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Abstract  The partial pressure of oxygen (pO2) in tissues plays an important role in 
the pathophysiology of many diseases and influences outcome of cancer therapy, 
ischemic heart and cerebrovascular disease treatments and wound healing. Over the 
years a suite of EPR techniques for reliable oxygen measurements has been devel-
oped. This is a mini-review of pulse EPR in vivo oxygen imaging methods that 
utilize soluble spin probes. Recent developments in pulse EPR imaging technology 
have brought an order of magnitude increase in image acquisition speed, enhance-
ment of sensitivity and considerable improvement in the precision and accuracy of 
oxygen measurements.

Keywords  EPR • Imaging • Oxygen • Relaxation

1  �Spin Probe

The oxygen molecule has two unpaired electrons in a triplet state that exhibits very 
fast relaxation. Upon interaction with a paramagnetic spin probe, oxygen enhances 
the relaxation rate of the probe via Heisenberg exchange [1]. The Smoluchowski 
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diffusion equation predicts a linear relationship between pO2 and relaxation rates 
that is validated for multiple soluble radicals. This relationship allows a direct EPR 
measure of pO2 with high precision [2].

The success of non-invasive oximetry in the last decade is strongly linked to 
triarylmethyl radicals or trityls (Fig.  15.1) developed by Nycomed Innovations 
(later acquired by GE Healthcare, Little Chalfont, Buckinghamshire, UK) pos-
sessing a narrow single EPR line [3]. The trityls that are commonly used for in vivo 
imaging are methyl-tris[8-carboxy-2,2,6,6-tetrakis[2-hydroxyethyl]benzo[1,2-
d:4,5-d′]bis[1,3]dithiol-4-yl]-trisodium salt, OX063 (16 μT p-p) and its partially 
deuterated form Ox63H24D (8 μT p-p). These spin probes are distributed in the 
extracellular fluid compartment [2, 4]. In the blood stream of a mouse, the clearance 
halftime of these probes is approximately 9–10 min, whereas in tumors they remain 
and provide strong signals for about 40–50 min [5]. The lethal dose (LD50) of 
analogs of OX063 is very high, 8 mmol/kg, which allows high dose injections [6].

2  �Imaging Methods

For imaging, the spatial position of a paramagnetic species is encoded by use of 
linear magnetic field gradients, G. The additional magnetic field experienced by a 
species at position x in the sample is then ΔB = G⋅x. The time evolution of signal 
from a sample after an RF pulse is
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The time evolution of echoes can be treated in a similar way. Here, V describes an 
integral over the sample volume, and f(x) is the spatial distribution of the magnetization. 
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 describes the attenuation of signal. The switching 

speed of the gradients achieved by EPR in vivo imaging hardware is slow in comparison 
to the relaxation rates of electrons (units of microseconds). Thus gradients constant on 
the time scale of spin probe relaxation are used in the definition of k-space trajectories:

Fig. 15.1  Chemical 
structures of OX063 trityl
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For correct reconstruction of an image, sufficient k-space data must be acquired. 
Two general ways of filling k-space by using static gradients have been elaborated: 
projection-based and Fourier imaging.

2.1  �Projection-Based Reconstruction

The gradient in (15.2) is a scaling factor between time and k-values. By increasing 
of the gradient, the time, t, necessary to cover the desired k-space can be made 
small enough that the relaxation term in the (15.1) becomes negligible. In this 
case (15.1) describes the Radon transformation of an object in Fourier space along 
the direction defined by the gradient [7]. The k-space trajectory of EPR signal 
detected under static gradient is a radial line passing through the origin of the 
k-space coordinates (Fig. 15.2). For spatial imaging, EPR projections are obtained 
while static gradients, G, with constant amplitude and different directions are 
applied. Different reconstruction algorithms have been developed for radially 
sampled data. Most of them fall into one of two categories: filtered back projection 
(FBP) [8, 9] or iterative reconstruction [10]. All reconstruction procedures on 
sparsely sampled data give inexact results: they represent a compromise between 
accuracy and the computation time required. FBP demands fewer computational 
resources, whereas iterative reconstruction generally produces fewer artifacts at a 
higher computing cost.

Fig. 15.2  Filling of two dimensional k-space by projection-based and single point imaging methods
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2.2  �Single Point Imaging

The Single point imaging (SPI) method is based on phase encoding of spatial 
information. The method was originally used to overcome the influence of the EPR 
line width (or R2*) on the imaging resolution [11]. Use of a single data point at 
delay t = τ (15.1) makes the relaxation term constant and allows for k-space sam-
pling at will by choice of an appropriate static gradient. Typically, gradients are 
sampled on a rectangular grid (Fig. 15.2) and object [12, 13]. The object is then 
reconstructed by use of multidimensional Fourier transformation of k-space data.

SPI generates images free from artifacts at the expense of the necessity to repeat 
the measurement in every point of k-space. Thus this method has higher spatial 
fidelity but somewhat lower SNR.

In the simplest form of SPI, free induction decay (FID) detection is used, and 
phase relaxation times are extracted from multiple images with different τ [12]. The 
disadvantage of this method is that, for a given set of gradients, the images recon-
structed from different  τ have different k-space samplings and, therefore, different 
spatial extents and resolutions. Resampling of these images to a common scale 
causes artifacts, especially around the edges of an object. More advanced sampling 
techniques that involve acquisition with use of multiple gradient grids have been 
suggested. This has led to the same k-space sampling for different τ and conse-
quently the elimination of artifacts [13].

2.3  �Pulse Sequences and 4D Images

Pulse sequences for measuring FID decay, spin-spin and spin-lattice (R2
*, R2 and 

R1) relaxation are available. In all cases, the pulse sequence is chosen in a way that 
amplitude of the EPR signal time evolution becomes dependent on the relaxation 
time and sequence parameter (for example delay between pulses). Multiple 3D 
images with different values of this parameter are acquired and reconstructed 
independently. Then these images are stacked together to form 4D images, the addi-
tional dimension of which represents the evolution of signal amplitude in every 
voxel as a function of the sequence parameter. The final image of relaxation times 
is produced by fitting of this evolution to an appropriate dependence. This process 
is illustrated in Fig. 15.3 and resulting pO2 image is presented in Fig. 15.4.

For SPI and single π/2-pulse, the fit of individual voxels to an exponential decay 
gives the FID decay rate R2

*, related to R2 as R2
* = Σ(R2

i) + R2, where Σ(R2
i) is the 

sum of the known oxygen-independent contributions to R2 [14].
For projection based imaging, the FID detection was not successful. Pulse imagers 

do not allow signal detection immediately after the excitation. The delay between 
excitation and opening of the detector (tdead), leads to a missing volume in k-space, 
k < γeGtdead, and to image distortion.

To avoid incomplete coverage of k-space, projection-based pulse imaging tech-
niques use dead time free spin echo sequences [15, 16]. The electron spin echo is 
detected by use of the two-pulse sequence (π/2)-τ-(π)-τ-echo; here, τ is the time 
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delay between pulses. For acquiring of a phase relaxation image, separate images 
with different τ-delay values are obtained. These delays have to cover the range of 
times suitable for correct determination of the relaxation time. Logarithmically 
spaced delays yield a more precise determination of the relaxation time [16]. The 
echo sequence allow direct measurement of R2, which results in higher pO2 preci-
sion in comparison to R2

* methods. Recently to obtain direct measurement of R2 
spin echo acquisition was introduced to SPI [17].

Finally, for generation of a spin-lattice relaxation (SLR) image, IRESE, the 
inversion recovery sequence (π)-T-(π/2)-τ-(π)-τ-echo can be used (Fig. 15.3) [18]. 
The first π-pulse inverts the populations of electron levels; the delay, T, allows this 
polarization to relax at the SLR rate. The detection sequence and imaging method 
are identical to that of the two pulse spin echo. The SLR images can be obtained 
using SPI as well.

Fig. 15.3  Acquisition of 4D images

Fig. 15.4  R1 pO2 image of a 
murine leg with MCa4 F6 
tumor. Sagittal slice with 
tumor outline obtained from 
MRI (red) is presented
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3  �Importance of Spin-Lattice Relaxation Imaging

Although oxygen-induced relaxation is the largest factor under physiologic conditions, 
other relaxation mechanisms can affect the accuracy of EPR oximetry. Some factors, 
such as temperature, viscosity, and salinity, are tightly controlled by a living body. 
Variations in these factors are relatively small and position-independent, so that 
their effects on relaxation rates can be accounted for. In contrast, spin-probe 
self-broadening, the effect of local spin-probe concentration on the relaxation rate, 
may be substantial and non-uniform and thus requires special treatment. Reducing 
trityl injection into the animal obviously reduces the trityl concentration in vivo and, 
thereby, the self-broadening. However, this strategy for reducing the self-broadening 
uncertainty in pO2 also lowers the image SNR. These considerations stress the 
importance of a methodology that is less susceptible to concentration broadening. 
In trityls, the oxygen dependences of R1 and R2 are identical. However, the concen-
tration dependence of R2, especially at physiologic solvent salinity can be up to six 
times higher than that of R1. Thus SLR measurement provides considerable 
improvement in the pO2 image accuracy.

4  �Conclusions

EPR oxygen imaging possesses the full suite of methods capable for accurate and 
precise imaging of small animals. This review is restricted to pulse EPR imaging. 
Continuous wave EPR also offers interesting oxygen imaging possibilities [19, 20].
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Abstract  Distributions of oxygen concentration (pO2) are a critical determinant 
of normal tissue health as well as tumor aggressiveness and response to therapy. 
A number of studies show the value of normal tissue and tumor tissue oxygenation 
images and some of these will be discussed here. A strong correlation between 
tumor hypoxic fraction as measured with electron paramagnetic resonance oxygen 
imaging and radiation treatment success or failure has been found in two separate 
cancer types. Oxygen images of the torso of wild type mice show initial reduction 
of lung, liver, visceral, and muscle pO2 with cyclic halving of fraction of inspired 
oxygen (FiO2), but variation is blunted over an hour. Spontaneous breast cancers in 
Mouse Mammary Tumor Viral (MMTV) promoted-polyoma middle T antigen 
(PyMT) mice with BNIP3, a major factor in promotion of mitochondrial autophagy, 
knocked out will be compared with wild type animals. Preliminary studies for the 
BNIP3 knock out animals show extremely low pO2. The wide variety of studies, in 
which oxygen images can play an integral role, serve to demonstrate the importance 
of oxygen images.

Keywords  EPR • Oxygen imaging • Hypoxia • BNIP3 • Cancer • Microenvironment 
response
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1  �Introduction

In vivo oxygen concentration (pO2) has been found to be crucially important in 
determining normal tissue health as well as the aggressiveness of tumors and their 
response to various forms of treatment [1–4]. Due to the ubiquitous influence of 
tissue pO2 various methods for measuring and/or imaging pO2 have been devel-
oped [5–8].

One such method is electron paramagnetic resonance (EPR) oxygen imaging 
(EPROI). EPROI is a particularly robust method of imaging in vivo tissue pO2 
distributions for several reasons. EPROI provides full 3D images of pO2. These images 
have good spatial resolution (~1 mm3 voxels) as well as pO2 resolution (1–3 torr). 
The low electromagnetic wave excitation frequencies (e.g., 250  MHz) currently 
used in EPRI are comparable to those used in 6T whole body MRI and can penetrate 
deep in tissue (>7 cm) in animals as large as humans. EPROI images are obtained 
non-invasively, which means they can be used to study in vivo pO2 distributions 
without perturbing the system. EPROI requires an intravenously injected, non-toxic 
spin probe, which distributes in the extracellular compartment of tumors, to report 
local pO2 [9]. The accuracy of EPROI oxygen measurements has been established 
by correlating with well-established optical fiber based oxygen measurement 
techniques [10].The information provided by EPROI can be applied to help study 
myriad interesting oxygen related biologic and physiologic topics. A number of 
studies demonstrating the array of interesting applications of 3D EPR oxygen 
images of normal tissue and/or tumor tissue will be presented here.

2  �Methods

EPROI is used to non-invasively determine the effect of tumor pO2 on success of 
tumor treatment with radiation therapy. Two cancer models are used: fibrosarcoma 
(FSa) and murine mammary MCa4 carcinoma. Fraction of EPROI voxels with less 
than 10 torr pO2 (HF10) is used as a measure of tumor hypoxia. The variable HF10 
is then correlated to success or failure of radiotherapy to see what role, if any, 
hypoxia as determined by EPROI plays in tumor resistance to treatment.

EPROI has been used to provide insight into the effect of fraction of inspired 
oxygen (FiO2) changes on the distribution of pO2 in various organs of mice. The result 
of cyclic FiO2 variation can also be observed in various organs using EPROI. 
This directly assesses levels of tissue pO2 in models of important disorders such as 
sleep apnea to understand their biologic effects.

To examine the role of BNIP3 in tumor progression and regulation of oxygenation, 
changes in pO2 levels and distributions in mouse mammary tumors are compared 
for BNIP3 null mice that have been crossed to the Mouse Mammary Tumor Viral 
(MMTV) promoted-polyoma middle T antigen (PyMT) mouse model of breast 
cancer and wild type mice. EPROI images are registered with anatomic CT images 
to analyse differences in oxygenation within these tumors.

G. Redler et al.
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3  �Results

Using two cancer models (FSa and MCa4), we found that EPROI corroborates the 
theory that tumors exhibiting a higher degree of hypoxia tend to be more resistant 
to radiation therapy. A cohort of animals with either of the two tumor lines were 
treated to the previously determined 50  % tumor control dose (TCD50) for each 
tumor type. The HF10 as determined by EPROI for each tumor was correlated with 
radiation therapy treatment outcome. For the FSa tumors, hypoxic tumors 
(HF10 > 10 %) 37 % were successfully controlled while for tumors with HF10 < 10 %, 
90  % were successfully controlled (p = 0.0138) [11, 12]. For the MCa4 tumors, 
hypoxic tumors (HF10 > 10 %) 23 % were successfully controlled while for tumors 
with HF10 < 10 %, 90 % were successfully controlled (p = 0.0072) [12]. An example 
of the dramatic oxygenation difference observed in animals whose tumors were 
successfully controlled with radiotherapy versus those for which radiotherapy failed 
is shown in Fig. 16.1.

Significant differences in the overall pO2 in three tissue types of a mouse breath-
ing air versus a mouse breathing 12 % O2 are seen in whole-body EPROI (Fig. 16.2). 
It is seen that significant variations in tissue pO2 are observed with oscillating FiO2, 
however the response becomes damped over time (Fig. 16.3). The direct assessment 
of tissue pO2 responses in vivo provides data concerning the extent of hypoxia 
induced in these tissues and allows the development of models explaining the 
deleterious end organ effects.

Preliminary studies of BNIP3 knock out (KO) mice show extremely hypoxic 
breast tumors (Fig. 16.4). This is consistent with the fact that BNIP3 null tumor 
cells show increased invasive properties, suggesting that BNIP3 is a metastasis 
suppressor required to maintain mitochondrial integrity and mitigate against the 
metastasis promoting activities of reactive oxygen and hypoxia [13].

Fig. 16.1  Sample slices from representative EPROI of mouse legs bearing tumors (black outline) 
demonstrating the difference in tumor oxygenation observed in animals where treatment with 
radiation therapy eventually (a) successfully controlled the tumor or (b) failed to control the tumor

16  What We Learn from Oxygen Images
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4  �Discussion and Conclusions

With EPROI we can begin to develop quantitative assays of hypoxia induced in 
tumors and normal tissues. These, in turn will allow the development of quantitative 
models of the response of tumors and normal tissues to anti-cancer therapies and 
models of end-organ damage from disease processes such as the intermittent 
hypoxia induced by sleep apnea.

The hypoxic fraction of a tumor, as determined by EPROI, has been found to be 
quite a powerful determinant in the eventual outcome of treatment with radiation. 
This validates EPROI as a tool to analyze spatial distributions of pO2 in vivo.

In preliminary studies EPROI has also proven to be a valuable tool for tracking 
tissue pO2 response to changes in FiO2. EPROI therefore has the potential to enhance 
studies investigating the biologic consequences of temporally fluctuating tissue 
oxygenations (e.g., sleep apnea conditions) by allowing noninvasive tracking of the 
response to FiO2 changes of whole body pO2 as well as pO2 of individual organs and 
how this response changes over time.

EPR oxygen images can also help investigate the complicated effects of hypoxia on 
several aspects of tumor and tissue development. This is evidenced by preliminary 
results from a study investigating the effect of the BNIP3 protein, which limits 

Fig. 16.2  Demonstration of the overall effect on the tissue pO2 of a mouse when the breathing gas 
oxygen content is changed from 21 % O2 to 12 % O2 as measured with EPROI. Whole body EPROI 
of a mouse breathing (a) 21 % O2 and (b) 12 % O2, with labeled regions of interest. The pO2 dis-
tributions for the whole body EPROI when the mouse is breathing (c) 21 % O2 and (d) 12 % O2
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Fig. 16.3  Slices from an EPROI of a mouse are shown with regions of interest outlined in magenta. 
The breathing gas oxygenation for the mouse alternates from 21 % O2 to 12 % O2 (breathing gas 
O2 changes shown in red line). Next to each image with a particular region of interest (lung, liver, 
or leg muscle) the change in mean oxygenation within that region of interest in response to the 
breathing gas change is shown

Fig. 16.4  (a) Photograph of MMTV-PyMT, BNIP3 null breast cancer tumors grown in the breast 
of a mouse. (b) Registered EPROI overlaid on an anatomical CT of the mouse, shown with the 
tumor outlined in white. (c) Distribution of pO2 found within the BNIP3 null tumor demonstrating 
that the tumor is extremely hypoxic

16  What We Learn from Oxygen Images



126

production of reactive oxygen species by promoting mitochondrial degradation at 
the autophagosome, on tumor oxygenation. Initial results show that tumors in 
BNIP3 KO mice are extremely hypoxic, which may be due to dysfunctional 
mitochondria. EPROI will help in further studies to investigate the effect of BNIP3 
on oxygenation as well as radiation resistance.

In general, oxygen images from EPROI provide an important tool in understanding 
the relationship between microenvironment oxygenation and a wide variety of crucial 
physiologic functions.
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Abstract  Chronic hypoxia strongly affects the malignant state and resistance to 
therapy for tumors. Transient hypoxia has been hypothesized, but not proven to be 
more deleterious. Electron paramagnetic resonance imaging (EPRI) provides 
non-invasive, quantitative imaging of static pO2 in vivo. Dynamic EPRI produces 
pO2 movies, enabling non-invasive assessment of in vivo pO2 changes, such as 
transient hypoxia. Recent developments have been made to enable Dynamic EPRI. 
Maximally spaced projection sequencing has been implemented to allow for more 
accurate and versatile acquisition of EPRI data when studying dynamic systems. 
Principal component analysis filtering has been employed to enhance SNR. Dynamic 
EPRI studies will provide temporally resolved oxygen movies necessary to perform 
in vivo studies of physiologically relevant pO2 changes in tumors. These oxygen 
movies will allow for the localization/quantification of transient hypoxia and will 
therefore help to disentangle the relationship between chronic and transient hypoxia, 
in order to better understand their roles in therapeutic optimization and outcome.

Keywords  Dynamic EPRI • Oxygen movies • PCA • Projection acquisition • 
Transient hypoxia
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1  �Introduction

The important prognostic implications related to the oxygenation status of tumors 
have been known for decades [1]. Chronic hypoxia, or chronically low oxygen 
concentration (pO2), results in greater resistance to radiation therapy for cancer cells 
[2, 3] and therefore has been correlated with radiotherapy treatment failure in 
humans [4]. Additionally, tumors exhibiting chronic hypoxia are more resistant to 
chemotherapy [5], tend to grow more rapidly due to abnormal proliferation [6], and 
have increased potential for metastatic progression [7]. These implications have led 
to a high level of interest in methods for measuring/imaging pO2 deep in tissues.

Diffusion limited chronic hypoxia was the first form of hypoxia found in tumors 
[8] and for many years was believed to be the only type of hypoxia present in tumors. 
However, more recent studies have found that perfusion limited transient hypoxia is 
present as well [9–12] and may even be the major cause of hypoxia in tumours [12, 
13]. Studies suggest that transient hypoxia may be as important a determinant of can-
cer progression and patient prognosis as chronic hypoxia, if not more important. 
However, currently no definitive conclusions can be made due to inconsistencies in 
the data and methodological approaches from previous studies investigating the 
biologic effects of transient hypoxia versus those of chronic hypoxia. Furthermore, 
lack of data correlating a quantitative measure of transient hypoxia in vivo with 
treatment outcome currently precludes such a comparison [14].

Electron paramagnetic resonance imaging (EPRI) has proven to be a robust 
imaging modality for studying tissue pO2 in vivo. EPRI noninvasively acquires 
highly-resolved, both spatially (~1 mm3 voxels) and in pO2 (1–3 torr), 3D images of 
pO2 in vivo [15–19]. Acquisition time for our standard EPRI is on the order of 
10 min, which is suitable for studying chronic hypoxia.

However, in order to use EPRI to study transient hypoxia, recent developments 
have been made to allow for improvements in temporal resolution (acquisition time 
on the order of 1 min) and accuracy. A novel acquisition method for maximally 
spaced projection sequencing has been implemented to allow for more accurate and 
versatile acquisition of EPRI data when studying dynamic systems (e.g., transient 
hypoxia). Principal component analysis (PCA) filtering has been employed as well 
to enhance SNR and thus allow for improved temporal resolution. These improve-
ments enable Dynamic EPRI, which can provide 4D EPRI based oxygen movies 
and allow for the necessary non-invasive studies investigating transient hypoxia to 
eventually help determine its biologic implications.

2  �Methods

2.1  �Maximally Spaced Projection Sequencing

EPRI is a projection based imaging modality. Linear fixed magnetic field gradients 
are applied in a spherical geometry to spatially encode a 3D object. This enables the 
acquisition of projections of the object along the direction of the applied gradient. 
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With a sufficient number of these projections an image of the object can be 
reconstructed using an inverse radon transform. A series of 3D images with varying 
pulse sequence parameters is acquired, enabling a voxel-by-voxel fit of signal relax-
ation to determine T1 and/or T2, which provides a measure of local pO2 at each voxel 
[22]. The rapidity with which these can be acquired is proportional to the number of 
projections acquired for each image and the speed at which each projection is acquired. 
Both the number and uniformity of acquired projections influence the image quality. 
More uniformly distributed projections provides more efficient data acquisition, 
i.e. relatively higher quality images can be reconstructed from smaller numbers of 
projections when they are more uniformly distributed. The influence of the uniformity 
of the spatial distributions of projections has been extensively studied [20, 21], but 
the uniformity with which the projections are acquired can still be optimized.

The directions through which projections are acquired can be represented as 
points on the unit sphere (unit hemisphere sufficient due to radon transform 
symmetry). Until now, a polar azimuthal raster (PAR) method has been used to 
acquire projections. The PAR method rasters through projection points on one side 
of the unit hemisphere and then back down the other, resulting in non-uniform dis-
tributions of projections throughout image acquisition. A new maximally spaced 
projection sequencing (MSPS) method has been implemented to achieve more 
uniform acquisition of projections. For the MSPS method, successive projections 
are acquired so that they are maximally spaced from projections that have already 
been acquired. In order to ensure uniformity for the final image, projection points 
are chosen from some final set of uniformly distributed points.

2.2  �Principal Component Analysis Filtering

Principal component analysis (PCA) is a method for defining a new orthonormal 
basis on which to express some given n-D data set. The basis vectors, or principal 
components (PCs), are chosen to be the eigenvectors of the covariance matrix for 
the data. A subset of PCs span a smaller q-D space and contain mostly correlated 
features, while the space spanned by the other PCs contains mostly uncorrelated 
noise. Filtering of the data can be achieved with a low-order approximation by projec-
tion onto the subset of q PCs, thus selectively retaining relevant temporal patterns 
while discarding unwanted noise. PCA filtering is applied to dynamic EPRI studies as 
a pre-reconstruction spatiotemporal filter for projection data [22].

3  �Results

3.1  �Maximally Spaced Projection Sequencing

The distribution of projections at intermediate steps throughout imaging converge 
to uniformity more rapidly for the MSPS method as successive projections are 
acquired than for the PAR method. This yields intermediate images reconstructed 
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from incomplete projection sets that approximate the final image more closely and 
earlier during imaging (Fig. 17.1).

The MSPS method affords the versatility to adjust temporal resolution to best fit 
the experiment and data following acquisition. This can be done simply by recon-
structing temporally adjacent intermediate subsets of projections. These projection 
subsets are uniformly distributed enabling reconstruction of images of acceptable 
quality more rapidly than if a full set of projections is required. This allows for the 
visualization of important physiologic temporal changes that may not have been 
resolved with the temporal resolution of the original study (Fig. 17.2).

3.2  �Principal Component Analysis Filtering

Simulation studies show that PCA filtering can significantly enhance SNR (by a 
factor of 3.8 ± 0.6) and allow for the order of magnitude improvement in temporal 
resolution necessary to obtain EPRI oxygen movies with 1 min frames (Fig. 17.3). 
PCA also helps to emphasize relevant temporal features. PCA is suited for data 
with large portions having common features and a small number of such features. 
Studies suggest that this is the case for tumors exhibiting transient hypoxia [22]. 
PCA filtering of Dynamic EPRI data is demonstrated in an experiment with a 
mouse breathing air (21 % O2) followed by carbogen (95 % O2) and then air again. 
One minute frames from this experiment are displayed and the tissue response to 
breathing gas changes can be clearly resolved.

Fig. 17.1  Uniformly distributed projections throughout imaging for the MSPS method results in 
intermediate images that approximate the final image more rapidly than for the PAR method
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4  �Discussion and Conclusions

Important tools such as the MSPS acquisition method and PCA filtering have been 
developed for EPRI in order to enable Dynamic EPRI with temporal resolution on 
the order of 1 min. PCA filtering of projection subsets acquired using the MSPS 

Fig. 17.2  (a) Single MSPS image acquired over 36 min with mouse breathing air for the first 
18 min followed by carbogen for the second 18 min. (b) Two 18-min intermediate images that are 
subdivisions of the full image that now allow resolution of tissue response to increased breathing 
gas oxygen (tumor outlined in red)

Fig. 17.3  One-minute frames from a PCA filtered Dynamic EPRI oxygen movie. Corresponding 
changes in breathing gas shown with red line. The mouse starts off breathing air and is switched to 
carbogen and then back to air. The temporal changes in tissue (tumor outlined in red) pO2 are 
clearly resolved with such EPRI based oxygen movies
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method must be done carefully to avoid misrepresentation of projection differences 
due to varying projection views from subset to subset being considered as real pO2 
changes. PCA filtering of the full set of projections prior to subdivision can be 
done but may require a higher number of PCs to be included in the approximation, 
which will include more noise, and may not retain features with the higher temporal 
resolution afforded from reconstruction of sub-images. Another method requires a 
series of images acquired using MSPS, each of which can be subdivided to increase 
temporal resolution. The corresponding projection subsets can then each be grouped 
and separately PCA filtered.

The enhancements and versatility provided from the techniques discussed enable 
4D EPRI based oxygen movies well resolved spatially, temporally, and in pO2. 
Dynamic EPRI therefore is an ideal modality to study physiologically relevant tem-
poral pO2 changes in vivo without perturbing the system of interest. These oxygen 
movies will allow for the spatial localization as well as quantification (frequency, 
amplitude, etc.) of transient hypoxia in vivo and therefore enable the eventual deter-
mination of its clinical relevance.
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