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    Abstract     EPR oximetry, which enables reliable, accurate, and repeated measurements 
of the partial pressure of oxygen in tissues, provides a unique opportunity to inves-
tigate the role of oxygen in the pathogenesis and treatment of several diseases 
including cancer, stroke, and heart failure. Building on signifi cant advances in the 
 in vivo  application of EPR oximetry for small animal models of disease, we are 
developing suitable probes and instrumentation required for use in human subjects. 
Our laboratory has established the feasibility of clinical EPR oximetry in cancer 
patients using India ink, the only material presently approved for clinical use. We now 
are developing the next generation of probes, which are both superior in terms of 
oxygen sensitivity and biocompatibility including an excellent safety profi le for use in 
humans. Further advances include the development of implantable oxygen sensors 
linked to an external coupling loop for measurements of deep-tissue oxygenations at 
any depth, overcoming the current limitation of 10 mm. This paper presents an 
overview of recent developments in our ability to make meaningful measurements of 
oxygen partial pressures in human subjects under clinical settings.  
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1         Introduction 

 Considering currently available methodology to measure partial pressure of oxygen 
(pO 2 ) in tissues  in vivo , EPR (electron paramagnetic resonance) oximetry uniquely 
has the potential to provide direct, reliable, and accurate measurements on a temporal 
basis (repeated measurements) over long periods of time [ 1 ]. At present, EPR tech-
nologies and methodologies have been developed thoroughly for use in laboratory 
animals. However, translation of this capability for useful clinical applications is faced 
with some constraints and challenges with respect to instrumentation, probe adminis-
tration, and regulatory issues [ 2 ,  3 ]. Scaling up the magnet and positioning systems to 
comfortably and safely accommodate human subjects within the active region of mea-
surement has been accomplished. There is also concern that clinical EPR oximetry 
requires the placement of an exogenous probe in the tissue. The probe, once implanted 
using a minimally invasive surgical procedure, will stay in the tissue for a desired 
length of period or left permanently enabling subsequent measurements of pO 2  nonin-
vasively and repeatedly, a unique capability that no other technique can match. 
However, from a regulatory point of view, if the tissues are directly exposed to the 
probe, this procedure raises safety concerns for use in humans and thus necessitates 
elaborate studies, which are both expensive and time- consuming in order to get FDA 
clearance. This paper gives an update of the development of EPR oximetry as a viable 
clinical tool for measurement of oxygen concentration in humans.  

2     Probes for Clinical EPR Oximetry 

2.1     India Ink 

 The potential of India ink as a probe for clinical EPR oximetry has been recognized 
for some time [ 4 ,  5 ]. India ink has very high sensitivity to oxygen, high stability in 
tissues, and no clinically signifi cant toxicity. Moreover, it has been approved for 
clinical use as a tissue marker, which makes it immediately usable for clinical mea-
surements. Pre-clinical and clinical measurements have shown the feasibility and 
safety of India ink for repeated measurements of pO 2  from easily-accessible, subcu-
taneous sites [ 6 ]. Despite the advantage that it is readily usable for clinical applica-
tions, India ink has some limitations, including a tendency to diffuse, reducing spatial 
resolution, and only moderate EPR detection sensitivity. We have therefore focused 
considerable effort, and made signifi cant progress, on developing complementary 
alternatives to India ink, using highly oxygen-sensitive materials in biocompatible 
coatings that can be used in human subjects.  
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2.2     High-Sensitive Crystalline Probes 

 Synthetic materials based on lithium phthalocyanine and derivatives [ 7 – 10 ] possess 
many desirable properties to make them ideally-suited for clinical EPR oximetry. 
These are well-characterized crystalline particulates that exhibit substantially greater 
sensitivity to oxygen than India ink. We have developed an array of useful materials 
having a range of oxygen sensitivity and applicability to a broader range of oxygen 
levels. We have extensively used these probes in animal models of cancer, heart 
disease, and wound healing [ 11 – 15 ]. The results show substantially high oxygen 
sensitivity, spatial resolution, tissue stability, and biocompatibility, which gives these 
probes great potential and makes them highly promising for use in humans. However, 
regulatory approvals are required before testing them in humans.  

2.3     Polymer-Encapsulated High-Sensitive Crystalline Probes 
for Safe Use in Humans 

 The most notable drawback and potential limitation to the use of the crystalline materi-
als for clinical applications is the need to leave them permanently in the tissue, which 
may present practical barriers for obtaining approval for use in human subjects. 
Therefore, we are developing an alternative approach for their clinical use. The raw 
particulates (of 10–100 μm size) are embedded in biocompatible materials that have 
high oxygen permeability [ 16 ,  17 ]. The probes are effectively shielded from interaction 
with the biological  milieu  that could result in biochemical degradation and breakdown, 
as well as limiting the probability of local and/or systemic toxicity effects from interac-
tions of the probe with the tissues. The implants could be left in the tissue or removed 
when no longer needed. We have especially used polydimethylsiloxane (PDMS), a sili-
cone polymer with properties desirable for encapsulation of oximetry probes. PDMS is 
biocompatible, highly fl exible, oxygen permeable, and has been used in a wide range of 
medical device and health-care applications. Furthermore, PDMS has been approved for 
use in human subjects and is one of the reference materials provided by the National 
Heart Lung and Blood Institute for standardized biocompatibility testing. We have used 
PDMS to encapsulate LiNc- BuO and developed the implants in the form of thin fi lms 
(OxyChip). The effi cacy and safety of OxyChip have been well characterized in animal 
models [ 17 ,  18 ]. We have taken steps to obtain investigational device exemption (IDE) 
status from FDA for testing the OxyChips in human subjects. The OxyChip implants 
will be used for oxygen measurements up to a depth of 10 mm.  

2.4     Implantable Oxygen Sensors (ImOS) 
for Deep-Tissue Oximetry 

 The penetration depth of conventional resonators at L-band frequencies (approxi-
mately 1.2 GHz) is limited due to non-resonant absorption of microwave energy and 
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hence they are not capable of making measurements deeper than 10 mm in tissues. 
To overcome this limitation, we have developed a new class of resonators called 
implantable resonators capable of deep-tissue pO 2  measurements anywhere in the body, 
and at multiple sites, simultaneously [ 19 – 21 ]. The implantable resonator- based 
oxygen sensors (ImOS) are assembled with thin twisted enameled copper wires 
(thickness: 0.15 mm) as transmission lines and contain two sets of loops, a sensory 
loop of 0.2- to 0.3-mm diameter at one end and a coupling loop of about 10-mm 
diameter at the other end [ 21 ]. The sensory loop is loaded with the oximetry probe 
embedded in a gas-permeable polymer material. The entire ImOS is coated with a 
biocompatible polymer. The sensory tip is surgically implanted in the desired tissue 
and the coupling loop is placed subcutaneously and coupled inductively to an exter-
nal loop resonator of the EPR spectrometer during measurements. The total length 
of the transmission line can be anywhere from a few mm to more than 20 cm, 
depending on measurement depth that is needed. The ImOS can also be prepared to 
have multiple sensory tips to enable oximetry from multiple sites, simultaneous. 
Results using animals have shown substantial advantages of the ImOS with respect 
to EPR signal intensity and repeated measurements at deep sites when compared to 
traditional oximetry [ 19 ,  21 ]. FDA clearance for the use of implantable resonators 
in humans is expected to be less problematic.  

2.5     Multisite Oximetry 

 Traditional EPR oximetry provides average pO 2  estimates based on the summed 
signals detected from spins within the sensitive volume of the resonator. In order to 
provide additional spatial resolution of pO 2  within the tissues, we have developed 
procedures for simultaneous spatially-resolved measurements from multiple 
implants, as well as implantable resonators with multiple sensory tips that are spa-
tially distributed within the tissue [ 19 ,  20 ]. The multi-site measurement technique 
uses magnetic fi eld gradients to spectrally distinguish their respective signals. 
Multisite oximetry has been demonstrated in a number of applications including 
rodent models of brain tumor and stroke [ 19 ,  20 ].   

3     First Clinical Oximetry Data 

 We have demonstrated that oxygen measurements can be made in human subjects 
in superfi cial tumors using India ink, the only currently approved material for use in 
human subjects [ 6 ]. Extensive pre-clinical and clinical developments have shown 
the feasibility and safety of repeated oxygen measurements for easily-accessible, 
subcutaneous sites. EPR oximetry measurements in human subjects are performed 
using the clinical whole-body EPR spectrometer consisting of a 420-Gauss perma-
nent magnet, magnetic fi eld modulation and sweep coils, RF detection system 
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including surface-loop resonators, and computer control [ 6 ]. The spectrometer 
operates at an L-band frequency (approximately 1.2 GHz), where a practical compro-
mise between RF penetration depth and EPR sensitivity is achieved. At this frequency 
RF penetration depths of approximately 10 mm are achieved. So far, we have 
obtained pO 2  data in superfi cial tumors at different sites in 14 patients, in subcutaneous 
foot tissues of nine normal volunteers, and one patient in a post- operative irradiated 
fi eld [ 22 ]. 

 The experimental procedure was purposely simple, using an approach to make 
the measurements under conditions that could readily be incorporated into normal 
clinical processes [ 6 ]. The India ink was inserted into the tumors or other tissues 
of interest in the outpatient clinic, with optional local anesthesia and using sterile 
procedures. A 21- to 23-gauge hypodermic needle and 30-gauge tuberculin syringe 
were used to insert 10–25 μl of sterilized India ink (a slurry of 200 mg/ml of 
Printex-U carbon black in 0.9 % NaCl and 1.25 % carboxymethylcellulose), whose 
response to oxygen had been well calibrated  in vitro  and  in vivo  in animals. One to 
fi ve days later, a baseline measurement was made and then the subject was given 
100 % oxygen to breathe through a regular simple face mask. EPR measurements 
were made continuously while breathing 100 % oxygen and then when the patient 
returned to breathing room air. For foot measurements in normal subjects, an addi-
tional period was included where compression was applied to temporarily suspend 
blood supply to the tissue and induce hypoxia [ 6 ]. These procedures took less than 
an hour in total and were very well tolerated by all subjects. The data obtained from the 
small number of tumor types led to the following conclusions: (1) The tumors varied 
considerably in their baseline pO 2 , which ranged from 0 to 10 Torr; (2) The subjects 
varied considerably as to whether their tumors responded to increased oxygen in the 
breathing gas (4 out of 14 did not respond); (3) The amount of the increase in tumor 
oxygen varied widely among the responders (3–100 Torr). Even with such a limited 
amount of data, these results indicate that the ability to make repeated measure-
ments of oxygen in tumors could be quite useful clinically. 

 These studies demonstrate that the measurements can be made under conditions 
compatible with usual clinical practice. The observation that a number of tumors 
did not respond at all to increases in the amount of oxygen in the inspired gas illus-
trates how misleading it could be to try to evaluate the ability of hyperoxygenation 
strategies to improve outcomes without being able to detect whether the treatment 
did actually change pO 2  in the tumor [ 22 ]. The EPR-based measurements of tumor 
pO 2  values and their variable response to hyperoxygenation treatments also agree 
with the computerized Eppendorf pO 2  histogram data obtained from several studies 
in human [ 23 ]. 

 Foot measurements demonstrated variations in the baseline levels between volun-
teers and during repeated measurements [ 6 ]. Such variations are likely due to acute 
and gradual changes in the local tissue pO 2 . In the days immediately following ink 
injection, near anoxic pO 2  levels were observed, which may be due to trauma and 
acute infl ammation associated with the injection. The pO 2  values, however, gradually 
increased to levels near 30 Torr over the following weeks. Compression of the thigh 
led to near anoxia within the foot tissue, followed immediately by full recovery to the 
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baseline pO 2  level as soon as the compression was released. A signifi cant increase in 
the tissue pO 2  was consistently observed during repeated experiments with oxygen 
breathing in each volunteer. The changes in the tissue oxygenation observed during 
hyperoxygenation and compression are likely to be useful, as it will provide information 
not only about the tissue oxygen status, but also functional information about 
perfusion, diffusion of oxygen into the tissues, and oxygen consumption.  

4     Conclusion 

 The development of  in vivo  EPR oximetry as a viable clinical tool for repeated, direct 
measurements of tumor pO 2  and other tissues in human subjects in compatibility with 
clinical practice has continued successfully. With the availability of high- sensitive, 
bio-safe probes, instrumentation and procedures for multiple site, and deep-tissue 
measurements it will soon be possible to obtain regulatory approvals and begin to 
make routine clinical measurements of pO 2  in human subjects. These new approaches 
should signifi cantly expand the applicability of clinical EPR oximetry.     
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