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1. ABSTRACT

Over the years many techniques have been
devised for the measurement of tissue oxygenation
(oximetry). Oximetry using polarographic needle electrodes
has long been considered a gold standard. Nuclear
Magnetic Resonance (NMR) based oximetry uses
exogenously administered reporter molecules such as
perfluorocarbons to quantitatively interrogate oxygen
tension (pO,). This technique has been successfully used in
vivo in the preclinical setting and shows promise for
clinical applications. NMR pO, reporter molecules display
a linear dependence of the spin lattice relaxation rate on
pO,, which forms the basis of this technique. Physical
principles of spin lattice relaxation of pO, reporter
molecules and the pO, dependence of relaxation rate are
discussed in this review. Practical considerations for choice
of reporter molecules for in vivo measurements, general
methodology and new developments are also described.
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2. INTRODUCTION

2.1. Tissue oxygenation and hypoxia

Oxygen is essential for tissue health and any
reduction in its supply can lead to rapid cellular
dysfunction and cell death. It is also an important variable
in the treatment of many medical conditions including
tumors, peripheral vascular disease, and stroke. In solid
tumors, oxygen delivery is impaired by structural
abnormalities present in the tumor vasculature such as
chaotic vessel architecture. In addition, the altered tumor
cell metabolism with elevated metabolic rates contributes
to the occurrence of low tissue oxygenation (hypoxia).
Hypoxia can adversely affect the efficacy of radiation
therapy, chemotherapy, and photodynamic therapy (1).
These therapies rely on creation of reactive oxygen species,
which can kill cancer cells by damaging DNA and sub
cellular organelles (2). Reactive oxygen species are also
formed as a natural byproduct of normal metabolism of
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oxygen and have important roles in cell signaling (3).
Production of reactive oxygen species from molecular
oxygen by macrophages and neutrophils probably plays a
key role in cell-mediated immunity and microbiocidal
activity (4). Measurements of pO, in tumors have been
found to have prognostic value and the probability of
disease-free survival is significantly lower for patients with
hypoxic tumors (5-8). Given the importance of oxygen, the
ability to measure tissue oxygen tension non-invasively
may have a significant impact in understanding
mechanisms of tissue function and in clinical prognosis of
disease. Quantitative tissue oximetry remains a challenge,
especially in vivo and this review will consider progress in
magnetic resonance approaches and the physical
foundations underpinning the method.

2.2. Measurement of tissue oxygenation

Many techniques have been used to assess tissue
oxygenation in vivo, both qualitative and quantitative as
reviewed extensively (1, 9, 10). Direct measurement
methods include those using electrodes and fiber-optic
probes. These methods have been used for in vivo research
and also in the clinical setting, but are invasive and may be
unsuitable for routine human use. Indirect methods such as
those based on Magnetic Resonance (MR) measure
parameters that report on local oxygenation status (see
section 3).

Measurements of pO, using polarographic needle
electrodes have long been considered a gold standard (1,
11, 12). Typically, an anode is placed on the skin and
polarized with a constant voltage. The polarographic needle
electrode (cathode) consists of a gold filament embedded
within a flexible stainless steel housing with an oxygen
permeable membrane covering the opening. The cathode is
inserted into the tissue of interest and electrical current is
generated at the tip of the electrode, which is proportional
to the tissue oxygen pressure. Polarographic electrodes are
calibrated in phosphate buffered normal saline, bubbled
with gases with a range of pO,s. Multiple electrodes may
be placed at different locations in tissue in order to measure
spatial heterogeneity and one can make dynamic
measurements to gauge the response to intervention (13).
The invasiveness of this technique can be minimized by use
of electrode tips as fine as a few microns (14), but these are
fragile and are susceptible to stray electromagnetic fields.
The Eppendorf Histograph is an improved version of this
technique that can make multiple successive measurements
along tracks in tissue using a stepwise motion of the needle
electrode under computer control (15). It has been
successfully used in the clinical setting and revealed
hypoxia in many tumor types that are externally accessible
(6-8, 12, 16-19). The drawbacks of polarographic
electrodes are that measurements can be affected by
changes in pH, salinity, and ionic strength. Electrodes also
consume oxygen, and thus, may bias readings especially
under hypoxic conditions (such as found in tumors) and
over long measurement periods.

Another quantitative method for measuring the
partial pressure of dissolved or gaseous oxygen utilizes
fiber-optic oxygen sensors based on fluorescence.
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Typically, an optical fiber carries excitation light to the
fluorophore coating at the probe tip. Fluorescence
generated at the tip is returned by the optical fiber to a
spectrometer. When oxygen in the gas or liquid sample
diffuses into the fluorophore coating, it quenches the
fluorescence. Commercial instruments exploit various
parameters such as fluorescence lifetime (OxyLite™) or
relative fluorescence intensity (FOXY™), which are
correlated with pO, and hence, a calibration curve can be
used to measure pO, in vivo. The fluorophores used in
commercial systems may be platinum based (OxyLite™) or
ruthenium based (FOXY™). This method does not
consume oxygen during measurement, but the fluorophore
coating may wear off after several measurements and needs
to be re-applied to the fiber. Weak detected fluorescence
intensity is a clear sign that fluorophore coating needs to be
re-applied. Probes can be coated with oxygen permeable
coatings to further protect the fluorophore. This usually
slows the response time of measurement. Several recent
applications have been reported (20-31). Fiber optic probes
are more fragile than the Eppendorf Histograph.

Qualitative methods have been used to non-
invasively identify tumor regions that are hypoxic based on
selective accumulation of specially designed reporter
molecules in such regions (32). Following intravenous
infusion, these reporter molecules are trapped in tissues in
the absence of oxygen, very much like molecules such as
pimonidazole and EF5 that are widely used in histological
assessment of hypoxia (33). Many such reporter molecules
have been developed for different modalities such as NMR
(34-36), positron emission tomography (PET) (37-40) and
single photon emission computed tomography (SPECT)
(41, 42). The red shift of the fluorescence of green
fluorescent protein (GFP) under hypoxic conditions has
also been used to image hypoxia by fluorescence imaging
(43). Exploiting various biochemical pathways that are
under oxygen regulation such as induction of hypoxia-
inducible factor 1 (HIF-1) or introduction of transgenes
with hypoxic response elements (HREs) coupled to reporter
genes has enabled the visualization of hypoxia by optical
imaging (44-47).

2.3. Magnetic Resonance in Bioscience

In biomedicine, the abundant hydrogen nuclei
from tissue water can be utilized to obtain high-resolution
anatomical images using Magnetic Resonance Imaging
(MRI) to probe living systems non-invasively. Of all
medical imaging modalities, MRI provides the best
combination of spatial and temporal resolution to yield
superb anatomical detail and functional information. It has
become an invaluable clinical tool for diagnosis of many
diseases. Using tricks of nuclear spin physics it is possible
to obtain information beyond structural anatomy.
Routinely, one can study diverse aspects of physiology,
such as vasculature and blood flow (48-50), cellularity and
apparent diffusion (51-54), vascular and tissue oxygenation
(9, 55-59) as well as tissue perfusion and endothelial
permeability (60, 61). The development of contrast agents
and reporter molecules has pushed the limits of detection
and established MRI as a tool for molecular imaging (62-
64). Assessment of key metabolites such as lactate, choline
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and N-acetyl aspartate (NAA) by proton NMR has enabled
the assessment of metabolic changes at onset of disease
(65-71).

Magnetic Resonance (MR) based techniques to
measure oxygenation may be divided into quantitative and
qualitative methods. Qualitative MR techniques, such as
BOLD (Blood Oxygen Level Dependant) contrast use
blood oxygenation status as a surrogate marker for
tissue oxygenation. BOLD can provide high spatial and
temporal resolution and can assess dynamic changes in
vascular oxygenation using endogenous
deoxyhemoglobin, and is the basis for functional MRI.
For large blood vessels where imaging voxels are
wholly within a vessel quantitative oximetry has been
reported (55, 72, 73). However, since BOLD contrast
(changes in T,*) depends on the amount of
deoxyhemoglobin it is influenced by hematocrit,
vascular volume, pH and flow. While signal changes are
sensitive to changes in vascular oxygenation, the
relationship with tissue pO, is neither straightforward
nor direct in tissues (58). Quantitative MR oximetry
techniques have been developed based on reporter
molecules for nuclear magnetic resonance (NMR) (9,
74-76) and electron paramagnetic resonance (EPR) (10,
77-81). EPR is a technique that is very similar to NMR
in that they both result from the Zeeman interaction of a
spin with an external magnetic field. Unlike NMR where
nuclei like protons with non-zero nuclear spin give rise
to the signal, EPR relies on unpaired electrons. EPR
oximetry, much like NMR oximetry, relies on the
indirect methods that exploit the paramagnetic
properties of molecular oxygen. Paramagnetic oxygen
not only relaxes nuclear spins, but also is effective in
electronic T, and T, relaxation of other paramagnetic
species or radicals. The EPR linewidth of the radical is
broadened and the change in the relaxation rate is often
proportional to the concentration of oxygen over a wide
range of oxygen tensions. Similar to NMR oximetry, in
vivo EPR oximetry also requires prior intravenous or
intramuscular infusion of free radicals, or direct
implantation of particulate spin probes into the tissue of
interest. This technique has been reviewed extensively
elsewhere (81, 82). The method can offer exceptional
sensitivity at very low pO, values. A primary
shortcoming is the lack of widespread EPR
instrumentation for small animal investigations, let
alone clinical studies.

Although extensive reviews exist on NMR
oximetry (9, 76), they have generally focused on
applications. Here, we focus on the underlying physical
principles. NMR based oximetry uses exogenously
administered reporter molecules to interrogate oxygen
tension (pO,). Such exogenous agents, which can
quantitatively report tissue oxygenation, have been
successfully used in vivo in the preclinical setting. NMR
pO, reporter molecules are often perfluorocarbons, which
display a linear dependence of the P spin lattice relaxation
rate R; (=1/T)) on pO,. We will also describe an analogous
'"H NMR approach using a recently identified 'H pO,
reporter molecule hexamethyldisiloxane (83).
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3. NMR AND MRI OXIMETRY

3.1. Dependence of spin lattice relaxation rate of
reporter molecules on pO,

Molecular oxygen is paramagnetic and therefore
tends to shorten nuclear spin-lattice relaxation times, T
and T,, in solution or in vivo. Most of the NMR oximetry
applications utilize the linear dependence of the '°F
longitudinal (spin-lattice) relaxation rate (R;=1/T;) of
fluorine nuclei of perfluorocarbons (PFC) on the partial
pressure of oxygen (9, 84, 85). PFCs exhibit specific
characteristics that are critical for in vivo oximetry: high
oxygen solubility and hydrophobicity. Hydrophobicity
ensures the exchange of gases between the PFC and
surrounding tissue, while preventing the exchange of
aqueous ions, which could perturb R;. The linear
dependence of PFC R; on pO, can be understood as
follows. One can visualize two types of PFC molecules in
the PFC pool, those with and without oxygen in their
vicinity. If those free of oxygen have a diamagnetic
longitudinal relaxation rate of R4, the ones with oxygen in
their immediate vicinity have a longitudinal relaxation rate
of Ryg + Ry, where Ry, is the paramagnetic contribution of
oxygen. Since the oxygen molecules rapidly diffuse in the
solvent, the observed relaxation rate for each type of
fluorine atom is a molar weighted average:

Ri=(1-x) Rig+ x (Rig+ Ryp) = Rig + x*Ry, (1)

where x is the mole fraction of oxygen. Since PFCs behave
as essentially ideal liquids, the solubility of oxygen in the
PFCs obeys Henry’s law,

pO,=k*x (2)

where k is a constant that reflects solubility of oxygen in

the PFC. It is therefore different for different PFCs.
Combining egs. 1 and 2

R;=Riq +pO:*R;/k (3)

Thus, the plot of Ry vs. pO, at a given temperature should
be linear, with an intercept of R4 and a slope of R;p/k. R4
is the anoxic relaxation rate, i.e., the relaxation rate in
absence of oxygen, and R, is the relaxation rate due to the
paramagnetic contribution of oxygen dissolved in the solution
or tissue.

3.2. Diamagnetic contributions to R,

The diamagnetic contribution R4 to the total
relaxation rate of PFCs generally results from a
combination of ""F-'"°F dipole-dipole (DD) interactions
and "F chemical-shift anisotropy (CSA) at high
magnetic fields. When molecular motions are in the ex-
treme narrowing region the DD contribution to Ryq
(Ripp) is independent of the magnetic-field strength
(86), but the CSA contribution to R4 (Ricgs) varies
directly as the square of the magnetic-field strength
(87). Thus, at relatively low magnetic fields, the CSA
contribution to relaxation is negligible, while at high
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magnetic fields it is comparable to the contribution of
DD interactions. In general, we can treat DD and CSA
interactions as independent and additive contributions to
R4, but they can be correlated in some cases. DD and
CSA interactions within a CF, or CF; group can
interfere with each other because they both are fixed to
the same physical structure and this correlation can
cause the relaxation curve to be multi exponential by
introducing a slow relaxing component (88-90) in some
cases. Generally such effects on R4 are negligible. Any
inter-molecular DD contribution can be assimilated into
the intramolecular DD contribution and represented by
an effective “F-'°F distance rpp. An exact expression for
the DD and CSA relaxation times depends on the
structure and the molecular dynamics of the functional
group under consideration (i.e., CF5 CF, or CF) and can
be quite complicated. Some knowledge of the molecular
dynamics may allow assumptions to compute an exact
expression, which can then be compared with
experimental observations. For example, internal
rotation of the CF, groups in a linear chain PFC may be
sterically hindered and considered to be fixed
motionless in a rigid sphere that undergoes isotropic
rotational diffusion. For the terminal CF; group,
reorientation results from the same isotropic rotational
diffusion of the rigid sphere and random internal 120°
jumps about the three-fold symmetry axis fixed in the
sphere. It is reasonable to assume that the principle
component of the chemical shift tensor lies along the C-
F bond and one can use chemical-shielding anisotropy

(Ao) and asymmetry (77, ) values from literature. Such

internal motion will lead to extra terms and the angular
dependence in the equations for the CF; group compared to
the CF, group. Shukla ez al. (91) calculated the DD and CSA
relaxation rates for the CF, and CF; groups of
perfluorotributylamine (PFTB) and compared theory with
experimental measurements of Ry, ( = Ripp + Ricsa ). For
the CF, group,

N-1)3y*n" . . 4
Ry =N )+ 4, 20,)] @)
107,
2(0B,A0)’ :
1cs4 = (78,49) (1+77L)]1(a)0)(5)
15 3
while for the CF; groups,
T | TR W U RTEY RPN B
[1—%(3 cos? ADD—1)2}&”(05)+4JQJ.(3mD)]},
(6)
2y BAcy t [T1
Brgsa = %(l‘k ﬁ%) ”:1(3 cos® Agg, — 1)2:|Jl(mg)+

[1 - % (3cos® Ay, 1)2} s (mU)J:-
@)
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where N is the number of '°F nuclei in the group (2 for CF,
and 3 for CF;), v is the gyromagnetic ratio of '°F, By is the
spectrometer magnetic-field strength and @, is the
corresponding '°F Larmor frequency (= v By). App is the
angle between the F-F vector and the internal rotation axis
and Acsa is the angle between the principle axis of the
chemical-shift tensor and the internal rotation axis. The
spectral density functions j,(nw,) and j,(nw) are related to
the correlation times of isotropic rotational diffusion of the
molecule (t.) and internal rotation of the CF; group around
the symmetry axis (1), respectively, by

T
i (nw))=—-o°—— (8)

Jn(ne,) 1+ (nw,t,)’

i Yy O]
(nw)=—L—

T () 1+ (nw,t,;)’

where

1/ 1= 1/t + 1/t (10)

Assuming that all bond angles for the CF; groups are
tetrahedral (ADD:9OO, ACSA: 710),
eqns. 6 and 7 reduce to

oty -
- : . hod02s )+ 44, 2] +0.75] (e )+ 4 4 (2e,) ]
- FFP’ (1 1)
AyBAGY o pa g, , , ,
R =2 B0 (1 520 11, () + 089, oy}

In the motional narrowing limit j,(nwy)— T, and
Jni(n®g) — 1., and further simplification of the above
equations is possible. The relative contributions of DD and
CSA to R4 can vary with temperature and magnetic field. In
the case of perfluorotributylamine (PFTB), R;css Was found to be
greater than Ripp for CF, groups at high fields, while Ripp
dominates over Rjcsa for the CF; group (91). Internal
molecular rotation of the CF; group results in a greater fractional
decrease in Rycgy compared to the fractional decrease in Rypp.
From eqns. 4, 5, 11 and 12, in the limit where internal rotation is
extremely fast (i.e., T, T;—0), Ripp(CF3) = Ripp(CF,)/2 and
Ricsa(CF3)=Rycsa(CF2) /9.

The anoxic contribution to the relaxation rate, Rq,
represents the lower limit of R; with respect to pO,
reporter molecules. Accurate determination is essential
for calibration, as it represents “0 torr”. In the case of a
molecule like hexafluorobenzene (HFB), the expression
for Ripp will be similar to eqn. 4. However, three
different F-F distances must be taken into account. Each
F nucleus has two ortho (rgp ~2.91A), two meta (rpp
~5.04 A) and one para (rgr ~5.82 A) F neighbors and the
total R;pp will be a sum of these three components. Due
to the strong 1/r® dependence, the para and the meta
contributions may be small (1/27 and 1/128 of the ortho
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contribution, respectively, accounting for the distances
and number of atoms), but this has not been verified.
Compared to CF; (rpr ~2.41A) and CF, (rpr ~2.38A)
groups the closest FF distance in HFB is larger, and
hence, one might expect R;pp to be smaller. Indeed, the
anoxic relaxation rate of HFB (~0.08 s is smaller than those
of the 0-CF, (~1.35 s™) and CF; (~0.88 s™) resonances in
PFTB (91, 92). Of course, the differences in R4 for different
perfluorocarbons cannot be accounted for by considering the
F-F distances only; molecular dynamics and CSA
contributions play a major role as well.

3.3. Paramagnetic contribution of oxygen

The presence of dissolved oxygen affects the
chemical shift as well as the relaxation rates of the PFC
molecules in their vicinity. The measured paramagnetic
chemical shift, Acp_ in presence of oxygen results from a
Fermi contact interaction between molecular oxygen and
PFC nuclei and is given by (86, 93)

_ Axn hS(S+1)y°g B/ (13)

Ao
: gNZIBNsz

where A is the hyperfine constant, x is the mole fraction
of oxygen, ny is the number of PFC molecules
surrounding an oxygen molecule, h and k are Planck and
Boltzmann constants, y is the nuclear gyromagnetic
ratio, g.8. and gnPn are the electron and nuclear
magnetic moments, S is the total electron spin of the
paramagnetic species (S = 1 for O;), and T is the
absolute temperature. Using eqns. 2 and 13 one could
try to measure pO, from the chemical shift using a
predetermined calibration curve. However, Acp is
usually small and is superimposed upon chemical shifts
induced by changes in bulk magnetic susceptibility due
to the presence of oxygen. Separating the two effects
would require the ability to apply B, perpendicular, as
well as parallel to the sample(93). For in vivo imaging,
shimming could also affect the measurement of Acp and
this method has not been used to measure pO,.

The presence of any dissolved oxygen results in a
paramagnetic contribution, Ry, which is given by (93, 94)

_28(S+ Dy’ B’ 3z, 7z,

+
1
? 15¢° 1+’

(14

2_2
l+w, 7.

where r is the distance between the paramagnetic center
and the nucleus concerned, s is the angular frequency of
electron resonance, and o; is the angular frequency of
nuclear resonance. Here, we ignore the contribution due to
contact interaction as oxygen does not form a complex with
the PFCs, and hence the hyperfine interaction would be
very small. The correlation time for the reorientation of the
coupled magnetic moment vectors, T, is given by

1/t.=l/tg+ 1/1, +1/t, (15)

where T, is the electron spin relaxation time, t, is the
rotational correlation time, and 1., is the residence time of
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the paramagnetic species. In the motional narrowing limit,
05T, <<1 and mgt. <<I so eqn. 11 simplifies to

22 2
R 38 PT (16) for s=1.
' 3r°

R, determines the sensitivity of the PFC spin
lattice relaxation rate to the presence of oxygen. PFCs with
multiple '°F atoms (with unique chemical shifts) generally
exhibit a different R; response of each resonance to pO,
(i.e., different slopes on an R; vs. pO, graph). These
differences are a result of the inverse dependence of R;, on
t° and imply that oxygen has a preferred approach to each
PFC molecule. If the average distances between the oxygen
molecule and various fluorine atoms in a PFC are different,
R, would be larger for the fluorine nuclei that are closer to
the oxygen molecule. Effective spin diffusion within the
molecule can lead to the reduction of differences in the
slopes. The preferences of the approach of oxygen to
different parts of the PFCs are most likely due to steric
factors rather than specific binding as formation of
complexes or preferential binding would manifest itself as a
very high R, of a particular fluorine atom compared to its
neighbors. The oxygen molecule may prefer to approach
the ends of the PFCs simply because there is more space
available at the ends than in the bridgehead positions or the
middle of a chain. This is clearly seen by comparing the
slopes of different fluorine atoms of the cis and trans
isomers of perfluorodecalin (PFD) (94). In the case of
trans-perfluorodecalin, the larger difference in oxygen
access to the end chain fluorine atoms compared to
bridgehead fluorine atoms leads to a larger variability in the
slopes compared to cis-perfluorodecalin. The slope does
not vary greatly between terminal CF; groups of
perfluorotributylamine (PFTB), perfluorotripropylamine
(PFTP) and perfluorooctyl bromide (PFOB or perflubron)
(91), and thus, relative pO, sensitivity of this resonance is
determined by R4, which is different in all three cases. The
CF, resonances from these PFCs show high sensitivity to
temperature within the temperature range 5-50 °C. The
terminal trifluoromethyl groups have greater sensitivity to
oxygen and lower sensitivity to temperature (compared to
CF, groups). The CF; resonance of PFOB exhibits greater
sensitivity to pO, than PFTB or PFTP. Internal motion also
aids Rp,, and hence pO; sensitivity. For example, the bulky
CF,Br group of PFOB is less sensitive to pO, than the CF;
group on the other end of the molecule.

In general, each contribution (Ri4 and Ry,) to R; is
temperature dependent at a given field and exhibits a
maximum at a temperature at which the inverse of
corresponding correlation time matches the Larmor
frequency. The constant k, which represents the oxygen
solubility of the PFC, is also temperature dependent. On
increasing the temperature, oxygen solubility in the PFC decreases
and both R, and R4 decrease for liquids in the motional
narrowing regime (gt << 1). The temperature
dependence of these relaxation rates can reveal
information of the molecular dynamics that dominate these
relaxation processes. In case of both anoxic and oxic PFTB
the R; maxima were observed to occur at similar
temperatures (91). This implies that in this case the t. that
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2 0 -2 ppm
Figure 1. (a) Hexafluorobenzene and (b) its F NMR
spectrum.

determine R, and R4 are approximately equal. Therefore,
the residence time of an oxygen molecule near a given
PFTB molecule may be comparable to the molecular
rotational correlation time of PFTB. This represents a
strong influence of residence time on R;,, possibly as
important as the inter-nuclear fluorine-oxygen distance.

3.4. Measuring pO,

Although there is no theoretical reason to expect
linearity in R4 and R;, with temperature, a linear
approximation can be made for Rj4 and R, ,/k from a
purely practical standpoint within the biologically relevant
temperature range (e.g., 30-42 °C). If the respective
relaxation rate maxima occur in the middle of this range,
the slope and intercept may “appear” to be temperature
independent). For characterizing the pO, and temperature
dependence, the neat PFC or emulsion is typically placed in
gas-tight NMR glass tubes, saturated by bubbling for 20-30
minutes with a range of standard gases (e.g., 0%, 5%, 10%,
21% and 100 % O, -balance N,) and sealed. Each sealed
tube is inserted in a circulating water bath and the Ty is
measured as a function of temperature. The data at each
temperature is fit to eqn. 3

R, [s']= A’ +B’* pO, (12)

where A’ (=R|4) and B’ (=R,,/k) are constants at a given
temperature. If we assume a linear dependence of A’ and
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B’ on temperature T, then A’= A+C*T and B’= B+D*T,
giving a temperature-dependent model (95):

R, [s']=A +B* pO, + C* T+ D * pO,* T (13)

where A, B, C and D are constants. For PFCs with multiple
resonances theses constants are usually different for each
resonance, discussed earlier. For such PFCs pO, and
temperature can be estimated simultaneously by solving
two simultaneous equations (corresponding to eqn. 13 for 2
resonances) using the measured values of R; for each
resonance (95). In graphical terms, in a 3-dimensional
variable space (R;= f(pO,, T)) the ordinates corresponding
to the intersection of R; iso-contours of the two resonances
are pO, and T, respectively. Multi resonance PFC spectra
can provide multiple estimates of pO,, if temperature is
known, or pO, and temperature by solving simultaneous
equations, as needed.

For imaging, multiple resonances could lead to
chemical shift artifacts or reduced signal-to-noise following
selective excitation or editing (96, 97). In practice, a PFC
such as hexafluorobenzene (HFB) with a single resonance
(Figure 1 a, b), high pO, sensitivity and minimal
temperature sensitivity is preferable (75). Perfluoro-15-
crown-5-ether  (15-C-5) also has quite similar
characteristics, and shorter absolute T;s making data
acquisition potentially faster, but a higher R; sensitivity to
temperature and it is less readily available (9, 74). While a
smaller A’ value represents greater sensitivity, it also
implies that the PFC has longer T; values (smaller R,)
under hypoxic conditions, where R; may be close to A’.
Indeed, the T, of HFB at 4.7 T may reach 12 s, limiting the
current temporal resolution of pO, measurements using
HFB to 6 2 min (98). However, use of echo planar imaging
as in the FREDOM (Fluorocarbon Relaxometry using Echo
planar imaging for Dynamic Oxygen Mapping) approach
allows images, and hence, spatially resolved oxygen
distributions to be acquired in the same time as
spectroscopy (9). Following a direct intra-tissue injection,
dynamic changes in oxygenation in response to hyperoxic
intervention can be monitored in vivo (Figure 2). A further
improvement in temporal resolution is possible by using
other approaches such as those based on the Look-Locker
technique (99, 100). Even then, a complete sampling of the
relaxation curve would require at least 1 min (~ 5*T; for
HFB under hypoxic conditions). The slope B’ represents
the effect of oxygen and hence a greater slope is desirable
for measurement accuracy. A greater slope would result in
a wider separation of measured T, values especially at low
pO, values. A high slope could result from higher R,,, or a
smaller k (higher O, solubility). From eqn. 2 we can
see that for a given pO,, a smaller k reflects a larger
0, mole fraction x.

The solubility of oxygen (and gases in general) in
perfluorocarbons and hydrofluorocarbons is three to ten
times higher than observed in the parent hydrocarbons or in
water (101, 102). It was shown that a model of continuous
diffusion of oxygen, that accounts for the T, and T,
relaxation of benzene, fails in the case of HFB, leading to
either impossibly short residence times for oxygen or
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Figure 2. Dynamic '°F MR oximetry. Monitoring changes in oxygenation at locations in the brain (a-¢), kidney and liver (f-j) and
thigh (k-o) of Sprague Dawley rat with respect to oxygen challenge following direct intra-tissue injection of HFB (50 pl) at
discrete locations. Spin-echo anatomical images (a,f,k), spin-echo images of hexafluorobenzene injected into the tissue (b,g,l)
and the corresponding time course FREDOM pO, maps (c,h,m: baseline air breathing, d,i,n: 30 min oxygen and e,j,0: 30 min

after return to air breathing) showing the response to hyperoxic gas intervention. Data obtained in collaboration with Dr. Mark

Rollins and Dr. Lisa Wilmes of UCSF.

impossibly small distance of closest approach between
fluorine and oxygen (93). The presence of the larger
fluorine atoms appears to result in the existence of
numerous large “vacancies” or “channels” in the liquid
“lattice”, which the oxygen molecules occupy
successively by random jumps. The oxygen solubility of
long chained aliphatic fluorocarbons are observed to be
higher than that of cyclic or aromatic fluorocarbons
(102), which suggests that aliphatic chains form large
channels in the liquid state, which accommodate more
oxygen molecules unlike planar aromatic structures that
may result in tighter “packing” with smaller vacancies.
This exceptionally high solubility motivated the use of
perfluorocarbons as blood substitutes for oxygen delivery
to tissues (103, 104). Fluosol-DA (Green Cross Corp.,
Osaka, Japan) a perfluorotripropylamine based emulsion
was the first PFC emulsion clinically tested and approved
for clinical use as perfusate for percutanecous coronary
angioplasty, but was later withdrawn from the market
because of low oxygen delivery capacity under
physiologic conditions, lack of clear clinical benefit and
development of flow-through catheters (105-108). More
recently, Oxygent™ (Alliance Corp., San Diego, CA),
an emulsion of perfluorooctyl bromide (perflubron) with
a higher oxygen solubility and improved emulsion
stability has been tested in clinical trials (109, 110).
In terms of in vivo oximetry, due to their high oxygen
solubility and hydrophobicity, PFCs essentially act as
molecular amplifiers by displaying extra sensitivity
to oxygen and insensitivity to variations in ionic
constituents compared to the surrounding tissue
water.

'F MR based oximetry has several strengths and
a few weaknesses. The nuclear spin % '°F nucleus has y of
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40.05 MHz/T (compared to 42.58 MHz/T for 'H) and about
83% NMR sensitivity compared to 'H. It is 100 %
abundant (isotopically) and the amount of endogenous
fluorine in the body is very small (mostly present in form
of solid fluorides in bones and teeth). Due to a very short
T, relaxation time, the NMR signal from endogenous
fluorine is undetectable in most biological systems. Given
the absence of background signals, the exogenously
administered PFC is readily observed. '°F MR oximetry has
been used as a research tool for many years (9, 74, 75, 84,
85, 98, 111-136). However, to date the method has not been
translated to the routine clinical setting, since most clinical
MRI scanners lack a '’F capability. PFCs have been
observed in patients following administration as adjuvant to
radiotherapy and as residues in the eye, where they are used
as tamponades during retinal surgery (127, 137, 138). A 'H
pO, reporter molecule could have greater immediate
applicability and higher potential for clinical translation.

3.5. New development: '"H MRI based oximetry using
hexamethyldisiloxane

The 'H R, of tissue water has been shown to be
sensitive to tissue oxygenation (139), but many other
factors like metal ions, cellularity, pH, ionic strength can
also affect relaxation of tissue water. This makes
quantitative measurements impossible except in tissues
such as the vitreous humor in the eye and cerebrospinal
fluid, where ionic and protein content is low or known and
constant (140-143). Even then, R, sensitivity to oxygen is
low (B’= 0.0002 s™'/torr) and to temperature is high. We
have recently identified hexamethyldisiloxane (HMDSO,
Figure 3) as a '"H NMR probe of pO, (analogous to PFCs)
and shown the feasibility of tissue oximetry using 'H-NMR
spectroscopic relaxometry (83). We have also implemented
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Figure 4. Dynamic 'H oximetry. HMDSO magnetization
recovery curves in vivo in response to hyperoxic challenge
following direct intra-tissue injection of HMDSO (50 pl) at
discrete locations. Chemical shift selective spectroscopy
with suppression of fat and water signals permitted
relaxometry of HMDSO. On switching breathing gas from
air (m) to oxygen for 30 min (e) a larger change in T,
(corresponding to a larger change in pO,) is observed in
thigh muscle (a) compared to ATI prostate tumor (b)
which is reversed in both cases by switching back to air
breathing (0).
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an imaging based method: Proton Imaging of Silanes to
map Tissue Oxygenation Levels (PISTOL) for spatial
mapping of pO, (144).

HMDSO is a symmetric molecule with a single
NMR signal close to that of the chemical shift standard
tetramethylsilane (TMS) (83). It is therefore well
separated from water and reasonably separated from fat.
HMDSO has many characteristics similar to PFCs: it is
a highly hydrophobic mobile liquid, non-toxic, with
high gas solubility and is readily available and cheap. At
a given temperature, R; of HMDSO showed a linear
dependence on pO,, with constants A’= 0.1126 +
0.0010[s'] and B’= 0.00130 £ 0.00002 [(torr*s)'] at 37
°C. The T, values range from 8.7 s (pO,= 0 torr) to 1 s
(pO,= 760 torr) at 37 °C. A small temperature
dependence was observed in the temperature range 26-
46 °C. Fitting the calibration data to the temperature—
dependant model (eqn. 13) yielded constants A = 0.1479
£0.0028 s, B =(1.79 + 0.05) X 10 (s torr)', C = (-
9.57+0.81) X 10™ (s°C)™", and D = (-1.23 £ 0.13) X 10°
5 (s torr °C)'. In this temperature range, linear
approximation resulted in errors < 3%. The pO, and
temperature sensitivities of HMDSO are similar to 15-
C-5.

Using a spectroscopic approach, pO, was
measured in rat thigh muscle and Dunning prostate R3327
AT1 adenocarcinomas in response to an oxygen challenge
(83). Changes in relaxation times in response to hyperoxia
and differential response in tumor versus healthy thigh
muscle can be easily seen from the HMDSO magnetization
recovery curves (Figure 4). Clearance of HMDSO from
muscle was seen to be slow with a half-life ~ 35 h, so that
minimal change would be observed during typical MR
studies of oxygen dynamics in response to acute
interventions. HMDSO is quite inert and it has been
reported that no treatment-related signs of toxicity or
mortality or other statistically significant deleterious effects
were noted in studies where Fisher rats were exposed to up
to 6000 ppm HMDSO by inhalation (145, 146).

Like PFCs, HMDSO is lipophilic and is
essentially immiscible in aqueous solutions. The boiling
point and hydrophobicity of HMDSO suggest that it could
be emulsified for intravenous delivery, as popular for
several PFCs (147) and such an attempt is currently
underway. HMDSO is readily and cheaply available from
many commercial vendors and easy to store. One key
difference in this 'H MR approach compared to '°F
oximetry is the need to effectively suppress water and fat
signals and perform relaxometry on the silane signal. In
PISTOL, we have developed an effective approach using
a combination of frequency selective excitation of the
silane resonance and CHESS (148) suppression of the
water and fat resonances is used followed by EPI
detection for measuring T, values (144). As with HFB,
ARDVARC (Alternating Relaxation Delays with
Variable Acquisitions for Reduction of Clearance
effects) protocol (98) is used in conjunction with this
sequence to obtain T, values.
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4. PERSPECTIVE AND CONCLUSION

An important advantage of MR oximetry
compared to hypoxia imaging using nuclear and optical
imaging agents is that one can quantitatively measure tissue
pO; as opposed to qualitatively labeling hypoxic regions.
Thus issues such as hypoxia specificity, oxygen
dependency of agent binding and clearance of unbound
agents do not come into play and affect interpretation.
Dynamic measurements with transient interventions such as
hyperoxia (9) or acute effects of vascular targeting (149)
are not possible with nuclear and optical techniques.
Optical imaging methods to image hypoxia to date rely on
transfection to express bioluminescent (45, 47) or
fluorescent proteins (44, 46) and are thus inappropriate for
clinical application. In any case light penetration in tissue
would be a problem for human use.

MR oximetry has found extensive use in pre
clinical studies because it provides essentially unique
insight into tissue oxygenation- specifically spatial and
temporal resolution revealing heterogeneity and dynamic
response to intervention. Moreover, precision achieved is
appropriate for radiobiological studies of tumors. To date
F NMR approaches have been used to examine vascular
oxygenation following i.v. administration of PFC emulsion
or tissue oxygenation following vascular clearance and
sequestration in tissue. However, accumulation occurs
predominantly in tumor periphery biasing measurements
towards well-perfused regions. Moreover, there is
substantial uptake by the reticuloendothelial system (RES).
While this allows effective measurements of pO, in liver,
spleen and bone marrow, it is less satisfactory for
oncological investigations. An alternate approach is direct
injection of the reporter molecule into the tissue of interest.
The possibility of targeting emulsion to specific antigens
such fibrin for cardiovascular imaging opens further
possibilities (150).

The development of PISTOL, a quantitative 'H
MR method for dynamic imaging of pO, opens further
opportunities for in vivo studies. This method has a high
potential of translation to the clinical setting. With current
state-of-the-art MR hardware, it would be easy to generate
effective water and fat suppression needed for PISTOL as
used in detection of metabolites by Magnetic Resonance
Spectroscopy (MRS). In both the research and clinical
setting, it will now be possible to add quantitative oximetry
to a protocol consisting of other 'H-MR based functional
techniques such as dynamic contrast enhancement,
diffusion measurements, and MRS, but the minimal
invasiveness of the technique has to be taken into account.
Development of targeted nano-emulsions for intravenous
delivery might help circumvent the need for direct intra-
tissue injections, if high targeting specificity is achieved.
Other 'H pO, reporter molecules could be identified or
synthesized, which could have higher oxygen sensitivity
than HMDSO. We foresee MR oximetry as a valuable tool
for assessing tissue oxygenation status in various disease
states, helping to evaluate the acute and chronic response of
therapeutic interventions and aiding in the screening of new
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drugs, such as vascular targeting and anti angiogenic agents
which can perturb tissue oxygenation.
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