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Abstract

Purpose—To quantify the relationship between 1H longitudinal relaxation rate constant, Ry, and
O, concentration (relaxivity, r1) in tissue and to quantify O,-driven changes in Ry (AR4) during a
breathing gas challenge in normal brain, radiation-induced lesions, and tumor lesions.

Methods—Relaxivity determination. R; data were collected in control-state mice (n=4) during
three different breathing gas (and thus tissue O,) conditions. In parallel experiments, pO, was
measured in the thalamus of control-state mice (n=4) under the same breathing gas conditions
using an O,-sensitive micro-probe. The relaxivity of tissue O, was calculated using the R and
pO, data.

Pathology determination. Rq data were collected in control-state (n=4) mice, a glioma model
(n=7), and a radiation necrosis model (n=6) during two breathing gas (thus tissue O,) conditions.
R; and AR were calculated for each cohort.

Results—O, rq in the brain was 9x10™4+3x10™* mmHg~1s71 at 4.7T. Ry and AR; measurements
distinguished radiation necrosis from tumor (p<0.03 and p<0.01, respectively).

Conclusion—The relaxivity of O, in brain is determined. R; and AR; measurements
differentiate tumor lesions from radiation necrosis lesions in the mouse models. These pathologies
are difficult to distinguish by traditional imaging techniques; O,-driven changes in Ry holds
promise in this regard.
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INTRODUCTION

Diatomic (molecular) oxygen (O5), as found dissolved in tissue, is a critical component in
aerobic metabolism and is, thus, a fundamental determinant of physiologic functional status.
Quantitative mapping (imaging) of tissue oxygenation is a developing field that holds much
promise for informing on perfusion and metabolism in healthy tissue and a variety of
pathologies including stroke, diabetes, and cancer (1-10). Well-developed techniques like
positron emission tomography (PET) (11-13) and quantitative blood-oxygen level
dependent (qBOLD) magnetic resonance imaging (MRI) (14-20) have been implemented as
surrogate markers of tissue O, content. PET tracers have been synthesized that locate in (and
thus identify) hypoxic cells and gBOLD MRI can be used to infer oxygen extraction fraction
from magnetic susceptibility changes in the surrounding vasculature. However, these
methods have yet to receive widespread adoption. PET is challenged by modest spatial
resolution, exposure to radioactive tracers, and often prohibitive infrastructure requirements.
gBOLD MRI generally requires high magnetic field homogeneity, a challenge near
boundaries of tissue differing in magnetic susceptibility (21).

Alternatively, it has long been recognized that O, is weakly paramagnetic and therefore
influences (increases) the H longitudinal (“spin-lattice”) relaxation rate constant (R1) of
tissue water as measured by NMR/MRI. As with any relaxation agent at low concentration,
the effect is, in principle, linearly proportional to oxygen concentration (22,23), Eq. [1],

Ri=Ri+r1 X pOs, 1]

where R is the longitudinal (z-axis) relaxation rate constant (sec™1), which is typically
determined by MRI on a voxel-by-voxel basis, Ry g is the (background) tissue relaxation rate
constant (sec™1) in the absence of O, pO, is partial pressure of oxygen (mmHg) dissolved in
the tissue water, and ry is the relaxivity of O, (mmHg~1 sec™® or, equivalently, mM~1 sec™1).
This expression can also be written in terms of the molar concentration of O,, [O;]. Oz
relaxivity depends on the correlation time for the dipolar interaction between the
paramagnetic O, molecule and the *H spins of water, and on magnetic-field strength (i.e., on
the spectral density at the resonance frequency). Reports of O, relaxivity are sparse:
2.5x10~* mmHg~! sec™! in plasma at 8.5T (24), 2.7x10~* mmHg~ sec™ in cerebrospinal
fluid at 1.5T (25), 2.0x10~% mmHg™1 sec™ (26) and 2.2x10~% mmHg™1 sec™ (27) in saline
phantoms at 4.7T, and 4.2x10™4 mmHg ™1 sec™1 in water at 0.5T (28).

In principle, it is straightforward to create a map of tissue pO, (or [O5]) from a MRI map of
R1. In practice, however, there are significant challenges to deriving absolute tissue pO,
values, due largely to the low relaxivity of O,. For example, blood flow can contribute to
recovery of tissue water 1H longitudinal magnetization, masking the contribution of
dissolved O, to the overall relaxation process. Nevertheless, oxygen-sensitive MRI
experiments, coupled with breathing-gas modulation, have been used to non-invasively
interrogate tissue oxygenation in tumor (2,3,8,27), radiation treatment (29), and a number of
control-state (normal, healthy) organs (1,5,7,30).

Quantification of tissue oxygenation is particularly valuable for detecting and characterizing
pathologies that involve metabolic changes such as cancer (31), diabetes, metabolic
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syndrome, and infection. Recently, our group has developed a murine model of single-
hemisphere, late-onset radiation necrosis (32,33), a pathology that occurs in up to 23% of
radiation-treated brain-tumor patients (34). Late-onset radiation necrosis is a particularly
challenging pathology, as it is indistinguishable from recurrent tumor when viewed with
common radiological techniques. Because the metabolic states of late-onset radiation
necrosis and recurrent tumor are quite different, we hypothesize that an oxygen-sensitive
MRI technigue will distinguish these pathologies, an advance that would inform subsequent
treatment plans.

The goals of this work are two-fold: (i) Quantify the relationship between 1H longitudinal
relaxation rate constant, R, and O, concentration (relaxivity, rq) in tissue and (ii)
Demonstrate that MRI-measured tissue oxygenation changes can differentiate radiation-
induced lesions from brain tumors.

METHODS

Correlation of R1 and brain tissue [O5]: control-state (baseline)

All animal experiments were approved by the Washington University Division of
Comparative Medicine. The effects of breathing gas composition on brain-tissue-water Ry
were quantified /7 vivo in control-state (normal, healthy) nine-week-old female BALB/c
mice (Harlan Laboratories, Indianapolis, IN) anesthetized with 0.8% isoflurane. R, data
were collected (see MR/ methods) during alternate free breathing of pure oxygen, a hypoxic
gas mixture (12.5% O, / 87.5% N), and carbogen (95% O,/5% CO,). One R; dataset was
collected for each of the three breathing gas compositions in each animal (n = 4). Rq data
were collected 20 minutes after the start of free breathing of each gas composition to allow
tissue oxygen levels to equilibrate. The order in which the breathing gas compaositions were
administered was randomized amongst animals.

The relationship between R4 and pO, of brain tissue /n vivo, and thus the in vivo relaxivity
of O,, was established using an oxygen sensitive optical micro-probe (Oxford Optronix,
Abington, OX, UK). Optical pO, measurements were made in a separate cohort of control-
state animals. The optical probe was placed in the left thalamus using a stereotactic surgical
apparatus and pO, measurements were recorded during alternate free breathing of pure Oy,
the hypoxic gas, and carbogen. The order in which gas compositions was administered was
randomized amongst animals (n = 4). For each breathing gas condition, oxygen partial
pressure data were digitally recorded until the measured pO, remained within a margin of
+10% for three minutes.

Discernment of radiation-induced necrosis vs. tumor

The utility of breathing gas modulations coupled with R{ measurements for distinguishing
radiation-induced necrosis from tumor was examined in cohorts of nine-week-old female
BALB/c mice that were either: (i) exposed to a single 50-Gy (50% isodose) dose of single-
hemispheric radiation (n = 6) using a Leksell Gamma Knife® Perfexion™ (Elekta;
Stockholm, Sweden), or (ii) implanted with mouse Delayed Brain Tumor (DBT) glioma
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cells (n = 7), or (iii) left as control-state (n = 4). Care was taken to coordinate similar tumor
inoculation and irradiation sites.

Radiation Necrosis Model (32,33)—Mice were anesthetized with a ketamine/xylazine
cocktail (intraperitoneal injection), restrained in a custom-made holder that attaches to the
stereotactic frame of the Gamma Knife, and exposed to radiation focused to a ~1.33 mm3
volume located 2.5 mm posterior and 2 mm to the left of bregma and 1.5 mm below the
cortical surface. Late-onset radiation necrosis was allowed to develop for 13 weeks before
the breathing gas/MRI experiment was performed.

Glioma Model (35)—Mice were secured in a stereotactic frame and anesthetized with
isoflurane. DBT cells (~10,000) were injected over 10 minutes at a location 2 mm posterior
and 2 mm to the left of bregma and 2 mm below the cortical surface. Tumors were allowed
to grow for two weeks before the breathing gas/MRI experiment was performed.

R4 data were collected (see MR/ methods) on mice with radiation injury, mice with tumors,
and control mice during alternate free breathing of: (i) carbogen and (ii) gas having a
hypoxic composition (12.5% O,). The order of gas administration was randomized amongst
animals. R4 data were collected 20 minutes after the start of free breathing of each gas to
allow tissue oxygenation to reach equilibrium.

MRI Protocols

All MRI data were collected on a 4.7-T small-animal MRI system (Agilent Technologies,
Santa Clara, CA) using a laboratory-built, actively decoupled, volume-transmit/surface-
receive coil configuration. Mice were anesthetized with 0.8% isoflurane and restrained in a
three-point head holder. Respiration was monitored throughout the experiment to ensure that
animals maintained a ~100 breath per minute respiration rate. Anesthesia dosage was
modulated, as necessary, to maintain a free-breathing rate of 100 breaths per minute. Highly
evolution-time-resolved pure inversion-recovery (m — t — 7i/2 pulse sequence) Ry data were
collected during free breathing of each of the breathing gases (described above). R4 data
were collected using a single-slice (covering the thalamus ROI), fast-spin-echo pulse
sequence with a non-slice-selective inversion pulse (to mitigate confounding apparent Ry
changes due to blood flow) and 32 linearly-spaced inversion times, ranging from 0.005 sec
to 4.5 sec. Other imaging parameters were TE/TR = 20/5000 ms, echo train length = 8, FOV
= 15x15 mm?, slice thickness = 1 mm, matrix size = 64x64, averages = 1, dummy scans = 2,
acquisition time = 20 min. and 20 sec. A T,-weighted, spin-echo image was acquired
between R datasets, while tissue oxygenation equilibrated to the new gas condition, with
parameters TE/TR = 50/1500 ms, FOV = 15x15 mm?, slice thickness = 1 mm, matrix size =
128x128, averages = 4, acquisition time = 12 min. and 48 sec. Accounting for acquisition
time of three R1 maps (one for each breathing gas condition) and tissue pO, equilibration
times after modulation of breathing gas (20 minutes), the total MRI experiment time was ~1
hr. 40 min.
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Data analysis and statistics

Relaxation data were modeled as mono-exponential using Bayesian Probability Theory-
based methods developed in our laboratory. (A toolbox of Bayesian-based, data-analysis
programs is available for free download at http://bayesiananalysis.wustl.edu/.) Regions of
interest (ROIs) were defined manually in ImageJ. Group statistical comparisons were
calculated in MATLAB (The Mathworks, Natick, MA) first using analysis of variance
(ANQOWVA) to test whether group means were significantly different, followed by Bonferroni's
multiple comparisons to test for differences between specific groups. Intra-group
comparisons of conditions (e.g., breathing of the hypoxic gas vs. carbogen in tumor-bearing
mice) were conducted using paired two-tailed Student's t-tests. Relaxivity was calculated
using a Bayesian Probability Theory-based Errors in Variables calculation (36). Unless
noted otherwise, group data are reported as mean + standard deviation.

RESULTS

Tissue water H longitudinal relaxation rate constants (R;) were measured at 4.7 Tesla in the
brains of control-state mice (n = 4) during alternate free breathing of the hypoxic gas, pure
oxygen, and carbogen. Global (voxel-wise averaged single slice) brain Rq values were 0.74
+£0.02571,0.77+0.03s71, and 0.81 + 0.02 s, respectively (Fig. 1A, lower). The global
brain Ry during free breathing of carbogen was significantly different from Ry during free
breathing of either pure oxygen (p < 0.05) or the hypoxic gas (p < 0.01). R;-maps (Fig. 1A,
upper) show brain-tissue structure-specific Ry differences under each of the three breathing-
gas conditions.

The relationship between Rq and tissue pO, was established by performing the same
breathing gas experiment with an oxygen-sensitive optical probe implanted in the left
thalamus of four control-state mice. Optical pO, measurements (Fig. 1B) and Ry
measurements trended similarly with modulation of breathing gas. Low (12 £ 5 mmHg),
moderate (66 £ 11 mmHg), and high (88 + 7 mmHg) pO, values were observed during
alternate free breathing of the hypoxic gas composition, pure O,, and carbogen, respectively.
The pO, values for each breathing gas condition were significantly different from one
another: p < 0.01 for pure O, vs. hypoxic gas and carbogen versus hypoxic gas, and p < 0.05
for pure O, vs. carbogen. From these data, and ROI measures of Ry in comparable brain
regions, we calculated the /n vivo relaxivity (rq) of oxygen in control-state brain tissue to be
9x1074 + 3x10~* mmHg~1s71 or, equivalently, 0.64 + 0.21 mM~1s71. (Fig. 1C).

In control-state mice, the greatest difference in tissue oxygenation (and thus R1) was
observed between breathing carbogen vs. the hypoxic gas. This breathing gas experiment
was applied under these two conditions in mouse models of single-hemisphere, radiation-
induced necrosis and glioma. Tumor and radiation necrosis lesions showed contrast vs.
surrounding tissue in Rq-maps acquired during both breathing gas conditions (Fig. 2B-C, F—
G). Qualitatively, the lesions were more conspicuous in the Ri-maps than in corresponding
To-weighted images (Fig. 2A,E). Differences in Rq between each breathing-gas condition
were resolvable in R{-maps acquired from mice with radiation necrosis (Fig. 2F-G) and
control-state mice (Fig. 2J-K), but not in tumor-bearing mice (Fig. 2B—C). Lesion-specific
R4 histograms revealed a shift in Ry in the cortex of control-state subjects when the
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breathing gas was modulated (Fig. 2L). A smaller breathing-gas-induced shift in Ry was
observed in radiation necrosis lesions (Fig. 2H), while no shift in Ry was observed in tumors
(Fig. 2D). Quantitatively, Rq changed significantly when the breathing gas was modulated
between carbogen and the hypoxic gas composition in ROIs encompassing radiation
necrosis lesions and comparable regions of cortex in control-state mice (p < 0.03) but not,
interestingly, in tumor (Fig. 3A). Lesion-specific Ry under either breathing gas condition
alone distinguished the two pathologies (p < 0.05). Lesion-specific change in Ry due to
breathing gas modulation (AR1) distinguished the two pathologies with greater statistical
power (p < 0.01): 0.01 £ 0.02 s~L in tumor, 0.05 + 0.01 s~1 in radiation necrosis lesions, and
0.07 £ 0.01 s in cortex from control-state mice (Fig. 3B). Compared to Ry and mmHg
measures alone, AR; measurements were better able to distinguish radiation-induced lesions
from tumor lesions.

DISCUSSION

Brain tissue water *H longitudinal relaxation rate constants (R1) are sensitive to dissolved
diatomic (molecular) oxygen. The free breathing of pure oxygen vs. a hypoxic gas vs.
carbogen generates moderate, low, and high Rq, respectively, in control-state mice. Optical-
based tissue pO, measurements corroborate the direct relationship between R1 and tissue
oxygenation (Fig. 1, Eq. 1). Our findings are in accordance with previous MRI-based studies
from other laboratories in which the paramagnetic nature of molecular oxygen was exploited
to make MRI-based, quantitative inferences concerning tissue oxygenation (1-10). From the
linear relationship of pO, vs. Ry, we calculate the relaxivity of O, in brain tissue to be 8.5
mmHg~1s71 or, equivalently, 0.6 mM~1s1,

Non-invasive discrimination of post-treatment radiation necrosis from recurrent tumor
remains a significant clinical challenge. Lesion Ry (p < 0.05) and AR; (p < 0.01) distinguish
radiation necrosis, tumor, and brain tissue of control-state rodent subjects. The O,-driven
AR, measurements are more robust in making this distinction. The O,-sensitive AR
methodology can, in principle, be readily extended to the clinic, where breathing gas
challenges have been well tolerated (3,7,26,30,37-40). Further work, in animal models and
subsequently in humans, is necessary to show that R; and/or AR, measurements can
discriminate between radiation necrosis and tumor /in the same brain. Still, it is encouraging
that O,-sensitive AR in tumor compares well to recent studies by Khan, et al. (41) (an
electron spin resonance study), and Hallac, et al. (29) (a MRI-based study), which show
similar small changes in absolute tumor pO, and R; relative to normal contralateral brain
during modulation of breathing gas between room air and carbogen.

Breathing carbogen is known to increase blood flow in the brain, which could confound
inferences about tissue oxygenation from Ry measurements. An inversion-recovery
experiment to measure R1, such as that used in this work, involves perturbation of spins
from their equilibrium state and subsequent monitoring of their return to thermal
equilibrium. The measured return to equilibrium, characterized by Rq, will appear artificially
rapid if unperturbed spins flow into the imaging plane during the experiment. In this study,
we have minimized these flow effects by using a non-slice-selective, adiabatic inversion
radio-frequency pulse that equally perturbs all spins in the sample, independent of location.
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conclusion, because the longitudinal relaxation rate constant of tissue water is linearly

dependent upon tissue oxygenation, MRI-based R; measurements can directly and
quantitatively map changes in tissue O, concentration. We have reported herein the /n vivo
(mouse brain) pO, relaxivity at 4.7 Tesla. Further, we have shown that radiation necrosis and
tumor in mouse models can be distinguished using oxygen-sensitive MRI mapping. This
noninvasive, MRI-based measurement of tissue O, holds promise for translation to the
clinic.
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Figurel.
Representative Ry maps and group whole-brain Ry measurements (A), group optical probe

pO, measurements (B), and relaxivity calculations (C) made in the brains of control-state
mice (n = 4) during free breathing of a hypoxic gas (first column), pure oxygen (second
column), and carbogen (third column). Representative R1-maps illustrate Ry differences
between breathing gas conditions (A). Whole-brain R; values were low (0.74+0.02 s71)
during free breathing of the hypoxic gas, moderate (0.77+0.03 s™1) during free breathing of
pure O, and high (0.81+0.02 s™1) during free breathing of carbogen (A). Ry measurements
made during free breathing of carbogen were significantly different from those made during
free breathing of pure oxygen and the hypoxic gas. Optical measurements support the /n
vivo R1 measurements: Low (12 £ 5 mmHg), moderate (66 = 11 mmHg), and high (88 £ 7
mmHg) pO, values were observed during free breathing of the hypoxic gas composition,
pure O,, and carbogen, respectively. The pO, values for each breathing gas condition were
significantly different from each other. From these data, the relaxivity (r1) of oxygen in
control-state brain tissue was calculated to be 9x10™4 + 3x10™* mmHg~1s~1 or, equivalently,
0.64 +0.21 mM™1s71, p < 0.05, denoted by * and p < 0.01, denoted by **.
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Figure 2.

Regpresentative To-weighted images (A,E,l), R;-maps (B-C, F-G, J-K), and Ry-histograms
(D,H,L) from mice with tumors, mice with radiation necrosis, and untreated control-state
mice during alternate free breathing of the hypoxic gas and carbogen. Tumor and radiation
necrosis lesions are conspicuous in R1-maps acquired during both breathing gas conditions
(B-C, F-G). Qualitatively, these lesions are more obvious in R1-maps than in standard T,-
weighted images (A,E), where lesions are delineated with a dashed line for clarity. The
differences in Ry between breathing gas conditions are evident in R{-maps acquired from
mice with radiation necrosis (F-G) and control-state mice (j—K), but not in tumor-bearing
mice (B-C). A broad, oxygen-induced shift in voxel-wise R1 values in control-state cortex
was observed in lesion-specific histograms (Fig. 3L). A smaller shift in voxel-wise Ry values
was observed in radiation necrosis lesions (Fig. 3H). No shift in voxel-wise R1 was observed
in tumor lesions (Fig. 3D).
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Figure 3.
Breathing gas modulation experiments applied in animal models of radiation necrosis (n = 6)

and glioma (n = 7) and control-state animals (n = 4) using carbogen and the hypoxic gas.
Lesion-specific Ry changed significantly in radiation necrosis lesions and in comparable
region of cortex in control-state mice when breathing gas was modulated between carbogen
and the hypoxic gas (p < 0.05), but not in tumor tissue (A). Lesion-specific changes in Ry
due to breathing gas modulation (AR;) were calculated to be 0.01 + 0.02 571 (i.e., no
change) for tumor, 0.05 + 0.01 s~1 for cortex with radiation necrosis, and 0.07 + 0.01 s~1 for
control-state cortex. Lesion-specific AR differentiated between radiation necrosis and
tumor-bearing groups (p < 0.01, B). Lesion Ry during breathing of either the reference gas
or carbogen alone also distinguished between groups (p < 0.05). Brackets indicate p < 0.05.
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