and BOLD MRI), and electron paramagnetic reso-
nance (EPR). The methods are based on different principles and differ in their ability to accurately quantify
tissue oxygenation, either the absolute value of a particular measure of oxygenation (partial pressure of oxy-
gen, concentration), or a parameter related to it (oxygen saturation). Methods that can provide images of rel-
ative changes in oxygenation or visualization of hypoxia in a specific tissue of interest are also considered
valuable tools for biomedical research and clinical applications. Antioxid. Redox Signal. 9, 1745-1756.

INTRODUCTION

OXYGEN IS AN ESSENTIAL PART of metabolism and the elec-
tron transport chain in the mitochondria of living cells.
Any imbalance in the oxygen levels, which may occur due to
altered supply or utilization of oxygen, may affect the meta-
bolic homeostasis and lead to pathophysiological diseases (1,
17, 52). Thus, a precise knowledge of the levels of oxygen in
the tissue of interest will be of paramount importance in our
ability to understand the mechanism of pathogenesis and to de-
velop strategies to correct the imbalance. This would require
methods capable of quantifying the levels of tissue oxygena-
tion with good spatial and temporal resolution. The informa-
tion gained will enable better understanding of various meta-
bolic and disease states (e.g., cancer and peripheral vascular
disease) and help in making effective clinical decisions re-
garding treatment and therapy.

The chemical and physical properties of oxygen enable a
wide variety of methods for measuring and mapping oxygen
content in vivo. The choice of any method should be based on
its applicability and the nature of information sought. There are
many reviews on the methods of oxygen measurement tech-
niques and their applications to specific organs and diseases
(19, 79). However, this review article will focus on some of the

methods that are used for imaging (mapping) oxygen content.
The intent is to provide a comparative description and evalua-
tion of the techniques (with emphasis on electron paramagnetic
resonance imaging) as well as highlight some of the applica-
tions where they will be found to be most useful.

Even though the discovery of oxygen was made in the 18®
century, measurements of oxygen concentration in living systems
(in vivo) are only a recent phenomenon. Early attempts were made
in the 1960s (14, 43) but it was in the late 1980s that the com-
puterized polarographic needle electrode system was used to as-
sess the oxygenation in tumors clinically (80). The use of this
technique helped to establish the role of hypoxia in ineffective
radio- or chemotherapy (11, 12, 32, 33, 61). Now there are sev-
eral methods that are based on other principles, including fluo-
rescence quenching, phosphorescence, optical detection, im-
munohistochemical, and magnetic resonance techniques. Though
all the methods report useful information about oxygenation in
tissue, not all of them are capable of mapping (imaging) the oxy-
gen content in tissue. The advantages of imaging oxygen over
single-site measurements are obvious. Since oxygen is not in-
volved in just one physiological process, characterizing the het-
erogeneity of oxygen distribution over the region of interest (e.g.,
tumor, heart) helps in the investigation of the underlying patho-
physiology, as well as making clinical treatment more effective.
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In general, the methods for imaging of oxygen can be broadly
categorized into three groups: (a) optical methods: near-infrared
spectroscopy (NIRS) and phosphorescence; (b) nuclear medi-
cine methods: positron emission tomography (PET); and (c)
magnetic resonance-based methods: blood oxygen level-de-
pendent magnetic resonance imaging (BOLD MRI); '°F MRI;
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electron paramagnetic resonance imaging (EPRI), and pro-
ton—electron double resonance imaging (PEDRI). Some of the
desirable criteria for the successful imaging of oxygenation in
living systems are: (a) noninvasiveness; (b) capability to make
repeated measurements; (c) accessibility to the region of inter-
est; (d) image resolution; (e) depth of measurement; (f) accu-

TaBLE 1. COMPARISON OF THE METHODS OF OXYGEN IMAGING
Phosphorescence
EPRI BOLD MRI 19 F MRI PET imaging NIRS
Category Magnetic Magnetic Magnetic Nuclear Optical Optical
resonance resonance resonance
Probe Soluble, None Perfluro- ISE_MISO, Phosphors None
particulate carbons I8F_EF5 (external)
(PFCs)
Probe size Soluble: NA 50 uL Single <3 mg/kg NA
single injection molecule
molecule
Particulate:
100-500 wm
Oxygen No No No No No No
consumption
Interference No Signal No, high Possible No, high No
from other interpretation specificity binding to specificity
sources aerobic
cells
Mode Spatial Spatial Spatial Spatial Spatial and Spatial
temporal temporal temporal temporal temporal temporal
Data Minutes, Method About 150 Minutes, ? ?
acquisition hours dependent readings in hours
time ~7 min
Range 0-100 Relative pO; 0-760 0-10 0-160 mm Hg ?
mm Hg mm Hg mm Hg (at least)
Sensitivity <1 mm Hg 1-3 mm Hg <10 mm Hg
to detect
tracer
('8F-MISO),
high for
18F-EF5
Resolution 0.5 mm Comparable Linear 2 mm 50 micron with Spatial:
to (FMIS 0), blue, less 2 mm-cm
conventional 6-8 mm with other Temporal:
MRI for human wavelengths 50 ms-min
studies
Lifetime Soluble NA Half life 600  '8F-MISO: usec (Green NA
probes: min 1.83 hrs 2W and
several min I8F-EF5 Pd-porphyrin)
Particulate ~12 h
probes:
months
Invasive/non- Minimally Noninvasive Minimally Minimally Minimally Noninvasive
invasive invasive noninvasive invasive invasive
Calibration Yes Yes Yes, in vitro Yes Yes Yes
needed calibration
Specificity High Issues High Issues High Hb, Mb,
specificity with cytochrome
specificity oxidase
Thickness of cm No limit No limit No limit Cm of tissue cm
tissue
accessib le
Repetitive Yes Yes Yes Yes Yes Yes

measurements
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racy and robustness of measurements; (g) usefulness of the pa-
rameter reported and its clinical utility; (h) background noise
in image; (i) image acquisition time; (j) ease of use; and (k)
commercial or potential availability of the instrumentation. It
is important that the method should enable repeated measure-
ments from the region of interest to follow the changes in oxy-
genation over a period of time, preferably for up to several
weeks. The technique should also provide good spatial and tem-
poral resolution. The depth of measurement (penetration) and
accessibility to the region of interest are some of the important
factors for the scope of applicability of the technique. All the
imaging techniques do not report the same parameter which
should be taken into account when deciding the usefulness of
the technique. These points will be further discussed with re-
spect to each technique presented in the following sections.

METHODS FOR IMAGING OF TISSUE
OXGENATION

The purpose of this review is to provide an overview of the
various methods available for imaging tissue oxygenation. The
following methods are reviewed: phosphorescence imaging,
near-infrared spectroscopy, positron emission tomography
imaging, magnetic resonance imaging, and electron paramag-
netic resonance imaging. A comparative evaluation of their
principle, applicability, advantages, and limitations is given in
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Table 1. It should be noted that although tissue oxygenation is
generally referred to as oxygen tension or partial pressure of
oxygen (pO,, in units of mm Hg or Torr), other terminologies
such as oxygen concentration (uM) and percent oxygen (% O5)
are also used. These measures correspond to free (unbound)
molecular oxygen. Since free molecular oxygen will be in equi-
librium with bound oxygen, for example, in oxyhemoglobin or
oxymyoglobin, oxygen saturation is also used as a measure of
tissue oxygenation. Most often, the difference in the terminol-
ogy of oxygenation is also due to the differences in the method
of oxygen measurement used. Thus, it is pivotal to establish the
validation of each method in the context of other methods to
ensure that the measured data is meaningfully interpreted.

Phosphorescence imaging

Oxygen detection by phosphorescence-quenching has now
been in use for >15 years (70, 84). Measurement of oxygen
using the phosphorescence quenching technique involves the
injection of a phosphor material into the vasculature. A bifur-
cated light guide is used to focus the excited light from the
source to the surface of the tissue where it is detected by a phos-
phorometer. This technique is gaining importance for in vivo
applications (26, 85) as further technical and probe improve-
ments are continuously being made (71, 82).

The phosphorometer (detector) utilizes photomultipliers or
avalanche photodiodes (75) to measure the phosphorescence
signal to get information about the distribution of the lifetimes
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FIG. 1. Oxygen map of the retina using phosphorescence imaging. The images show the effect of anesthesia on retinal
(mouse) oxygen pressures with time. Phase delay images (A and B), phosphorescence-lifetime image (C), and oxygen pressure
image (D) are shown. Reproduced with permission from Wilson ef al. (92). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article at www.liebertonline.com/ars)
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and amplitudes of the phosphor probe. Data analysis involving
calibration, and deconvolution subsequently gives histogram
representations of pO, over the sampled region. When the mea-
surements are done in a grid pattern, it is possible to construct
contour maps that contain the volume fraction of tissue sam-
pled for any selected range of pO, values (84). The phospho-
rimeters can work in time or frequency domains (83), but fre-
quency-lock techniques are reported to be stable, with
insensitivity to ambient light (84).

The method requires the infusion of water-soluble phosphor
probes into the vasculature. The phosphors (e.g., Oxyphor G2,
Green 2W, and Pcl-porphyrin), absorb in the near-infrared re-
gion of 620-1,000 nm (90). There is low absorbance by nat-
ural pigments in this spectral window, thereby giving high
specificity to the method. The most widely used probe for in
vivo applications is Pcl-meso-tetra(4-carboxyphenyl)porphyrin
which has a lifetime of 650 usec (90). Phosphorescence imag-
ing has several advantages: (a) near-infrared light can penetrate
a substantial thickness of tissue, from a few mm to cm (84, 90);
(b) the technique can produce a histogram for each measure-
ment; (c) “real time” measurements, with the added advantage
of repeated measurements are possible; (d) the temporal reso-
lution is a few seconds or less (84); (e) construction of contour
maps of the volume fraction of hypoxic tissue in each region
of tissue is possible (84); (f) the method gives an accurate rep-
resentation of size and visualization of changes in oxygenation
(spatially and temporally); (g) rapid response time (msec), wide
dynamic range, accuracy in low pO,, and high specificity are
the other advantages of this technique.

One of the limitations of the phosphorescence method is that
the technique requires injection of an external probe (phosphor)
in the vasculature and the reported parameter is vascular pO,,
not tissue pO,. Therefore, comparisons with other methods, es-
pecially with nonvasculature imaging methods are required for
correct interpretation.

Phosphorescence imaging has been widely used for mapping
the oxygenation concentration in tumors (26, 87, 88), retinas
(71, 91), mouse vasculature (49), hearts (69), and brains (26,
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89). An example of an oxygen map generated using this tech-
nique is shown in Fig. 1 for a mouse retina (92).

Near-infrared spectroscopy

Near-Infrared Spectroscopy (NIRS) was first demonstrated
in 1977 by Jobsis for assessing the adequacy of the oxygen sup-
ply and consumption in living tissues (37). Now, NIRS is widely
used as a research tool to investigate dynamic changes in tis-
sue oxygenation by measuring hemoglobin (Hb) saturation (10).
Like phosphorescence techniques, NIRS uses visible light
(700-1,000 nm) in the near-infrared region which passes read-
ily through biological tissues, bone, and muscle (10). The en-
ergy in this range is absorbed by Hb, myoglobin (Mb), and cy-
tochrome ¢ oxidase (10). In muscle tissue, the absorption is
mostly by Hb, while ~10% is by Mb, and 2-5% is by cy-
tochrome c oxidase (9). Thus, the NIRS signal is obtained pri-
marily from the absorption of light by hemoglobin in the vas-
culature (small arterioles, capillaries, and venules). The
absorption is minimal in small vessels while large vessels com-
pletely absorb the light, so the vascular specificity comes from
the differential light absorption between large and small blood
vessels (9). Since the absorption spectra of oxyhemoglobin and
deoxyhemoglobin are different, the concentrations of these
species can be determined by recording the spectral changes
and then fitting the relative absorbances to the spectra of the
chromophores (22).

The NIRS technique is noninvasive, with excellent temporal
resolution, low-cost, and portability (36). For clinical studies,
this method can be used under normal conditions without a ma-
jor restriction of motion. The biggest advantage is the ability
to perform real-time measurements and their repeatability, so
that treatment as well as progression of the pathologic condi-
tion (such as stroke) can be investigated (36).

One drawback of the NIRS method is that it does not mea-
sure tissue pO,. It provides information on vascular oxygena-
tion (oxygen saturation) which indicates the balance between
oxygen delivery and oxygen consumption (9). The light scatter
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FIG. 2. NIRS oxygenation images of the in-
fant brain. Transverse, coronal, and sagittal
slices from 3D infant brain. The images show
the estimated blood volume and fractional oxy-
gen saturation. Reproduced with permission
from Hebden et al. (30). (For interpretation of
the references to color in this figure legend, the
reader is referred to the web version of this ar-
ticle at www.liebertonline.com/ars)
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and path-length may be constant within a subject, but there
might be inter-subject variability (9). Also, modeling is required
to estimate the path-length and consequently, the absorption co-
efficient of the tissue. This is difficult in clinical applications
where the exact tissue boundaries need to be established. In ad-
dition, there are issues with the estimation of path length and
modeling for heterogeneous tissues (22). The spatial resolution
of NIRS is limited due to diffuse light measurements, although
reconstruction methods have undergone improvement (22).

NIRS is used for clinical studies of peripheral vascular dis-
ease and studies involving muscle oxygenation, especially in
the area of exercise physiology. In the clinical setting, NIRS is
used for cerebral oxygenation and blood flow measurements
(39, 72). NIRS is a valuable tool for monitoring ischemic and
hemorrhagic stroke. Some of the reviews on this technique are
by Intes et al. (36), Boushel ez al. (9, 10), and Dunn ez al. (22).
Figure 2 shows images of oxygenation obtained using NIRS in
the infant brain.

NIRS was compared with blood oxygen level-dependent
(BOLD) imaging, which is described in this article later. A good
correlation between the relaxation rate (R,*) and deoxyhemo-
globin content in the brain tissue was observed (38, 64). Fur-
ther comparisons showed good spatial correlation between the
two methods during task-oriented studies (15, 22). Comparison
of NIRS with '°F MRI (described in the following section) has
also been reported (93).

PET imaging

Positron emission tomography (PET) uses short-lived
positron emitting radionuclides for in vivo imaging of a variety
of biomarkers (molecules). Researchers at Washington Uni-
versity (St. Louis, MO) and Searle Radiographers (Des Plains,
IL) developed instrumentation that could be used for in vivo
imaging of the positron-emitting radionuclides (5, 16). The
PET/CT (computed X-ray tomography) combined modality is
gaining importance as it has the added advantage of obtaining
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anatomical information along with PET data. Imaging of oxy-
gen using PET involves the introduction of a class of probes
called hypoxia markers. The probes are '3F-containing imida-
zoles (e.g., '8F fluoromisonidazole, FMISO) which bind to in-
tracellular macromolecules in hypoxic cells. Several radiotrac-
ers or biomarkers have been used for tumor hypoxia imaging,
including FMISO and '8F-containing a pentafluorintated de-
rivative of etanidazole (EF5). A list of these radio-labeled com-
pounds that have been used in animal models is given by Krause
et al. (44).

The most widely used and investigated tracer is FMISO (41,
42, 66). The 2-nitroimidazoles are a class of compounds that
have maximum binding to severely hypoxic cells (<0.38 mm
Hg of oxygen, for example) and increased inhibition to in-
creasing oxygenation dictated by Michaelis—Menton kinetics.
They can also be radiolabeled and used for PET imaging of
hypoxia (40). It has been reported that the covalent binding of
FMISO to cellular macromolecules is 28 times higher in
hypoxic environments as compared to normoxic conditions
(67). No accumulation occurs in regions with a median pO, of
>10 mm Hg (67). Studies have shown that the binding of
FMISO occurs between oxygen levels of 2-10 mm Hg (62, 63).
The probe is injected intravenously resulting in a low patient
dose of 0.0126 mGy/MBq (28). Hypoxia imaging is usually
performed 90-120 min after the i.v. injection, as FMISO dis-
tribution immediately after injection provides information about
tumor perfusion while the effects due to hypoxia are observed
later. Analysis of the collected data gives a tissue/blood ratio
or tumor/muscle ratio, which is used for interpretation of the
oxygenation status in tumors (42, 95). The initial clearance time
of FMISO is from 5 to 10 h (42). So, the marker will be pres-
ent in tumors long enough for extensive bioreduction and link-
age of a higher radioactive signal to viable hypoxic cells (16).
High stability, high safety, and availability has contributed to
its wide usage (31, 41, 50, 65).

EF5 is another example of a hypoxia marker and has a uni-
form biodistribution and stable structure in vivo (40). Detailed

A B

FIG. 3. PET and PET/CT imaging using radio-labeled hypoxia markers.

C

The images were acquired from a patient with

squamous cell carcinoma of the pharynx. (A) shows the PET image with FAZA uptake. (B) shows the corresponding CT image.
(C) shows the PET/CT image. Reproduced with permission from Krouse et al. (44). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article at www.liebertonline.com/ars)
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review articles on the advantages and issues of EF5 PET imag-
ing for hypoxia are available in the literature (40).

In certain cases, a long half-life (such as 12 h for EF5) may
result in binding to aerobic cells and slower excretion of the
unmetabolized marker from normal tissues. This will result in
interference in obtaining a hypoxic-specific image (40). Con-
sequently, tracers like '8F FAZA have been developed to over-
come this problem (44). Figure 3 shows a representative PET
and PET/CT imaging using a FAZA obtained from a patient
with squamous cell carcinoma of the pharynx. In general, speci-
ficity and reduction due to nonoxygenation-related processes
are critical issues for interpretation of PET data.

PET imaging has been extensively used in tumor models for
hypoxia mapping, as well as in clinical cases. Hypoxic tumors
have been imaged in mice (7, 51, 97), rats (20), and rabbits
(58). Clinical studies include head and neck cancer (31, 66, 95)
and lung cancer (25). A general review by Krause et al. cov-
ers PET imaging for hypoxia (44).

PET oximetry using FMISO has been compared with that of
polarographic needle electrodes for human soft tissue sarcomas
(8). It was concluded that PET does not measure hypoxia to the
same extent as that reported by electrode measurements. Sev-
eral possibilities with regards to the differences were discussed,
with one being the nonidentification of cells that had a pO, of
>2-3 mm Hg. The use of pimonidazole markers would have

a)  21% O,

-
-
-
.
-
-
-
.
-
-
-
-
-
-

FIG. 4. Oxygen mapping of rat tumors using °F MRI.

VIKRAM ET AL.

an advantage in this case because of their specificity to severe
hypoxia. Piert et al. have reported oxygen measurements on
normal pig livers correlated with polarographic needle electrode
measurements (62).

19F Magnetic resonance imaging

In 1988, Busse et al. (13) showed that the '°F nuclear mag-
netic resonance (NMR) spin-lattice relaxation rate (R;) of per-
fluorocarbon probes could be used for imaging tumor pO, in
vivo. The technique is based on NMR, but unlike conventional
MRI (proton imaging), a probe based on perfluorocarbons
(PFCs) is used. The PFCs are infused intravenously in the form
of emulsions (96). The '°F spin lattice relaxation rate (R1) of
PFCs varies linearly with the dissolved oxygen concentration.
Thus, the '"F-based oximetry reports absolute values of oxy-
gen concentration. Another widely used PFC is perfluoro-15-
crown-5-ether (15C5) (96). Using this technique, it is possible
to image pO, as well as follow dynamic changes in tumors. It
is possible to combine the '°F images and 'H anatomical im-
ages so that oxygen information, as well as its anatomical lo-
cation, are provided for spatial registration. The modulation of
tumor hypoxia and pO, measurements using this method has
been found to be consistent with modified tumor response to
irradiation (98).

b)  100% O,

pO, maps of rat tumors obtained using '°F MRI using HFB (50 uL)

as probe. The tumor shown in the H panel was better oxygenated compared to the tumor in AT1.The response to oxygen in-
halation is also seen as the increase in the pO, in the well-oxygenated regions. Reproduced with permission from Yu er al. (96).
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article at

www.liebertonline.com/ars)
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PFCs have low toxicity and therefore can be injected intra-
venously (68). It is possible to encapsulate PFCs in oxygen-
permeable shields that are biocompatible and can remain in tis-
sue for a long time. This enables multiple readouts and
repetitive imaging from the same site (68).

Mason et al. (54) used HFB (hexafluorobenzene) because it
gives a single, narrow '°F NMR signal. HFB is particularly ad-
vantageous for pO, measurements because of its high sensitiv-
ity to oxygen concentration and lack of temperature dependence
compared to the rest of the PFCs (96). In addition, a long spin-
spin relaxation time (T,), availability, low cost, and easy stor-
age contribute to HFB being the most widely used PFC in '°F
MRI imaging (96). HFB is retained in the tumor for hours (half
life, 10 h), so repeated and dynamic measurements are possi-
ble. Use of echo planar imaging for the '°F MRI of HFB can
give as many as 150 pO, measurements in ~7 min.

Oxygen maps of rat tumors using HFB and '°F MRI are
shown in Fig. 4. A further advantage is that the oxygen sensi-
tivity of PFCs is not affected by emulsification, dilution, pH,
common proteins, and blood (96).

The PFCs can percolate into interstitial spaces within a tu-
mor, but could also be forced out due to high interstitial pres-
sure (68). However, this problem does not occur with encap-
sulated PFCs. The distribution of the probe is a disadvantage.
The calibration curve used for tumor pO, maps from '°F-T; re-
laxation maps are in vitro curves. However, it is believed that
these curves hold for in vivo measurements as well (96). Tem-
perature corrections need to be applied for PFCs other than HFB
(56, 96).

The signal-to-noise ratio (SNR) at 1.5 T is one-third that of
4.7T (68). While 4.7 T scanners are used primarily for research
purposes, clinical evaluations are mostly performed at 1.5 T.
Thus, larger doses might have to be used at lower magnetic
fields and therefore, the toxicity of PFCs must be fully charac-
terized before using for clinical applications.

HFB has been used in rodent models for different types of
tumors including breast, prostate, and human lymphoma
xenograft (96). Studies have also been conducted in rat brain,
lung, and human eye (96). Yu et al. have reviewed '°F MRI
for physiology and pharmacology, of which tissue oxygenation
is a part (96).

The '°F MRI oximetry has been compared with the polaro-
graphic needle electrode (55). It was found that basal tumor
pO, using '°F oximetry was higher than those reported by the
electrode. However, direct intratumoral administration of PFCs
have produced histograms comparable to those produced by

FIG. 5. Image of oxygen distribu-
tion in the cross-section of a rat tail.
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electrodes (57). '°F MRI oximetry has also been compared with
the fiberoptic measurement system OxyLite, which is a method
for point measurements of pO, but not imaging. It was found
that both methods were similar when the mice were breathing
either oxygen or carbogen (99). A comparison with NIRS in a
tumor model has also been reported and it was found that
changes in vascular oxygenation (obtained using NIRS) were
more rapid compared to tumor pO, measurements using '°F
MRI (93).

BOLD imaging

Thulborn et al. first demonstrated the variation of the relax-
ation time, T, of protons with the level of blood oxygenation
(76). Ogawa et al. first described blood oxygen level-depen-
dent (BOLD) MRI for tissues for imaging the blood oxygen
level in rat brains (59, 60). Further studies were performed in
cat brains (78). BOLD images reflect the changes in the amount
of oxygen bound to hemoglobin in blood. Deoxyhemoglobin is
paramagnetic while oxyhemoglobin is not. The deoxyhemo-
globin content in blood can cause differences in susceptibility
(i.e., changes in the local magnetic field) around the blood ves-
sels. This affects the relaxation properties of the surrounding
protons. Thus, a decrease in MRI image signal intensity reflects
a decrease in the blood oxygenation. In terms of relaxation pa-
rameters, the spin-lattice relaxation rate R1 is not affected by
changes in oxygenation, while the spin—spin relaxation param-
eters R, and Ry* (where R,* incorporates local field inhomo-
geneities) are both affected (53).

Assessment of oxygen is performed by BOLD MRI and
hence it is noninvasive. It can be performed using the available
clinical scanners and has the advantage of the availability of
fast imaging sequences. It can also provide temporal informa-
tion when various oxygenation treatments are used (6). The re-
peatability and voxel-by-voxel information about changes in
blood oxygenation, co-registered with anatomical information
are also advantages over other imaging techniques.

A major disadvantage of the BOLD oximetry is that it does
not provide quantitative blood oxygenation information (6). It
measures the changes in blood oxygenation, but not the absolute
oxygen concentration in tissue. The data are also affected by
other factors, such as the macroscopic field inhomogeneity and
the R2 relaxation process. The deoxyhemoglobin content can
be affected by the local blood flow and volume, and this must
be taken into account when interpreting the data (6, 53). In ad-
dition, hematocrit concentration, pH, and temperature can

The image was reconstructed from 3D
spectral-spatial data obtained in vivo
from a rat intravenously infused with
3-carbamoylproxyl (3-CP), a soluble
oximetry probe. Certain anatomical
features (major blood vessels) and
oxygen gradients are prominent in the
image. Reproduced with permission
from Kuppusamy et al. (47). (For in-
terpretation of the references to color
in this figure legend, the reader is re-
ferred to the web version of this arti-

Amplitude Map
7 226
N (4 .
° In
b c

Spin Density Map Oxygen Map

Oxygon Concontration

cle at www.liebertonline.com/ars)


http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2007.1717&iName=master.img-004.jpg&w=317&h=119

1752

change the fraction of deoxyhemoglobin as a function of pO,
and R,* (53). The calibration for conversion of R,* to tissue
oxygenation is also not straightforward (6).

Most of the applications of BOLD studies have been for func-
tional MRI (fMRI). BOLD MRI has been used for investigat-
ing the effects of carbogen-breathing in mice and tumor mod-
els (73). It has also been used for oxygenation measurements
in the kidney in patients (77). Baudelet ez al. (6) have compared
BOLD contrast with pO, in tumors. The pO, was measured us-
ing OxyLite, the fiberoptic fluorescence method (6). It was
found that while the BOLD signal temporally correlated with
changes in pO,, there was no correlation of the amplitude of
the BOLD signal with absolute pO; in the tumors (6). A good
correlation was found between the average increase in the To*
signal and pO, measured using microelectrodes in a tumor
model (4).

Electron paramagnetic resonance imaging

Electron paramagnetic resonance (EPR) spectroscopy, dis-
covered in 1944 by Zavoisky, has the unique capability to de-
tect materials containing unpaired electrons. In addition, it can
also provide information about the local environment including
oxygenation, and this aspect makes EPR spectroscopy and
imaging (EPRI) extremely valuable. Some of the major appli-
cations of EPR in vivo are for imaging and measurement of
oxygenation in hypoxic/ischemic tissue.

The measurement of oxygen concentration by EPR (EPR
oximetry) involves the use of an external probe consisting of
either implantable paramagnetic particulates, or soluble probes
that physically interact with, but do not consume oxygen (74).
The changes in the EPR linewidth caused by the interaction of
two paramagnetic species, molecular oxygen and the probe, de-
termine pO,. The spin—spin relaxation rate, R2, of the probe in-
creases with oxygen concentration. The increase in relaxation
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rate (R,) implies that the spin—spin relaxation time of the probe
(T,) will decrease resulting in line-broadening (35).

EPRI data is collected using continuous-wave (CW) or pulse
(time domain) spectrometers. Time domain EPRI requires
probes that have a narrow linewidth and has advantages in terms
of the speed of data acquisition (94). However, most EPRI stud-
ies are done using CW techniques which can detect species with
narrow and broad linewidths. Unlike MRI, which uses electro-
magnetic radiation in the radiofrequency range and high mag-
netic fields, EPRI requires radiation in the microwave region
(L-Band for in vivo applications, 1.2 GHz) and low magnetic
field (~700 times less at the same frequency). Several groups
have developed EPRI successfully at very low frequencies, in
the range of 250-1,200 MHz (18, 86).

The mapping of oxygen concentration using EPR imaging in-
volves the use of spectral-spatial (spectroscopic) imaging tech-
niques where the image contains not only spatial information (the
spatial distribution of spin density) but also spectral information
(spatial distribution of oxygen concentration). The method re-
quires stepped field gradients and the resulting image has infor-
mation in one, two, or three spatial dimensions and one spectral
dimension (47). Thus, a 4D spectral-spatial image has informa-
tion about the signal amplitude along three spatial dimensions
and linewidth information along the spectral dimension.

Imaging of oxygenation using EPRI has been performed in
a rat tail (Fig. 5), with a soluble nitroxide probe, where the
cross-sectional anatomy and oxygen distribution is evident (81).
The oxygen map showed the differences in the oxygen perfu-
sion, and the major blood vessels and muscle bundles separated
by bone were visible. Oxygen gradients from the center of the
four regions (major vessels) into the distal regions can be seen
on the oxygen maps. Figure 6 shows images of a tumor, where
the mouse was either breathing air or carbogen (24). These im-
ages, obtained at 250 MHz, show the heterogeneity in the dis-
tribution of oxygen.
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FIG. 6. EPRI oxygen image of
an FSa tumor in the leg of
a mouse. The distribution of
oxygen is shown in a coronal (a)
and sagittal (b) slice of the tumor
in the leg of an air-breathing
mouse. The images (¢) and (d)
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FIG. 7. Oxygen images of a RIF-1 tumor in
mouse under normal air breathing and carbo-
gen breathing conditions. The EPR images
were obtained from a RIF-1 (radiation-induced fi-
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brosarcoma) tumor embedded with particulates of
lithium phthalocyanine (LiPc) oximetry probe.
The images were obtained on day 11 after the an-
imal was inoculated with LiPc and RIF-1 cells. (a)
Spatial image showing the distribution of the par-
ticulates in the tumor. (b) Oxygen image, obtained
from spectroscopic imaging, of the tumor in a
room-air-breathing animal. (¢) Oxygen image of
the tumor under carbogen-breathing conditions.

7.8 mm

Probe Distribution

Room Air-breathing Carbogen-breathing

The overall increase in intensity in the carbogen-
breathing animal Ilangovan et al. (34). (For inter-
pretation of the references to color in this figure
legend, the reader is referred to the web version
of this article at www.liebertonline.com/ars)

Figure 7 shows an example of oxygen mapping in a murine
tumor (34). In this case, nanoparticulate probes of LiPc were
coimplanted with RIF-1 tumor cells into a mouse leg. This im-
planted probe enabled repeated measurements of the oxygena-
tion status in the tumor for >2 weeks during the growth phase.
The images shown in Fig. 7 reveal increases in tumor oxy-
genation during carbogen (95% O, and 5% CO,) breathing by
the mouse. The particulate probes have higher sensitivity than
the available soluble probes (27).

A new imaging modality called PEDRI (proton electron dou-
ble resonance imaging) or OMRI (Overhauser-enhanced mag-
netic resonance imaging) has been reported for oxygen imag-
ing (48). This technique is also capable of imaging oxygenation
in tissue. This method also requires the injection of an external
probe that has unpaired electrons. Briefly, a strong EPR pulse
saturates EPR resonance and results in the dipolar coupling of
electrons and protons that causes an increase in the polariza-

FIG. 8. OMRI oxygen images.
The images were obtained from
the tumor (SCC, squamous cell
carcinoma) of a mouse under air-
and carbogen-breathing condi-
tions. The expanded tumor re-
gion, given at right, clearly shows
heterogeneity in pO, distribution.
Although the oxygen status in the
tumor reveals severely hypoxic
regions, increase in the pO; sta-
tus in response to carbogen-
breathing was observed. Repro-
duced with permission from
Krishna et al. (45). (For interpre-
tation of the references to color in
this figure legend, the reader is
referred to the web version of
this article at www.liebertonline.
com/ars)
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tion of the protons, thereby enhancing the MRI signal intensity
(48). This enhancement is affected by the presence of para-
magnetic oxygen molecules. Figure 8 shows OMRI images of
a mouse with a tumor showing the heterogeneity in the tumor
region (45). The probe used for this experiment was Ox063, a
soluble probe. The increase in pO, in the tumor when the mouse
was breathing carbogen is evident. The study shows that OMRI
can be used for dynamic studies of oxygen measurement (45).

EPR oximetry is a minimally invasive method that reports
direct and absolute pO, or O, concentration in intact biologi-
cal tissue (21). It has high sensitivity to pO, and has the capa-
bility for localized mapping if needed. There is very little in-
terference from other sources (high specificity), no toxicity, and
is not affected by the environment. The probes are nontoxic,
with a reasonable half-life and adequate distribution in tissue.
Qualitative, as well as quantitative pO, readings can be obtained
using this technique. The most important advantage is being
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able to take repeated measurements so that monitoring of oxy-
genation status is possible, though this is limited by the dura-
tion of retention of the probe in the tissue (27).

Data acquisition time is a major issue in EPRI. A reasonable
3D spectral-spatial image takes ~30 min (47). Soluble probes are
used for imaging, which have low sensitivity compared to par-
ticulate probes. However, improvements in image reconstruction
algorithms have considerably reduced data acquisition time for
spatial imaging and these will be extended to spectral-spatial
imaging in the near future (2, 3, 18). The penetration depth is sev-
eral millimeters at 1.2 GHz, but higher at lower frequencies.

Spectral-spatial imaging has been used to investigate tumor
oxygenation, and numerous examples described earlier in this
article show the usefulness, repeatability, and suitability for dy-
namic studies. In addition to tumor imaging, EPRI has also been
used for skin imaging applications and imaging of ischemic
hearts (29, 46, 47). Oxygen imaging using EPRI has been com-
pared with BOLD MRI by Elas et al. (24). A good spatial cor-
relation between the two methods was found using mouse tu-
mor models under normal air breathing and carbogen breathing
conditions. EPR and OxyLite have also been compared by Elas
et al. (23) in FSa fibrosarcomas implanted in the right hind
limbs of nine C3H mice. Their study showed a good correla-
tion between pO, measurements using OxyLite and EPR spec-
tral-spatial imaging of the tumor.

EPRI is particularly suited for wound imaging because of
its high sensitivity, resolution, and suitability for topical imaging.
The added advantage of being able to take repeated measurements
enable dynamic investigations and monitoring of therapy that will
be useful when studying wound healing, cardiovascular diseases,
and peripheral vascular diseases. The technique is currently un-
dergoing major advances with respect to probe development, as
well as data acquisition time and instrumentation that will make
EPRI useful for a wide variety of applications.

SUMMARY AND CONCLUSIONS

Although the methods discussed above differ in their ability
to provide spatially resolved information (mapping) of tissue
oxygenation, they are very complementary in nature. As we
know, tissue oxygenation is very heterogeneous which includes
highly oxygenated arterial vascular regions to poorly oxy-
genated tissues and cells far away from them. In addition, the
requirements for the diagnosis, therapies, and prediction of
treatment outcome are so different that no one method will sat-
isfy all the needs. This is particularly true with all of the above
methods of imaging tissue oxygenation which differ signifi-
cantly from each other in terms of parameter measured, inva-
siveness, accuracy, ease-of-use, and applicability for use in hu-
man. Nevertheless, there are concerted efforts in the
development of novel imaging modalities and probes for imag-
ing of tissue oxygenation.
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