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    Chapter 48   
 EPR Oximetry for Investigation of Hyperbaric 
O 2  Pre-treatment for Tumor 
Radiosensitization                     

     Benjamin     B.     Williams     ,     Huagang     Hou    ,     Rachel     Coombs    , and     Harold     M.     Swartz   

    Abstract     A number of studies have reported benefi ts associated with the applica-
tion of hyperbaric oxygen treatment (HBO) delivered immediately prior to radiation 
therapy. While these studies provide evidence that pre-treatment with HBO may be 
benefi cial, no measurements of intratumoral pO 2  were carried out and they do not 
directly link the apparent benefi ts to decreased hypoxic fractions at the time of 
radiation therapy. While there is empirical evidence and some theoretical basis for 
HBO to enhance radiation therapy, without direct and repeated measurements of its 
effects on pO 2 , it is unlikely that the use of HBO can be understood and optimized 
for clinical applications. In vivo EPR oximetry is a technique uniquely capable of 
providing repeated direct measurements of pO 2  through a non-invasive procedure in 
both animal models and human patients. In order to evaluate the ability of pretreat-
ment with HBO to elevate tumor pO 2 , a novel small animal hyperbaric chamber 
system was constructed that allows simultaneous in vivo EPR oximetry. This cham-
ber can be placed within the EPR magnet and is equipped with a variety of ports 
for multiplace gas delivery, thermoregulation, delivery of anesthesia, physiologic 
monitoring, and EPR detection. Initial measurements were performed in a subcuta-
neous RIF-1 tumor model in C3H/HeJ mice. The mean baseline pO 2  value was 
6.0 ± 1.2 mmHg ( N  = 7) and responses to two atmospheres absolute pressure HBO 
varied considerably across subjects, within tumors, and over time. When an increase 
in pO 2  was observed, the effect was transient in all but one case, with durations last-
ing from 5 min to over 20 min, and returned to baseline levels during HBO admin-
istration. These results indicate that without direct measurements of pO 2  in the 
tissue of interest, it is likely to be diffi cult to know the effects of HBO on actual 
tissue pO 2 .  
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1       Introduction 

 It has been recognized for over 60 years that hypoxia has a profound effect on the 
radiosensitivity of tissue and that hypoxic cells are approximately three times less 
sensitive to radiation than well oxygenated cells. A practical consequence of this 
fact is that tumors with signifi cant hypoxic fractions that are treated with  radiation 
therapy (RT)   have decreased probabilities for complete tumor control and reduced 
patient survival rates. Despite the fundamental importance of tumor oxygenation 
during RT, measurements of pO 2  are not routinely performed in the clinical setting 
due, at least in part, to the lack of an available quantitative non-invasive measure-
ment technique. EPR oximetry is a technique that is capable of providing direct 
measurements of pO 2  through a repeatable and non-invasive procedure, following 
one-time implantation of a paramagnetic oxygen reporter, such as India ink. 
Oxygen-dependent broadening of the EPR signal from the implanted India ink 
reports the pO 2  of the surrounding has been used successfully in a wide array of 
animal studies [ 1 – 3 ] and in human subjects [ 4 – 6 ]. 

 A number of studies have reported benefi ts associated with the application of 
 HBO   immediately preceding RT [ 7 – 10 ]. The hypothesis behind these studies is that 
increased tumor oxygenation due to HBO treatment is maintained for a signifi cant 
period following decompression and a return to room pressure, and that this pro-
vides a window where the hypoxic fraction of the tumor is decreased and RT can be 
applied precisely using the most modern technology. While the above studies pro-
vide evidence that pre-treatment with HBO can be benefi cial, no measurements of 
intratumoral pO 2  were carried out in these studies, and they do not directly link the 
apparent benefi ts to decreased  hypoxic fractions   at the time of RT nor do they pro-
vide insights as to the mechanism by which HBO affects the tissue pO 2 . The effects 
of HBO on physiological parameters such as perfusion and cell metabolism make it 
diffi cult to conclude that an effect on outcomes has occurred simply due to increased 
pO 2  in the circulation. Data describing normal tissue and tumor oxygen dynamics 
following HBO are limited. The oxygenation of normal rat cerebral tissues follow-
ing exposure to four atmospheres absolute pressure (ATA) HBO were measured by 
Jamieson and van den Brenk using polarographic electrodes and found to be ele-
vated for over 30 min [ 11 ]. Kinoshita et al. [ 12 ] monitored tumor oxygenation in 
subcutaneous SCCVII tumors of C3H/He mice following HBO (2 ATA) using semi-
quantitative T1-weighted MRI and found that the oxygen-dependent signal inten-
sity remained elevated for more than 60 min. They also reported that the signal 
intensity in normal muscle tissue declined much more rapidly. Becker et al. [ 13 ] 
measured pO 2  in squamous cell cancers of the head and neck in seven patients using 
polarographic electrodes during and following HBO at 2.4 ATA and found that sig-
nifi cantly elevated pO 2  values were maintained in all patients for 5–25 min after 
leaving the hyperbaric chamber. They also report that maximum pO 2  values during 
HBO were achieved after 10–33 min of treatment, with a mean of 17 min. Beppu 
et al. [ 14 ] measured pO 2  in clinical glioblastoma tumors and peritumoral tissue 
( n  = 18) using Clark-type electrodes at 5-min intervals following the application of 
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HBO (60-min at 2.8 ATA, w/ 20-min (de)compression periods). The intratumoral 
pO 2  remained signifi cantly higher than the baseline level for 30 min following 
decompression. These measurements indicate that pO 2  in various tissues remains 
elevated following HBO, but there is variability across tissues and individual 
tumors. Under these conditions, especially in a clinical setting, confi rmation of 
reduced hypoxia and optimal application of RT would require direct pO 2  measure-
ments during and following  HBO  . 

 In summary, while there is some good empirical evidence and some theoretical 
basis for HBO to enhance radiation  therapy  , without direct and repeated measure-
ments of the effects on pO 2  it is unlikely that the use of HBO can be understood and 
optimized for clinical applications. To date, no studies have combined RT and HBO 
pre-treatment with direct measurement of the tumor pO 2 . Without such measure-
ment of pO 2 , especially in the face of variability across subjects, it is not possible to 
determine if RT was performed at a time of increased oxygenation as expected. As 
investigation of this promising treatment protocol continues, such confusion could 
lead to inaccurate assessment of the effects of the combined therapy. Furthermore, 
optimization of the application of HBO and the timing of RT following HBO will 
benefi t from knowledge of the pO 2  values in the tumor tissue and the rates at which 
pO 2  declines once HBO application ceases.  

2     Methods 

2.1     Animal and Tumor Model 

 Developments and studies were performed using the subcutaneous RIF-1 tumor 
model in C3H/HeJ mice (6–8 weeks, The Jackson Laboratory) [ 1 ,  2 ]. This tumor 
model was chosen because it has been widely studied within the radiobiology com-
munity and it has a signifi cant hypoxic fraction of 1–11 % [ 15 ]. Established proce-
dures for cell culture and implantation were followed [ 2 ]. Approximately 12 days 
after subcutaneous inoculation with tumor cells within the hind leg, when the tumors 
are 100–200 mm 3 , aggregates of the EPR oxygen probe  lithium phthalocyanine 
(LiPc)   were introduced into the tumor. These paramagnetic crystals are biologically 
inert and have EPR spectra which broaden linearly with increasing pO 2 . LiPc was 
introduced at 2 sites within each tumor to sample pO 2  within the tumor volume. 
Each group of LiPc crystals encompassed a volume of approximately 
0.5 × 0.5 × 1.5 mm 3  with a separation between sites of 4 mm. 

 EPR oximetry measurements were acquired at least 24 h after insertion of the 
LiPc aggregates to allow for resolution of the minimal acute trauma of the proce-
dure [ 16 ]. Mice were anesthetized using an intraperitoneal bolus injection of ket-
amine (90 mg/kg) and xylazine (9 mg/kg). Following anesthetization, mice were 
intubated according to procedures described by Hallowell EMC (Pittsfi eld, MA, 
USA) and using an otoscope and supplies within the Hallowell mouse intubation 
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package. Mice were then positioned and secured on the animal tray and mechanical 
ventilation was initiated. Prior to insertion of the mouse into the HBO chamber and 
EPR system, a boost of anesthesia (0.5× initial dose) was applied; this combination 
of bolus and boost was suffi cient to typically provide the 1.5 h of anesthesia neces-
sary for the measurement protocol. A rectal thermometer was used to monitor 
the core temperature of the mice, which was maintained at 37 ± 1 °C throughout the 
experiments through use of an IR lamp prior to installation in the chamber and 
the radiant heat supply surrounding the mouse within the chamber.  

2.2     HBO Application Protocol 

 Hyperbaric oxygen was applied using a customized small animal hyperbaric cham-
ber (Model B11, Reimers Systems Inc, Springfi eld VA, USA) in operation at the 
Dartmouth EPR Center (Fig.  48.1 ). This chamber is capable of delivering 100 % O 2  
at pressures of up to 3.72 ATA. It is equipped with a variety of ports for drug deliv-
ery, physiologic monitoring, and EPR detection. An additional set of ports allow the 
use of an existing external small animal ventilator (Model SAR-830, CWE Inc.), 
which is rated for use with pure oxygen and at hyperbaric pressures. In addition to 
supporting the respiratory function, the ventilator allows the chamber to be operated 
as a multiplace hyperbaric chamber where the chamber is fi lled with an inert gas 
(e.g. N 2 ) and O 2  is supplied directly to the animal. This increases safety tolerances 
and alleviates the need for time consuming O 2  fl ushing of the chamber. The cham-
ber can be installed inside the permanent magnet of the clinical EPR spectrometer 
and it is constructed entirely of non-magnetic materials. A customized EPR resona-
tor and animal warming bed have been constructed for use in the chamber. For all 

  Fig. 48.1    Schematic diagram of the HBO chamber, EPR magnet, and associated equipment used 
for HBO measurements. Components associated with EPR detection, HBO pressurization, 
mechanical ventilation and O 2  supply to mouse, and physiologic monitoring and control are shown       
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experiments in this initial study, mice were exposed to HBO at 2 ATA, though the 
duration of HBO exposure varied. Compression and decompression of the chamber 
were performed over 2-min periods, resulting in biologically acceptable rates of 
~15 (feet of seawater)/min.

2.3        In Vivo EPR Oximetry 

 Mice were positioned with tumors centrally located with respect to the magnet and 
directly under the surface loop detector [ 17 ]. Multi-site  EPR spectroscopy   was used 
to simultaneously measure the EPR signals from each site, characterize their spec-
tral shapes, and estimate pO 2  at their locations. Quality assurance spectra were 
acquired during the study to verify proper calibration of the instrumental settings 
that could affect the observed linewidth and derived pO 2  estimates. Instrumental 
parameters, such as the Zeeman modulation amplitude and RF power, were set 
adaptively based on the measured spectra to optimize the precision and accuracy of 
the pO 2  measurements. Throughout periods of baseline (normobaric air breathing), 
HBO (2ATA with 100 % O 2 ), and recovery periods with normobaric air, the pO 2  was 
measured continuously using spectra collected with periods of 10 seconds. EPR 
spectra were analyzed using least-squares fi tting to estimate the oxygen-dependent 
linewidth and linewidths were converted to pO 2  through an established oxygen cali-
bration curve.   

3     Results 

 Following series of normobaric trials and studies to assess the role of the ketamine/
xylazine anesthesia, pO 2  measurements were accomplished in seven mice during 
the application of HBO. The mean baseline pO 2  value was 6.0 ± 1.2 mmHg, which 
is consistent with prior measurements in this mouse tumor model [ 16 ]. Responses 
to the application of HBO varied considerably across subjects and for individual 
subjects at the 2 measurement sites. In 6/7 mice a change in pO 2  of at least 2 mmHg 
was observed for at least one of the measurement sites. In one mouse there was no 
response to HBO. When an increase in pO 2  was observed, the effect was transient in 
all but one case, with durations lasting from 5 min to over 20 min. A typical response 
is shown in Fig.  48.2 . HBO was initiated at the 21-min time point and ceased 30 min 
later. In one of the measurement sites (Site  # 1) a ~4 mmHg increase in pO 2  was 
observed within the initial 10 min of HBO, after which the pO 2  returned to the base-
line values of ~6 mmHg. The second measurement site (Site  # 2) remained near its 
baseline value of 9 mmHg throughout the measurement and did not exhibit any 
increase in pO 2  when HBO was applied.

   Within this set of measurements, and consistent with all other measurements, 
there was a very large degree of variability in the response to HBO. This highlights 
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  Fig. 48.2    Tumor pO 2  dynamics in response to the application of HBO. Tumor pO 2  is expressed in 
mmHg       

the need for such measurements of tumor pO 2  if the radiosensitizing ability of HBO 
is to be assessed and investigated effectively.  

4     Discussion and Conclusions 

 We have developed the instrumentation and procedures necessary to perform 
tumor pO 2  measurements during and following the application of HBO treatment. 
The developments of the instrumentation and procedures have enabled initial mea-
surement of tumor pO 2  in the mouse tumor model prior to, during, and after 
HBO. We observed a large degree of inter- and intra-subject variability in the 
response of tumor tissue to the application of  HBO  . Variability in the existence, tim-
ing, and level of response were observed. The methods were designed to enable 
adequate physiologic controls to minimize the impact of likely confounders, includ-
ing ventilation and temperature. The role of anesthesia as a potential confounder 
must be further considered. Additional systematic studies are warranted to provide 
more defi nitive characterization of the effects of HBOT in pertinent tumor model 
systems and normal tissues, and eventually within clinical trials. Currently the use 
of HBO for enhancing therapy has been limited by a lack of knowledge of the opti-
mum conditions for enhancing therapy in regard to both the HBO parameters to be 
used to maximize  radiation sensitization   and the effects of radiation on the effec-
tiveness of repeated HBO applications to change tumor pO 2 . In the face of variabil-
ity such as that observed in our study, especially without knowledge of the individual 

 

B.B. Williams et al.



373

pO 2  dynamics, effective use of HBO to radiosensitize tumors prior to treatment 
would likely not be possible. Our research is ongoing to better understand the 
sources and patterns of the observed variations, including both physiologic and 
experimental considerations, with the aim of enhancing the effectiveness of radia-
tion therapy. Recently, clinical EPR systems have been developed [ 4 ] which will 
allow measurement of human tumor pO 2  following HBO treatment and, with the 
use of multiplace HBO chambers, could provide data during HBO as 
well.       Acknowledgments   This research was supported by a grant from the GEMI 
Fund, Lidingö, Sweden and American Cancer Society Research Grant 
#IRG-82-003-22.  
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