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ABSTRACT

Oxygen plays a major role as a substrate in metabolic processes in numerous signaling pathways, in redox
metabolism, and in free radical metabolism. To study the role of oxygen in normal and pathophysiological
states, methods that can be used noninvasively are required. This review examines the potential of nuclear
magnetic resonance techniques to study tissue oxygenation. It is written from a systems perspective, looking
at detection methods with respect to the path that oxygen takes in the mammalian system—from the lungs,
through the vascular system, into the interstitial space, and finally into the cell. Methods discussed range from
those that are quantifiable, such as the assessment of spin lattice relaxation time in fluorocarbon solutions, to
those that are more correlative, such as assessment of lactate and high energy phosphates. Since the methods
vary in their site of application, sensitivity, and specificity to the quantification of oxygen, this review pro-
vides examples of how each method has been applied. This may facilitate the reader’s understanding of how
to optimally apply different methods to study specific biomedical problems. Antioxid. Redox Signal. 9, 1157-1168.

INTRODUCTION

THE NONINVASIVE DETECTION of oxygen or “oxygenation” is
of great importance for understanding both normal phys-
iology and biochemistry of the body, as well as for under-
standing progression and treatment in a host of diseases. Oxy-
gen was recognized as a key component of life since the works
of Scheele, Lavoisier, and Priestley in the late 18th century. It
is the fuel we burn for energy, and is also key in free radical
metabolism. Historically, our capacity to measure oxygen was
limited to invasive methods, such as gas chromatography or
oxygen electrodes. These methods are precise, but are limited
in their application to studies where some degree of tissue dam-
age is acceptable.

The use of nuclear magnetic resonance (NMR) techniques
for studying in vivo oxygenation has grown (119) (Table 1) in
parallel with many alternate techniques. The choice of optimum
methodology will be determined by a balance between avail-
able technologies and the assumptions that accompany those

technologies. This review is intended as a field guide to the use
of NMR to study oxygen in living systems. It will list many of
the methods and attempt to provide insight as to their optimum
use. As with all “anthologies,” some techniques and citations
may be unintentionally overlooked. The intent is that there are
sufficient links to applied studies for the reader to gain access
to the relevant literature.

DEFINING THE PROBLEM—THE
PATH OF OXYGEN DELIVERY
AND UTILIZATION

The bulk of oxygen enters the body through gas exchange at
the lungs, where it is taken up into the blood and enters the cir-
culatory system. Absorbed oxygen is transported through the
vascular system to the microvasculature where it is released to
cross the endothelial lining. Interstitial dissolved oxygen bathes
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FIG. 1. The flow of oxygen from the gas exchange organ to
the cell. The discussion is grouped into methods that study
oxygenation in the compartments represented in this diagram.
First, there is the lung, then the blood oxygen carrying pigment
(hemoglobin), followed by the liquids of the plasma and the ex-
tracellular space. Methods that assess intracellular oxygenation
include those which measure myoglobin, the intracellular oxy-
gen carrying pigment, as well as those which measure meta-
bolic factors which may correlate with oxygenation such as PCr
hydrolysis, ATP, ADP, and AMP levels, lactate and proton pro-
duction, ion regulation, and cell volume regulation.

the cells and follows a diffusion gradient down to the site of
utilization (Fig. 1). Most of the oxygen is used in cellular me-
tabolism. Some NMR methods assess oxygen in a fairly direct
fashion by quantifying an index of concentration or partial pres-
sure (pO,), while most measure an index of the presence of
oxygen. This gives rise to the concept of “oxygenation.” This
is defined as being the relative amount of “oxygen” as assessed
by the impact on some specific system in the body. If the me-
tabolite “lactate” begins to increase in the cell, it is one piece
of evidence indicating the levels of oxygen have declined be-
low those needed to maintain a more oxidative metabolic pat-
tern. This would be evidence that tissue oxygenation has de-
clined. If the total amount of deoxyhemoglobin decreases in an
image voxel, it is also an indirect measure of oxygen, but one
which again indicates that tissue oxygenation has declined. The
following sections are delineated by the site of measurement
along the physiological delivery pathway (Fig. 1) and by the
precision by which they measure oxygen or oxygenation.

QUANTIFYING OXYGEN IN THE LUNG

Inspired O, can be measured with a pO, meter external to
the subject. However, while this may be sufficient in the nor-
mal lung, there may be pathological conditions where the gas
is poorly mixed in the lung, or there are residual dead spaces.
In such cases, it would be useful to be able to image the pO,
throughout the lung. Hyperpolarized *He MRI has been used
for this application (24, 73). A calibration can be obtained
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whereby the T, relaxation time is proportional to the pO,.
Deninger et al. (24) were able to image pO, using this method
in the human lung with an accuracy of 3%. Improvements in
analysis now allow for 3D acquisition (73, 122), which should
improve accuracy.

Hyperpolarized He may be an elegant and quantifiable
method, but is not readily available. An alternate method is to
use perfluorocarbons to quantify pO,. This method is more im-
plemental in a research setting, because it is more invasive and
more difficult to use in humans. The T; of a perfluorocarbon
solution is proportional to the pO, of the tissue that is in con-
tact with the solution. Perfluorocarbons have been used to ob-
tain quantifiable pO, measurements. Pigs were allowed to in-
hale 20 ml/kg of a perfluorocarbon, and were then ventilated
normally. Thus, the lung was bathed in the perfluorocarbon, but
not filled with the liquid. By quantifying T with a turboFLASH
sequence, the authors were able to obtain regional maps of pO,
within the liquid perfluorocarbon (51). These authors made the
assumption that this represented the values in nearby tissue.
Perfluorocarbons have also been infused directly into the vas-
culature and lung pO, studied (113). One of the main uncer-
tainties here is the localization of the perfluorocarbon. The pO,
values obtained for the lung were similar to those expected for
arterial blood, indicating that the perfluorocarbon was located
distal to the epithelium.

Kuethe et al. (65) indirectly studied oxygenation by assess-
ing regions of variable ventilation-to-perfusion ratios within the
rat lung. They imaged an inert and insoluble gas, SF6, when
the rat was alternately breathing a high pO, or a low pO, mix-
ture. They argue that when breathing the low pO, mixture, the
distribution of the gas is uniform—providing a baseline image.
When breathing a high pO, mixture, the distribution is sensi-
tive to local pO,. The ratio of images provides a regional in-
dex of the ventilation perfusion ratio.

QUANTIFYING OXYGEN IN THE
BLOOD—THE OXYGEN CARRYING
PIGMENT HEMOGLOBIN

Undoubtedly, one of the major advances in the study of oxy-
genation has been the advent of functional MRI (fMRI) (see
Refs. 9, 68, 86, 93). To date, there are ~157,000 MedLine ci-
tations for fMRI. From a physiological perspective, “functional
imaging” may relate to any technique that studies function per
se. In practice, the term largely refers to studies of brain acti-
vation where changes in flow accompany changes in function.
These blood flow changes result in a relative decrease in de-
oxyhemoglobin. Ogawa, in 1990, coined the term “blood oxy-
gen level dependent” or BOLD imaging to define methods
which are sensitive to changes in the deoxyhemoglobin content
(91, 92). A major factor to consider in fMRI is that, if arterial
saturation remains constant (as with almost all cognitive fMRI
studies), then the venous system has a dominant influence on
signal contrast (40). Thus, to localize in or near the capillary
bed, one has to be careful with the choice of sequence param-
eters (32). There are many excellent reviews and books pub-
lished on this subject and so the reader is directed to a small
selection (17, 56, 60, 77, 84).
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TaBLE 1. EXAMPLES OF IN Vivo QUANTIFIED OXYGENATION MEASUREMENTS USING MRI
Region Oxygenation Method Notes Citation
Rat brain pO> = 30 19F NMR, with T, PaO, 120 mm Hg, some 31
interstitial mm Hg quantification of ventricular signal.
space perfluoro-15-crown-5- Halothane anesthesia
ether
Rat brain pO, = 15 19F NMR, with T, Hypoxia, PaO, 30-40 31
interstitial mm Hg quantification of mm Hg, some
space perfluoro-15-crown-5- ventricular signal.
ether Halothane anesthesia
Cat cortex, pO, = 154 19F NMR, with T, Pentobarbitone 34
mean quantification of anesthesia, breathing
intravascular perfluorotributylamine 100% oxygen
Intraocular pO, = 22 19F NMR, with T, Ketamine/pancuronium 11
region of the mm Hg quantification of anesthesia
rabbit eye perfluorotributylamine
Radiation pO, = 19F NMR, with T, Isoflurane anesthesia, 50
induced 1.1-6.2 quantification of F-44E emulsion given
fibrosarcoma mm Hg F-44E IV 3 days previous
in mice
Intraperitoneal pO,: = 19F NMR, with T, Chronic measurements 90
cavity of rat 7.6-33 quantification of reproduced over
mm Hg perfluorocarbon isoflurane anesthesia,
containing alginate breathing air
capsules
Cardiac sinus, Hemoglobin T, quantification of None, arterial assumed 39
human saturation = sinus blood to be 97%
41-53%
Cardiac, 30% 'H of the Isolated heart perfused 58
intracellular saturated deoxymyoglobin with blood equilibrated
myoglobin resonance to 20% oxygen
Skeletal 100% 'H of the Human subjects 70, 120
muscle saturated deoxymyoglobin
intracellular resonance
myoglobin
Lung pO, = 109 Hyperpolarized helium Human, initial period of 24
mm Hg MRI breath hold
Cerebral pO, = 130 T, quantification of Human breathing room 127
spinal fluid mm Hg protons air, third ventricle

When using BOLD to study oxygenation, one needs to keep
in mind that the measured value is the change in deoxyhemo-
globin. Pauling (94) noted that deoxyhemoglobin is a para-
magnetic substance while oxyhemoglobin was not. Thus, one
can have a decrease in BOLD signal caused by an increase in
deoxyhemoglobin, where that increase in deoxyhemoglobin
was caused by increased cerebral blood volume (CBV) with no
change in hemoglobin oxygen saturation. Since CBV increases
as cerebral blood flow (CBF) increases (49), this factor may
complicate the interpretation when relating BOLD data to tis-
sue oxygenation. In the fMRI field, the use of hypercapnic
breathing has become popular as a method of differentiating
between changes in deoxyhemoglobin induced by changes in
CBF and CBYV versus those caused by changes in saturation (8,
72). One issue with respect to hypercapnia that needs to be taken
into account, is that if residual hypercapnia persists, then the
sensitivity to BOLD imaging will decline since CBF will al-
ready be abnormally high during the task activation (97).

With fMRI, if the increased BOLD signal that occurs with

activation correlates with oxygenation, then the corresponding
decrease in transverse relaxation rate (R,*) should coincide with
a decrease in deoxyhemoglobin and an increase in oxyhemo-
globin. This would indicate an increase in oxygenation satura-
tion. Many studies have shown this to be true (52, 61). Direct
measurements of hemoglobin saturation within the cortical cap-
illary bed in a rat model show increased saturation with task
activation (76). When pO, measurements were made directly
in the interstitial space with oxygen microelectrodes, increases
during task activation were found (75). It is assumed that an in-
crease in BOLD signal correlates with local activation and more
oxygenated tissue. Although few studies have attempted to
quantify changes in oxygenation when undertaking BOLD,
work in this field has shown that oxygenation can be measured
directly by quantifying R,*. This is based on the observation
that there is a predictable relationship between R,* and de-
oxyhemoglobin. BOLD imaging in brain shows clear changes
with increasing hypoxia caused by reducing the inspired oxy-
gen tension (29, 91, 92). These data indicate that functional ac-
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tivation usually correlates with increased oxygenation, an in-
creased BOLD signal, and decreased transverse relaxation rates
(Rz* and Rz)

BOLD imaging has gained most of its popularity from imag-
ing cognitive function, but it is also useful to assess oxygena-
tion in other normal and pathological conditions. This follows
since deoxyhemoglobin increases R, and R,* of blood. Thul-
born et al. (114, 115) translated the idea to that of an in vivo
study of oxygenation, reporting the changes in blood R, with
saturation. They also showed how kidney R, increased with de-
oxygenation. These observations supported the concept that in
vivo studies could be undertaken that provide an index of the
change in oxygenation.

One method that can be used to calibrate the change of R,*
with deoxyhemoglobin is near-infrared spectroscopy or imag-
ing (NIR). Deoxyhemoglobin and oxyhemoglobin have char-
acteristic absorption spectra. By quantifying the attenuation of
light as it passes through the tissue, one can obtain data on the
hemoglobin content and saturation using NIR (30, 83, 98).

Punwani et al. used NIR spectroscopy to measure changes
in deoxyhemoglobin in piglet brain at 7T. The subjects were
anesthetized and were exposed to a range of inspired pO, val-
ues to vary their arterial pO,. The R,* within the brain increased
linearly with increased concentrations of deoxyhemoglobin
(98). Jezzard et al. used a cranial window in a cat brain to as-
sess hemoglobin saturation optically while simultaneously mea-
suring changes in R,* and also reported a good correlation (59).
Both theoretical and human studies have shown that deoxyhe-
moglobin can be quantified if care is taken in the data collec-
tion and analysis (41, 125).

At least two studies have been undertaken where tissue pO,
was directly measured using electron paramagnetic resonance
(EPR) while R,* was quantified. These differ from the NIR
studies in that the correlation here was with interstitial oxygen
levels instead of mean capillary saturation in the blood. In one
study, kidney cortex and medulla pO, values were measured
using EPR during a time-course of endotoxic shock. Ry* was
quantified in parallel using a multi-echo gradient echo sequence
at 7T. The changes in R,* mirrored the direction and the time-
course of the decline in pO, that accompanied the endotoxic
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FIG. 2. The difference in sensi-
tivity to vessel size in BOLD
imaging. This MRI of a rat
brain (7T) shows two images of
the same slice after infusing the
superparamagnetic contrast agent
MION to a dose of 10 mg/kg. (A)
Spin echo, TR/TE = 2 s/0.05 sec.
(B) Gradient echo, TR/TE/a = 2
s/0.15 s/60°. The gradient echo
sequence, which is relatively
more sensitive to T,*, shows
large perforating vessels while
the spin echo sequence (more
sensitive to T,) only shows con-
strast related to the microvascu-
lature (unpublished data from
Jeff Dunn, Marcie Roche, and
Michelle Abajain).

shock (57). Another study examined glial tumor oxygenation
in a rat model. EPR was used to measure pO, in parallel with
MRI measurements which quantified R,*. When rats were ex-
posed to carbogen, a 95% O, and 5% CO, gas mixture, por-
tions of the tumors showed an increase in oxygenation as indi-
cated by an increased pO, and a decrease in Ry* (28).

An interesting observation about the BOLD signal is the im-
pact of vessel diameter and the relationship with voxel volume
and structural heterogeneity within the voxel. Mathematical
modeling of the impact of changes in hemoglobin saturation
show that the sensitivity of R, and R,* for a given change in
deoxyhemoglobin concentration varies with vessel diameter.
The sensitivity of T, (1/R;) measurements made using a spin
echo sequence rises rapidly and then falls off as the vessel in-
creases in size. The sensitivity of T,* (1/ Ry*) measurements
made using a gradient echo sequence rises slower but remains
high as vessels increase in diameter (16). A graphic example
of this effect is shown in Fig. 2. The large perforating vessels
are clearly seen in the gradient echo image but are not appar-
ent in the spin echo image.

Fujita et al. (37) discussed some of the problems of quanti-
fying hemoglobin with R, and R,* and discussed a more ac-
curate measure using the “reversible” R,’. The total transverse
relaxation rate in the tissue can be defined as R,*, where Ry* =
R, + R,'. They used a modification of the GESFIDE sequence
(gradient echo sampling of FID and echo) (79) to quantify R’
in human brain and modeled the influence of oxygenation and
vessel size dependency.

The fact that both T, and T,* change with hemoglobin sat-
uration leads to many useful applications. In cardiac imaging,
one may want to know the saturation in large vessels or even
in the ventricles. It is difficult to measure T,* due to the mo-
tion and large liquid tissue interfaces. In this case, T, quantifi-
cation has been used to measure saturation in the coronary si-
nus (39). Early cardiac BOLD work showed that one could
obtain a good estimate of tissue saturation in the septum of an
arrested heart with T, measurements (7).

If one is interested in studying angiogenesis, and wants to
limit the detection sensitivity to the microvasculature, T, quan-
tification is also the method of choice over that of T,*. Angio-
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genesis has been measured in normal brain where a hypoxia
stimulus was used to stimulate the growth of the microvascu-
lature (26). Further, by taking advantage of the relative differ-
ences in sensitivity of T, and T,* imaging to vessel size, both
parameters can be measured to generate a vessel size depen-
dency image (25). These methods all arise from applying BOLD
imaging in novel ways.

There is extensive literature on the use of BOLD imaging to
study tumor oxygenation (3, 5, 28, 44, 45, 54, 102). There is
significant interest in developing techniques to grade a tumor
with respect to its oxygenation because very hypoxic tumors
are insensitive to radiation treatment. Furthermore, it would be
helpful to use BOLD to determine if a tumor reoxygenation oc-
curred in response to therapy. One example of this application
showed a 40% increase in the gradient echo image intensity
when carbogen was inhaled (102). In another study, BOLD
imaging showed improved tumor oxygenation when the oxy-
hemoglobin dissociation curve was shifted (53). BOLD imag-
ing has also been applied to study tumor oxygenation in human
studies. Griffiths e al. (48) used MRI to study head and neck
tumors in patients before and after carbogen breathing. They
identified a tumor in the neck of a patient that was missed by
conventional MRI. Other methods have been used and the
reader is directed to the review by (126).

An important point is that heterogeneity within the voxel of
signal from vessels and non-vessels can give rise to a frequency
shift as well as a change in relaxation rate. Karczmar’s group
took advantage of this phenomenon to study the heterogeneity
of tumor response to changes in inspired oxygen. They devel-
oped a spectral-spatial method where they simultaneously quan-
tified the frequency shift and relaxation rate. This study clearly
shows that there was intravoxel heterogeneity in the BOLD re-
sponse in tumors (3). They also undertook a quantification study
where they correlated pO, measured with microelectrodes in
the tumor to the changes in relaxation rate (4). In another study,
they measured perfluorocarbon-based measurements of pO, and
confirmed that the changes in tissue pO, correlated with R,*
measurements (38). The spectral-spatial method correlates with
changes in the hypoxic fraction, a radiation therapy based as-
sessment of oxygenation (5).

These data using spectral-spatial imaging help explain the
observation that the decline in signal intensity with echo time
in a gradient echo study may not follow a simple exponential
function. This decay curve is used to calculate the R,*. In a
study of normal brain, the relaxation rate appears to follow an
exponential function in most voxels. However, in pathological
states such as tumors, this relationship can become very com-
plex—making it more difficult to quantify deoxyhemoglobin
using R,* methods (28). One can hypothesize that the larger,
more tortuous vessels observed in the rat 9L glioma model in-
fluence the heterogeneity of relaxation rates within a voxel and
contribute to the nonexponential signal decay patterns observed
in the tumors (28).

Skeletal muscle physiologists have also used BOLD to study
oxygenation (69, 71, 87, 89). BOLD is particularly suited to the
study of peripheral vascular disease. There were significant dif-
ferences in Ry* changes in response to a reversible occlusion
in a patient group, as compared with controls (71). A study of
rat kidney during endotoxic shock used BOLD MRI to mea-
sure relative changes in oxygenation in the cortex and medulla

1161
8 ——
4 =
‘g 6 - O Measured rim
; 5 Fitted rim
= Y7 ® Measured center
244 /S e Fitted center
@
E 34 19F image
- ra
e
oy s |
» 1
u 1 1 1 1 L} 1 1

FIG. 3. '°F-based pO, map in a tumor. Top: A plot of sig-
nal intensity vs. recovery time in the inversion recovery se-
quence used to measure Ty. The curves were obtained for small
ROIs at the tumor rim and tumor center. The insert shows the
gradient echo. '°F image of the subcutaneous tumor, which
shows where there are pixels which contain '°F. Only these pix-
els will provide data for the pO, map. Bottom: T| map and pO,
map derived for those pixels where goodness-of-fit was better
than 0.95. The scale bar is given above the corresponding im-
age. The displayed FOV is 40 mm x 20 mm. Reproduced with
permission from Ref. 37.

over time (57). Since the kidney is almost 15% blood by vol-
ume, BOLD imaging could have a major impact on the physi-
ological assessment of this organ (81). The BOLD literature is
extensive enough that it is possible to find examples of its ap-
plication in almost all organ systems of the body. Clearly, this
method of assessing oxygenation is still growing in its relative
importance.

FROM THE BLOOD TO THE CELL—
ASSESSING OXYGEN IN LIQUIDS

After oxygen arrives in the capillary bed, it crosses the en-
dothelial cell lining by diffusion down concentration gradients
to the site of utilization—which is predominantly in the mito-
chondria. Methods that quantify oxygen in solution can be used
to assess oxygenation along this path of diffusion.

Perfluorocarbons, discussed above for use in the lung, have
a T, that is oxygen sensitive and can be safely infused to fairly
high concentrations. Their final site of distribution determines
the location of the measured pO, (Fig. 3). If the infusion is done
hours to days before the imaging, then the agent will be se-
questered into the tissue (23, 37). If the study is done soon af-
ter injection, then most of the perfluorocarbon will be in the
plasma and the value returned will be an average of the pO;
within the vessels in the voxel. That value will be weighted by
the relative distribution of veins, arteries, and capillaries. At
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later time points after injection, perfluorocarbons may be trans-
ported to an extravascular site that probably varies with tissue
and pathological state (37). One of the earlier uses of this
method was in 1988 where perfluorocarbon (perfluortributy-
lamine) infusion was used to study pO; in brain (34). Cats were
anesthetized with pentabarbitone and allowed to breathe 100%
oxygen. The pO, measured by this method was 186 mm Hg in
the carotid artery and pO, distribution histogram was presented.
Improvements in the method resulted in better cross-sectional
maps of rat brain pO, (10).

Oxygenation in animal models of cancer have been studied
at least since 1993 using perfluorcarbons, when it was shown
that nicotinamide can increase animal tumor pO, by a mean
value of 4.5 mm Hg (50). Hexafluorobenzene has been pro-
posed as a good perfluorocarbon to use since it is readily avail-
able and can be used to assess heterogeneity of pO, in animal
tumor models (55, 82). Complex perfluorocarbons often have
multiple fluorine resonances which can make it more difficult
to image. Ideally, the multiple fluorines will have similar local
environments, resulting in the compound having fewer reso-
nances but more amplitude per resonance, thus increasing sen-
sitivity. The compound PTBD (perfluoro-2,2,2",2'-tetramethyl-
4,4'-bis(1,3-dioxolane)) was studied and demonstrated an
increase in sensitivity (108).

Oxygenation in regions of the body where there are pools of
liquid can also be studied with perfluorocarbons. The vitreous
space in the eye is an excellent example. The compounds can
be injected directly to the site of interest. In1991, Berkowitz in-
jected perfluorotributylamine into the vitreous and measured a
value of 22 = 4.7 mm Hg (mean * SD) in the eye (11). To
measure pO, in brain, perfluorocarbon can be directly infused
into the ventricles and will diffuse into the interstitial space.
Duong et al. used this method to correlate changes in CBF mea-
sured with MRI to the changes in local tissue pO, during acute
hypoxia, hyperoxia, and hypercapnia (31).

An extension of the application to study pO, in areas of lig-
uid pools is one where perfluorocarbons have been incorporated
into implantable materials. In one instance, alginate capsules
were implanted in rat kidney, skeletal muscle and the peritoneal
cavity. Chronic measurements of pO, were made within the
capsules over months (90).

In a novel application of perfluorocarbons, the vascular vol-
ume fraction was calculated from measuring the respective
components of the T1 decay. The authors argued that if the vol-
ume measured by a given T1 fraction was relatively hypoxic,
then that volume corresponded to the venous blood, while the
more oxic volume related to arterial blood. Using this method,
they reported an arterial volume fraction of ~30% (33).

In theory, the perfluorocarbon measurement of intravascular
pO, can be used to estimate the total oxygen in the blood. One
would use knowledge of the oxyhemoglobin dissociation curve
and the pH. It should be noted that this curve is not the same
for humans and rodents. Blood gas analyzers which calculate
hemoglobin saturation based on pH and pO, use a human form
of the oxyhemoglobin dissociation curve. One can use pub-
lished data for rodent blood if a conversion is required (18).

Contrast agents have been proposed for measuring oxygen
in solution. Selected spin-trapping agents, developed for EPR,
have been used in combination with NMR. For an excellent re-
view on the subject see Ref. 12. For instance, the dithiocarba-
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mate “Fe(I)-NO” complex results from the trapping of nitric
oxide (12). The T and T, values of protons in MRI around the
complex decrease with binding. As a result, binding causes sig-
nal enhancement on a T1-weighted MRI. MR spectroscopy can
be used to detect resonances that appear with radical spin adduct
degradation and reduction (12). Although this is not a direct
measure of oxygen, the reaction and the physiology associated
with NO production are both influenced by oxygenation.

If EPR and NMR can be used in parallel, then oxygen-sen-
sitive nitroxides make a very interesting contrast agent. When
being measured with EPR, they can report local pO,. Then, the
subject can be moved to the MRI and both the location and the
relative perfusion in that area can be assessed by T1w MRI as
the nitroxide will shorten the T of the surrounding protons (42).

The use of nitroxides for a more direct measurement of pO,
using MRI was proposed in 1985 (110). Here the concept was
that changes in oxygenation and redox metabolism in the local
environment would change the reduction rate for nitroxides.
The nitroxide is relatively stable under oxidative conditions.
When oxygen levels fall, it is reversibly converted into a non-
paramagnetic product (111). Thus, the nitroxide has the poten-
tial for being an oxygenation sensitive contrast agent.

Spectroscopy can also be used to monitor nitroxide products.
An example of this is the study using 5-diisopropoxy-phos-
phoryl-5-methyl-1-pyrroline-N-oxide (DIPPMPO). Stable 3!P-
NMR visible radical adducts are formed when DIPPMPO re-
acts with free radicals (6). NMR spectroscopy can be used to
quantify the time-course of the appearance of new resonances,
which correspond to the time-course of production and reaction
of the free radicals.

A very remarkable contrast-related method that also involves
cross-over between EPR and NMR is termed Overhauser-en-
hanced MRI (OMRI) (64) or proton electron double resonance
imaging (PEDRI) (78). With OMRI, EPR excitation of an in-
fused EPR-sensitive contrast agent precedes the MRI acquisi-
tion. Proton enhancement in the MRI occurs through the nu-
clear Overhauser effect. Low field strengths are used due to the
high frequencies of EPR irradiation. These field strengths (e.g.,
0.02T) typically result in very poor quality MR images. How-
ever, using OMRI enhancement was provided by EPR irradia-
tion of a trityl paramagnetic contrast agent (1 mm/kg dose) and
a rat vascular image was made with better quality than that ob-
tained on many 1.5T MRI systems (46). Enhancement has been
reported of ~60 times in the signal to noise over that of the
nonirradiated MR image (47). Since the line width of such con-
trast agents is proportional to pO,, appropriate calibrations can
be made to generate pO, sensitive images in MRI (47, 64). In
PEDRI, the MRI field strength is cycled down to an appropri-
ate field for EPR irradiation, and then ramped up again for MRI
detection. The advantages of these techniques are the very low
magnetic fields used and the remarkable capability to generate
MR images that have oxygen sensitive contrast.

One of the earliest methods for detecting changes in oxy-
genation of a fluid using NMR involved the simple quantifica-
tion of T;. The T; of blood will change in proportion to both
hematocrit and oxygen saturation (107). All else being equal,
the T of tissues relates to the oxygen levels in the animal (112).
This study showed that T; values were reduced in some organ
systems when the animal breathed 100% oxygen. The lack of
a universal decline in T1 indicates that either all organ systems
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do not have an increase in oxygenation when breathing 100%
oxygen, or the method is not very specific. It may be that when
targeting a more limited problem, this method may be more ro-
bust. For instance, changes in proton T, have been used to mon-
itor oxygenation in the cerebrospinal fluid in the brain of hu-
man subjects who were breathing room air or 100% O,. The
brain’s ventricular pO, was quantified and shown to be both
variable throughout the brain as well as sensitive to changes in
inspired O, (127).

Direct measurement of T can also be used to measure blood
oxygenation. The Ry (1/T)) of left-cardioventricular blood in-
creased by 12% as inspired oxygen was changed from 21% to
100% (117). Hyperpolarized Xe is being increasingly used in
MRI. The T, of Xe in blood is nonlinearly proportional to lo-
cal oxygenation. The changes in relaxation rate appear to be in-
fluenced by conformational changes in hemoglobin and so may
provide an index of blood saturation (124).

A method for studying oxygenation using intermolecular
zero-quantum coherences was proposed in 1998. Here, contrast
is related to long-range dipolar couplings and is based on mag-
netic susceptibility. This method has promise for assessing oxy-
gen concentrations, perhaps even directly in solution (121). In-
tramolecular double quantum coherences have also been studied
as a measure of task activation in brain. In such activation stud-
ies, the contrast appears sensitive to susceptibility changes, in-
dicating that the method may relate to deoxyhemoglobin (128,
129) although this remains speculative (104).

QUANTIFYING OXYGEN IN THE
CELL—MYOGLOBIN

There is a very high concentration of myoglobin in heart and
skeletal muscle—making it possible to use MR spectroscopy
for detection. Proton spectra of myoglobin show a characteris-
tic resonance of the N-delta proton of the F8 proximal histidine
(120). Thus, 'H spectroscopy can be used to monitor intracel-
lular pO, through inference of the oxygen binding curve of
myoglobin. In human muscle, intracellular pO, at rest was 34
mm Hg and declined to 23 mm Hg with reduction in inspired
O, (101). In isolated perfused rat hearts, this method showed
that intracellular pO, can be maintained at a relatively constant
value as work loads in the heart are changed over an eightfold
range (58). NIR studies done simultaneously with '"H MRS in
human skeletal muscle have been used to validate this method.
Ischemia in human gastrocnemeus muscle was induced with a
cuff. The desaturation observed with NIR was coincident with
an increase in the proximal histidyl deoxyHb resonance (116).

Proton spectroscopy can also be used to detect changes in
oxymyoglobin. The methyl group of VAL-E11 has a chemical
shift that is saturation dependent and ranges from —2.76 to
—2.40 ppm (63). A recent study examined the role of facili-
tated diffusion. Oxygen can diffuse directly through the fluid
in the cell at a certain diffusion rate. In theory, since diffusion
of myoglobin may occur independently of that of dissolved oxy-
gen, the maximum diffusion rate of oxygen will be the sum of
the two processes. This role of myoglobin to enhance the dif-
fusion rate is termed “facilitated diffusion.” This study inhib-
ited facilitated diffusion by using carbon monoxide to inhibit
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the oxygen carrying capacity of myoglobin and compared the
oxygen uptake in a working heart to that measured during acute
hypoxia alone. They found no evidence that inhibition of fa-
cilitated diffusion resulted in impaired oxygen utilization(20).

Although the BOLD effect was described with respect to
blood and hemoglobin, it also applies to muscle and myoglo-
bin. In both skeletal and cardiac muscle, the interpretation is
made more complex by the presence of both hemoglobin in
blood and myoglobin in myocytes within a given voxel. Since
the pS0 of myoglobin is much less than that of hemoglobin, it
has been suggested that hemoglobin saturation would decline,
and deoxyhemoglobin content would increase before there were
any changes in myoglobin saturation. A study measuring R,*
while obtaining 'H spectra indeed showed that there were mea-
surable increases in R,* with exercise before there were ob-
served increases in deoxymyoglobin (69).

QUANTIFYING OXYGEN IN THE
CELL—CORRELATES OF OXYGENATION

It is theoretically possible to monitor intracellular processes
which, in themselves, have an oxygen sensitivity and thereby
gain some insight into cellular oxygenation. Inhibition of these
processes can often be correlated with a reduction in cellular
oxygenation.

Energy production in most cells is linked to the availability of
oxygen. One of the first and most widely used NMR methods
for studying cellular energy status was 3'P-NMR spectroscopy
(1, 99). Arguments based on modeling oxidative pathways as
well as on empirical measurements led to the suggestion that in-
organic Pi concentration relates to mitochondrial redox state (85),
and to the balance between energy utilization and oxygen deliv-
ery. It follows that Pi or the ratio of Pi to total phosphate has of-
ten been used as an indirect indicator of oxygenation.

In some conditions, this assumption has merit. Tumor me-
tabolism has often been studied with 3'P-NMR. In one exam-
ple, a potential inducer of hypoxia, hydralazine, was given to
mice with subcutaneous tumors while 3'P-NMR was used to
monitor the time-course of changes in high energy phosphates
and Pi. At discrete time-points, the hypoxic fraction of the tu-
mors was measured as an index of tissue oxygen. The increase
in Pi correlated well with the increase in hypoxic fraction (27).
When localized 3'P spectroscopy was used, it was noted that
there was regional heterogeneity in the response (13).

Using an animal model of a mammary carcinoma, 3'P-NMR
was undertaken along with pO, measurements made using an
oxygen electrode, before and after radiation therapy. The study
investigated the postradiation reoxygenation phenomenon and
showed that an increase in high energy phosphates (NTP) co-
incided with increased pO, (62).

A high degree of variability in measurements of pO, in tu-
mors often results, regardless of the method used. Since the ra-
diation sensitivity declines with hypoxia and occurs predomi-
nantly with pO; values <10 mm Hg, correlation of the tumor
response to hypoxia usually needs only to identify regions
which are hypoxic <10 mm Hg. As a result, many studies group
the pO, values into bins, providing a better correlation but less
precision as to the actual pO, value. In such a study tumors
showed increased numbers of low pO, readings after irradia-
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tion as well as significantly lower values for PCr/Pi and NTP/PI
(118).

The intracellular pH can also be measured with 3'P-NMR
and, since anaerobic lactate production often coincides with
acidification, may provide an index of hypoxia. In a study of
solid tumors, adenylate concentrations remained relatively con-
stant until very low pO, values, ~100 mm Hg. At this point,
the cells also began to acidify (107).

These types of studies have been very important in deter-
mining the pathophysiology of specific tumor types and for
making the argument that tumor hypoxia is coincident with ra-
diation insensitivity.

There was widespread interest in using 3'P spectroscopy to
study tumor oxygenation to provide an index of radiation sen-
sitivity. One key study used an in vivo tumor model where the
inflow and out flow vessels were cannulated to allow for con-
trol of flow and delivery of both oxygen and glucose. They re-
ported little or no change in the 3'P spectra when oxygen de-
livery was reduced. They did observe major reductions in
energy metabolism when flow was reduced (35).

Vaupel et al. also found that tumor high energy phosphates
were constant over a wide range of pO, values, but did decline
at very low values of oxygenation in solid tumor models. This
indicates that 3'P-NMR may provide a correlative index as to
whether tumors have declined below a critical oxygen tension
for support of energy metabolism (117, 118). Although this con-
flicts with the lack of oxygen sensitivity in the mammary tu-
mor model of Eskey (35), it is consistent with the presence of
a similarly observed critical oxygen tension in mammalian brain
(103). NIR studies of hemoglobin saturation in brain also show
significant decline in oxygen levels before there is an impact
on energy metabolism (109).

When rats were exposed to graded hypoxia, the pO; in brain
showed a proportionate decline in pO, as measured by EPR
oximetry. The high energy phosphates were stable until a crit-
ical point indicating that, not surprisingly, there is a nonlinear
relationship between tissue oxygenation and high energy phos-
phate content (103). In ischemia, high energy phosphates are a
sensitive measure of metabolic decline (85).

Although in earlier studies it was shown that tumor ischemia
related to energetics (36), using cell lines with differing hypoxic
fractions, it was shown that the response of energy metabolism
to hypoxia was not predictable (43). These and other studies
led to significant discussions on the subject. The conclusion in
tumor studies is that only under specific conditions can 3'P data
be used to indicate hypoxia. These would be where indepen-
dent validation has been made, or where knowledge of the phys-
iology and biochemistry of the system can be applied. Mea-
surement of tumor oxygenation as an index of treatment
response is a growing field in which noninvasive methods such
as NMR will play an important role.

Phosphorus NMR spectroscopy has found many applications
for assessing metabolism and oxygenation. This includes mon-
itoring skin of people with diabetes where it was shown that
ingestion of nicotine reduced the PCr/Pi ratio in skin, ostensi-
bly due to vasoconstriction and ischemia (107).

However, 3'P spectroscopy does not always correlate well
with oxygenation. Various groups of human muscle groups
were studied during and after 5 min of ischemia—reperfusion.
Oxygenation was measured with NIR, Na-NMR was used to
study shifts in ion concentrations, and 3'P-NMR spectroscopy
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was performed. There were no measurable changes in the high
energy phosphates under conditions where energy metabolism
increased enough to cause significant reductions in oxygena-
tion (14).

Lactate is a metabolite linked to anaerobic glycolysis, and so
may change in concentration with tissue oxygenation—or with
changes in the balance of oxidative versus nonoxidative energy
production. Since lactate dehydrogenase is an equilibrium en-
zyme, the cellular concentration of lactate also depends on lo-
cal pH and redox potential. Proton spectra have shown that lac-
tate increases in the rat brain during acute hypoxia where the
PaO, was <54 mm Hg. However, the lactate resonance did not
return to baseline upon reoxygenation (95), indicating that the
existence of lactate is not always concurrent with hypoxia.
There are some notable exceptions where lactate will occur dur-
ing “normoxia” such as with a toxoplasmosis infection (19).
When comparing the 'H spectra of brains from different strains
of mice, relative increases in lactate did not correlate with hy-
poxia (105).

In stroke/ischemia studies where lactate has been measured,
it always shows an increase. There is extensive literature on this
subject (80). The presence of lactate in pediatric disorders re-
flects poor outcome (106), but again it is not clear to what level
there is concurrent hypoxia.

Carbon-13 NMR has been used extensively to study cellular
metabolism and carbon flux. As with 'H- and 3'"P-NMR spec-
troscopy, the correlation with hypoxia will depend significantly
on the metabolic status. One can fall back on decades of re-
search into the regulation of oxidative versus glycolytic carbon
flux with respect to interpreting the '3C flux data. As expected,
glycolytic flux does increase with progressive hypoxia as shown
in a neuronal cell culture study (88).

As energy stores decline in a cell, so does the capacity to
maintain ionic electrochemical concentration gradients and to
regulate water balance. As a result, cells often swell in the pres-
ence of acute hypoxia or the combination of hypoxia and isch-
emia. There are a range of NMR based methods to study these
parameters. Ion contents and fluxes can be assessed directly with
23Na or K NMR (2, 21, 100). Potassium content increased with
ischemia in the heart and then returned to baseline during reper-
fusion (100). It has already been noted that energy status of the
cell relates to oxygenation in a complex fashion. Since ionic reg-
ulation would not be impaired until energy production was in-
hibited, the changes observed in 2*Na do not occur immediately
upon the onset of hypoxia or ischemia (15, 21) but abnormal
regulation is consistent with a cell under stress.

Studies using 8’Rb are useful as the ion is an NMR sensitive
cogenor for potassium and can be used to study potassium flux
through Na,K-ATPase. Cardiac studies have shown that Rb flux
declines with ischemia and correlates with a fall in ATP (21,
66). In a similar type of study, ’Li was used as a cogener for
Na transport in isolated hearts. Hearts were pre-loaded with 7Li
and the washout of the Li monitored (67)

CORRELATING OXYGENATION
WITH FLOW

In vertebrate systems, most of the oxygen is delivered to the
tissues via the blood. It is not surprising that flow itself, the
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process of oxygen delivery, correlates in many cases to tissue
oxygenation. The oxygen levels in the tissue are a balance be-
tween flow (or delivery) and utilization. If the two were per-
fectly matched, one might imagine that tissue oxygenation
could be independent of flow. However, it has already been
noted that when flow increases during functional brain activa-
tion, the brain interstitial pO, increases as does the blood oxy-
genation (61, 75). Under anesthesia, the pO, in the brain cor-
relates with CBF once pO; has declined to a threshold (31, 74).
In the ischemic brain the reduction in flow correlates with a re-
duction in tissue pO,. This is caused by the fact that, in the first
case, the tissue is functioning normally and physiological mech-
anisms are available to ensure that substrates are delivered when
required. In the latter case, the ischemic event results in a lim-
itation of substrate delivery and the tissue oxygen is used to the
maximum amount possible based on the kinetics of the enzymes
for oxidative metabolism.

The relationship between flow and oxygenation is tissue spe-
cific and will vary with pathological condition. A review of
flow MRI is beyond the scope of this article but suffice it to
say that in a given organ system, there is likely to be a rela-
tionship between flow and oxygenation that can be capitalized
upon to gain an index of oxygenation. The reader is directed to
texts or to a selection of review articles (22, 96, 123).

CONCLUSIONS

With the growing availability of NMR techniques that can
be applied to the study of oxygen-related mechanisms and dis-
ease processes, comes a growing pantheon of methods that can
be applied to a particular study. The methods range in their site
of application and their relative capacity to quantify the results.
They include imaging and spectroscopic methods and a range
of NMR visible nuclei.
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ABBREVIATIONS

BOLD, Blood Oxygen Level Dependent. This refers to the
MRI methods that are sensitive to deoxyhemoglobin; CBV,
cerebral blood volume; deoxyHb, deoxyhemoglobin; EPR,
electron paramagnetic resonance; fMRI, functional MRI; Hb,
hemoglobin; MR, magnetic resonance; MRI, magnetic reso-
nance imaging; NIR, near-infrared; NMR, nuclear magnetic
resonance; NTP, nucleoside triphosphates; PCr, phosphocre-
atine; p50, partial pressure of oxygen at which one achieves
1/2 saturation of hemoglobin or myoglobin; Pa O,, arterial
partial pressure of oxygen; Pi, inorganic phosphate; pO,, par-
tial pressure of oxygen; Rj, longitudinal or spin-lattice re-
laxation rate; Ry, transverse or spin-spin relaxation rate; Rp*,
total transverse rate; Ty, longitudinal or spin-lattice relaxation
time; T,, transverse or spin-spin relaxation time constant;
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T,*, total transverse time constant; T,', reversible transverse
time constant; TE, echo time; TR, repetition time.
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