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Abstract: It has been known for some time now that kypoxia is an important physiological parameter in tumor growth
and response to therapy. The development and application of non invasive methods to determine the extent of tumor
hypoxia as well as its modulation will improve cancer treatment strategies. Magnetic Resonance sequences that are based
on the BOLD effect use the endogenous contrast agent. deoxyhemoglobin as a source of contrast. This technigue can be
used to monitor the evolution of tumor oxygenation since there is a good correlation between the evolution of the partial
pressure of oxygen (pO;) and the NMR parameters measured. The information provided by BOLD NMR is essentially
qualitative in nature due to the complexity of the relationship between the pO, and the NMR parameters measured. The
factors at the origin of this complex relationship are discussed in this review. The advantages of the BOLD technigue are
non invasivencss and high spatial and temporal resolution. The method has been successfully applied in experimentat and
human tumors fo monitor changes after respiratory challenges and pharmacological treatments. Additionally, the method
has been used to provide maps of mature and functional tumor vessels and maps of spontaneous fluctuations of

oxygenation and blood perfusion related to tumor acute hypoxia.
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INTRODUCTION

Blood flow and oxygenation are crucial factors in cancer
therapy. In order to improve clinical outcomes, efforts must
be made to understand further the mechanisms underlying
hypoxia and to develop ways te modulate and assess
hypoxia. The blood oxvgen level dependent (BOLD) MRI
imaging technicue has the unique capability to study tumor
pathophysiology mnon-invasively. In this article, the
importance of tumor hypoxia will first be briefly reviewed.
Then, a summary of the use of BOLD MRI to study tumor
oxygenation and tumor development will be provided.

CAUSES OF TUMOR HYPOXIA

It has been known for a long time that hypoxia is an
important physiological parameter in tumor growth and
response to therapy [1]. Mechanistically, tumor hypoxia
results from an imbalance between oxygen delivery and
oxygen consumption. On the one hand, the oxygen delivery
is impaired by structural abnormalities present in the tumor
vasculature [2]. Tumor vasculature frequently has
disorganized vascular networks, dilatation, elongated and
tortuous shapes, incomplete endothelial linings, and
defectivebasementmembranes, These structural abnormalities
cause numerous functional impairments, such as increased
transcapillary permeability, interstitial hypertension, and
increased flow resistance, thereby compromising O, supply
[3,4]. On the other hand, the altered tumor cell metabolism
with elevated metabolic rates also contributes to the
occurrence of hypoxic regions in tumors [5]. It is generalily
believed that tumor hypoxia develops in two ways: chronic
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hypoxia (or diffusion-limited hypoxia) and acute hypoxia (or
perfusion-limited or fluctuating hypoxiay [6]. Diffusion-
limited (chronic) hypoxia is caused by an increase in
diffusion distance betweén tumor vessels with tumor
expansion [7]. ‘This results in an inadequate O, supply for
cells distant (>70pm) from nutritive blood vessels. Steep
longitudinal gradients of pO, along the vascular tree, as
opposed to radial diffusion of oxygen, can also contribute to
deficiencies in tumor oxygen supply [8]. Another important
feature is the ifrregular geometry of vascular networks.
Secomb ef al. [9] developed a scenario where there is
adequate vascular density, but the chaotic nature of the
vascular geometry creates hypoxia. Abnormal branching
angles lead to situations where vessels carry plasma but no
red bloed cells.

Acute {perfusion related} hypoxia is caused by blood
flow instabilities and vascular stasis, resulting from the
severe structural and functional abnormalities in tumor
microvasculature. Factors that may contribute to flow
flucthiations include arteriolar vasomotion [10,11], rapid
vascular modeling [12], and other hemodynamic effects such
as non linear flow properties of blood, nonuniform axial
distribution of red blood cells within the vessel, or
dispropertionate cell partitioning at bifurcations [13]. In
addition, it has been demonstrated theoretically that in the
presence of moderate leakiness, the fluid dynamics of tumor
circulation evolves toward a sustained oscillatory response,
both in the microvascular pressure and blood flow [14].

CONSEQUENCES OF TUMOR HYPOXIA

Experimental and clinical evidence suggest that the
hypoxic fraction in solid tumors may: 1) promote metastasis,
2) select cells with a malignant phenotype, 3) promoie
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angiogenesis, and 4) increase resistance to radiation therapy
and other cancer freatments,

Tumor Hypoxia Promotes Metastasis

Several experimental models have shown that tumor
hypoxia is associated with an increased ability to form
metastases [15]. Young and co-workers demonstrated many
years ago that murine tumor cells exposed to severe hypoxia
increased their metastatic potential [16]. The causal link
between hypoxia and metastasis was later demonstrated in
vivo. Hypoxia is able to promote tumor metastasis in two
ways: 1) by inducing the expression of gene products
involved in the metastatic cascade and 2) by providing
selection pressure for a more aggressive phenotype. The
initiation of metastasis is a multiple pathway that involves
three major processes: degradation of the basement
membrane and extracellular matrix, modulation of cell
adhesion molecules, and cell migration. The effects of low
pO: on metastasis are correlated to expression of vascular
endothelial growth factor (VEGF) [17]. Low pO, increases
metastasis whether the cells are treated in vifro prior to
injection [16] or the whole animal is exposed to transient
hypoxia [18].

Tumor Hypoxia Selects Cells with a More Malignant
Phenotype

Hypoxia provides a physiological selective pressure in
turnors for the expansion of variants that have lost their
apoptotic potential, and in particular for cells acquiring p53
mutations [19]. The selective pressure resulting from
hypoxia is not limited to the selection of cells with reduced
apoptotic potential. It has also been shown to provide a
possible selection force for cells that have altered oncogenic
pathways that result in a switch to a more angiogenic
phenotype. By promoting the clonal expansion of cells with
reduced apoptosis and increased angiogenesis, hypoxia can
contribute to the development and malignancy of tumors.
Clinical results showing that hypoxic cervical cancers with
low apoptotic index are highly aggressive support this basic
experimental concept [20].

Tumor Hypoxia Promotes Angiogenesis

Tumor progression requires the formation of new blood
vessels in order to provide nutrients and remove catabolites
from the expanding tumor mass. Angiogenesis is also
essential for the efficient dissemination of primary tumor
cells during metastasis. The early steps of angiogenesis in
tumors are nearly identical, as both processes involve
degradation of the extracellular matrix and directed
ntigration of either vascular or neoplastic cells. In addition,
angiogenesis requires proliferation of the migrating
endothelial cells. Initiation of angiogenesis begins when cells
within the tumor microenvironment respond to hypoxia by
the production of VEGF. In addition to VEGF, hypoxia is
also responsible for inducing the expression of the VEGFE
receptors (VEGFR] and VEGFR2) through HIF-1 mediated
transcription {21].

Changes in Gene Expression that Accompany Tumor
Hypoxia

The multiple roles assigned to hypoxia, including the
induction of angiogenesis, apoptosis and metastasis, likely
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result in large part from changes in gene expression that
accompany hypoxia [22]. A significant number and wide
variety of hypoxia-induced genes have been described
including oncogenes, tumor-suppressor genes, stress
proteins, and cytokines. Cells exposed to hypoxia upregulate
the expression of several transcription factors. Perhaps the
most important within this group is HIF-1, which induces the
expression of more than 60 known genes, essential for
glucose metabolism (e.g. glucose transporters GLUT-1 and
GLUT-3), for iron metabolism (e.g. transferrin and its
receptor), for hormones regulation (e.g. erythropoietin), and
for vasoreactivity (e.g. endothelin-1, nitric oxide synthase,
VEGF) [23].

Tumor Hypoxiz Increases the Resistance to

Radiotherapy

Tumor hypoxia causes severe problems for radiation
therapy (X and v radiation), because the radiosensitivity is
progressively limited when the pO, is below 10 mm Hg
[24,25]. Hypoxia-associated resistance to photon radiotherapy
is multifactorial. The presence of molecular oxygen
increases DNA damage through the formation of oxygen free
radicals, which occurs primarily after the interaction of
radiation with intracellular water. Because of this so-called
“oxygen enhancement effect”, the radiation dose required to
achieve the same biologic effect is about three times higher
in the absence of oxygen than in the presence of normal
levels of oxygen. The critical vatue is about 5 mm Hg. In a
series of experimental and clinical studies, Vaupel and others
showed definitively that measurements of pO, by
polarographic microelectrodes provided useful criteria for
predicting the response of tumors to radiation therapy [26-
30]. Also, magnetic resonance studies showed similar data
relating tumor response to irradiation with respect to
estimated initial pO, value [31-33].

Tumor Hypoxia Diminishes Chemotherapeutic Efficacy

Tumor hypoxia has been shown to decrease the efficacy
of cytotoxic drugs [34]. Cells located distant from a
functional blood supply can be resistant to drug therapy
because of several factors. First, a limited penetration of anti-
cancer agents would result in lower efficacy. It has indeed
been shown that the drug toxicity falls off as a function of
distance from blood vessels [35]. Second, as a result of
decline in nutrient and oxygen availability, cells further away
from the vascular system would be dividing at a reduced rate
and thus would be protected from the effects of
chemotherapeutic agents whose activity is selective for
rapidly dividing ceil populations. Besides the inhibition of
cell proliferation, multiple mechanisms are probably also
involved in the hypoxia-induced resistance to
chemotherapeutic agents, for example hypoxia-induced
decreased cytotoxicity of certain agents, and tissue acidosis.
Furthermore, hypoxic stress proteins and the loss of
apoptotic potential can impart resistance to certain
chemotherapeutic drugs. Paradoxically, hypoxic cells can be
exploited for therapy by non-toxic, hypoxia-activated
prodrugs. Also, bioreductive drugs are preferentialiy toxic to
tumor cells in a hypoxic environment (e.g. tirapazamine)
[36]. Finally, the resistance of solid tumors to chemotherapy
may also be the result of another largely ignored factor:
tumor specific fluctuations in blood flow. Fluctuating
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hypoxia has significant implications for delivery of
chemotherapeutic agents, cellular responsiveness to those
agents, and the regrowth potential of the surviving tumor
cells [37]. Moreover, regions actively proliferating at one
point in time may not have cells actively synthesising DNA
at a different time.

BOLD MRI

The assessment of tumor oxygenation may have
profound therapeutic implications in oncology. Hence, a
non-invasive technique that could accurately and repetitively
measure tumor oxygenation would find broad applications in
clinical and basic research. Different imaging modalities are
currently under development to provide oxygen mapping.
These include near-infrared imaging [38], nuclear medicine
techniques (PET, SPECT) [39,40], electron paramagnetic
resonance imaging / spectroscopy [41], dynamic nuclear
polarization [42], and ""F-NMR. techniques [43,44] and
BOLD-based MRI [45]. In the present article, we will focus
on BOLD-dependent MR imaging methods.

BOLD CONTRAST: THEORETICAL AND
TECHNICAL CONSIDERATIONS

BOLD MR imaging—the blood oxygen level-dependent
(BOLD) contrast mechanism in brain was first described by
Ogawa et of. in rat studies using NMR at strong magnetic
fields (7 and 8.4 T) {46]. Ogawa noticed that the contrast of
very high resolution images acquired with a gradient-echo
pulse sequence depicts anatomical details of the brain as
numerous dark lines of varying thickness. By accentuating
the susceptibility effect of deoxyhemoglobin (dHb) in the
venous blood with gradient-echo techniques, they discovered
that image contrast reflected the blood oxygen level. As it is
now known, the phenomenon is indeed due to the field
inhomogeneities induced by the endogenous MRI contrast
agent dHb. In dHb, the iron (Fe*") is in a paramagnetic high
spin state (d4), as four out of six outer electrons are
unpaired. The paramagnetic nature of dHb can modify the
strength of the magnetic field passing through it. It enhances
the R, (=1/T>) and R;* (=1/T,*) transverse relaxation rates of
water in blood and in the tissue surrounding the blood
vessels [47]. [Of note, T, and T;* are time constants that
characterize the rate at which the transverse magnetization
decays. Unlike Ty, T>* is sensitive to inhomogeneities in the
magnetic field with the result of rapid loss in transverse
magnetization and MRJ signal]. Changes in R, reflect the
capillary microvasculature whereas R,* is sensitive to both
micro- and macrovasculature [48]. In the simplest model,
these relaxation rates change linearly with deoxyhemoglobin
concentration, which therefore acts as an endogenous
contrast agent for blood oxygenation. Equation [1] shows the
linear relationship between AR;* and content of
deoxyhemoglobin. Somie studies have also reported a
quadratic function between blood Ry* and oxygen saturation,
suggesting that the technique should be more sensitive in
regions with low oxygen saturation, e.g. in tumors [49,50].

Ry = R'yptissue+k[dHb], [1]

where k depends on field strength, blood vessel
orientation and morphology, [dHb] is the tissue
deoxyhemoglobin concentration. Ry*g tissue is the infrinsic

Carrent Medical Imaging Reviews, 2005, Vol 1, No. 3 231

transverse relaxation rate of the tissue and is assumed to be a
static component. It includes R,, the relaxation rate of the
tissue and magnetic field inhomogeneity due to susceptibility
variations determined by the tissue structure and content,
excluding erythrocytes.

Gradient echo images are usually employed for BOLD .
imaging. On T,;* weighted images, the signal intensity (81)
from a gradient recalled echo sequence is given by:

S7 = Sy sin(a) exp(-TE/T2%), {2]

where Sy is proportional to the proton density, ¢ is the
flip angle, and TE is the echo time.

A change in Ry* (AR;") can be calculated from T,*
weighted signal changes as:

SI
(e
T n( <7 )s [3]

pus!

AR*Q =

where TE is the echo time and SI is the signal intensity
from T,* weighted images.

Both AR;" and relative change in signal intensity (%ASI=
Slyes/Slpe) are parameters that are proportional to the change
in deoxyhemogiobin content, independent of native tissue
R:". On the contrary, absolute change in signal intensity
(ASI= Slyee- Slpe), and AT,* are parameters that are sensitive
to the native tissue R;%. The consequence of this is that
[dHb] changes cannot be reliably inferred from AT,* or ASI
when different tissue regions are compared. For example,
regions with high signal intensity in T,*w GRE images (high
T,* tissue) will display more signal change in response to the
same change in [dHb] than regions with low SI (low T,*
tissue) and similar basal content in dHb (see Fig. 1).

The relations described here above are further
complicated by the fact that at short repetition time (TR} and
high flip angle (30-90°), GRE images are also sensitive to
flow. The water in blood flowing into the imaging slice
produces a much stronger signal than that from water in
static tissue, because the spins in the static tissue will have
been partially saturated by previous radiofrequency pulses
(see Fig. 2), When there is an increase in blood flow, there is
signal enhancement that is generally known as the "in-flow
effect" [51]. To emphasize the importance of flow effects,
the term FLOOD (flow and oxygenation dependent contrast)
MRI has been used [52].

The steady state signal intensity from a gradient recalled
echo sequence is given more generally by:
, (1-exp(-TR/T})
S =8 sin( ) exp(-TE/T3*) > [4]
l-cos{a).exp(-TR/T})

where S, is proportional to the proton density, ¢ is the
flip angle, TE is the echo time and TR is the repetition time.
T; is the apparent longitudinal relaxation time and takes into
account "in-flow" effects that are significant at short TR.

To distinguish the contribution from the inflow and blood
oxygenation to the BOLD signals, multiple gradient-echo
imaging sequences (extraction of R,* values) is used instead
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Fig, (1). Theoretical simulation of changes in tumor Ry*, T,*(=1/Ry*), %51 and SI as a function of O,-hemoglobin saturation (Y=1: fully
saturated), modulating deoxyhemoglobin content. Effect of intrinsic To*, tissue: 20ms (A), and 60ms (). Fixed parameters used are:
hematocrit fraction: 0.45, blood volume fraction: 0.05, proportionality constant k: 400 s-1, flip angle: 45°, TR: 200ms, TE: 20ms, and Sq:

2000.
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Fig. (2). Inflow effect, when fully magnetized spins are swept into
an imaged section {AZ) from the outside by flow. This effect is
significant when the average flow velocity is sufficiently large that
a substantial fraction of the spins in the imaged section is replaced
during the repetition time TR of the pulse sequence.

of using conventional gradient-echo techniques [53]. Inflow
effects can be also eliminated by using low flip angle,
centrically ordered k-space trajectories or inter-image delays,
The effectiveness of the flow suppression technique is based
on the fact that tissue longitudinal magnetization is allowed
to recover nearly completely prior to each colfection of the
center of k-space. With no magnetization saturation, there
can be no in-flow enhancement.

BOLD comtrast changes can also be detected with high
speétral and spatial resohution {HiSST MRI rather than with
GRE imaging [54-56]. Most MRI methods assume that the
water resonance behaves as a single Lorentzian distribution

of frequencies. However, HiSS imaging has shown that in
some voxels the water resonance is complex, with many
resolvable frequency components. The origin of these
frequency shifts is not known, but they likely represent a
subvoxel distribution of water in distinct magnetic
environments. This effect is especially strong in and near
tumors, where deoxygenated blood and a generally
heterogeneous environment produce broad, complicated
water lines. The detailed structure of the water line can be an
important source of information regarding local (subpixel)
anatomy and physiclogy and can be analyzed to improve
contrast and accuracy on HiSS MR images. HiSS is a natural
extension of the work of previous investigators, beginning
with Dixen [57] and Glover [38], who used [ow-resolution
spectroscopic imaging to separate fat and water and correct
distortions due to B0 inhomogeneity. More recently,
advances in MR hardware and software have allowed rapid
acquisition of echo-planar spectroscopic imaging (EPSI), at
very high spectral and spatial resolution. As a result, the
details of the water and fat line shapes in each very small
image pixel can be resolved with reasonable acquisition
times [59]. HiSS datasets can be used to synthesize images
in which intensity is proportional to peak height, peak
frequency, or linewidth. Changes in the water signal
linewidth, which are proportional to changes in R,*, has
been reported to detect BOLD contrast change in tumors
during carbogen breathing [55,56]. HiSS MRI can
emphasize changes in necrotic and/or hemorrhagic regions,
so that it is more sensitive to oxygenation changes compared
to conventional MRI.

PARAMETERS AFFECTING THE BOLD CONTRAST
IN TUMORS

The use of BOLD contrast in tumors is a new area of
research and brings with it new challenges of understanding
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Table 1.
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Comparison of Brain and Tumor Characteristics in Relation to BOLD Imaging

Brain

= Well structured vascular architecture and capillary network

=  Chaotic architecture of structurally and functionally abnormal
bload vessels

and interpretation. The underlying physiological changes are
different from those of BOLD in the brain. In the brain,
blood vessel size, density and distribution are well
characterized, contrary to tumors (see Table 1). The
assumptions used in models to describe BOLD contrast of
fMRI in brain cannot therefore be applied.

Generally, a change in tumor R;* can result from changes
in blood oxygen saturation, hematocrit, or blood volume,
given that all of these parameters determine the
deoxyhemoglobin content [52].

Ry = Ry tissue + ki [Het, Bv; (1 — Y] 131

where BV, is the blood volume, Y; the blood hemoglobin
saturation, Het; is the fractional hematocrit and k; depends on
field strength, blood vessel orientation and morphology. The
subscript i correspond to arterioles (a), capillaries (¢) and
venules (v), and within a single voxel, the total contribution
to R,* relaxation of blood theoretically is a linear sum of the
individual rates [46].

From this equation, it can be observed that blood
oxygenation and blood volume are competing parameters
with opposite effect on Ry*. A vasoactive challenge that
improves blood flow and so decreases the blood desaturation
(assuming that no change in metabolic rate occurs) is likely
to be associated with a blood volume increase, Whether this
produces a decrease in R;* depends on the balance between
changes in flow and volume with any change in oxygenation
utilization, and this balance is generally unknown for tumors
[52]. Another possible confounding factor in correlating the
change in R,* due to changes in blood oxygen saturation
with tissue oxygenation is a change in blood pH.
Acidification (e.g. during carbogen breathing) can be
responsible for a right shift of the oxygen saturation curve
due to the Bohr effect [60], and so results in fractional
increase in deoxyhemoglobin and consequently in an
increase in Ry%. Metabolic changes associated with vasoactive
challenges also have an unpredictable influence on blood
saturation and R,=. Acute hyperglycemia, for example, may
transiently reduce the oxygen consumption rate of tumor
cells by inducing a metabolic shift from cell respiration to
glycolysis {Crabtree effect) [61]. Conversely, the additional
glucose may stimulate oxidative metabolism [62].

it can also be inferred from equation [5] that the size of
R, change upon a given change in blood oxygenation is
modulated by the blood volume, i.e. tumors with highly

vascularized regions would most likely show the greatest
change in Ry*.

CORRELATION BETWEEN BOLD MRI AND
TUMOR PO,

flow do Changes in BOLD Parameters Parallel Changes
in pQ, in Tumors?

BOLD MRI, because of its sensitivity to blood
oxygenation, may provide a measure of tumor oxygen
tension (oxygen in the extravascular space). Since this
parameter is highly relevant for treatment outcome {e.g. it
determines the radiosensitivity of the tumor), there is a need
to know how R,* or Tp*-weighted signal and tumor pO; are
quantitatively correlated. Several studies have investigated
the correlation between the amplitude of the BOLD response
in tumor upon hyperoxic gas breathing and corresponding
changes in tumor pO,. Robinson ef a/. investigated the
relationship between GRE MRI respotise during carbegen
breathing and tumor pO, changes using invasive Eppendorf
histography [63]. An apparent lack of correlation between
BOLD MRI and pO, histography was observed. By contrast,
Al Hallaq et al. observed a strong correlation between water
resonance linewidth decrease and O, microelectrode data
during carbogen breathing, averaged over the whole tumor
[64]. Maxwell e al. performed simultaneous measurement
of BOLD signal and pO, using an MR-compatible fiber-
optic oxygen sensor during carbogen breathing. They
observed a good temporal correlation between the increase in
GRE signal intensity averaged over the whole tumor and the
increase in oxygenation status. We also evaluated the
correlation between BOLD MRI signal intensity or Ry* and
tumor pC, using fiber-optic microprobes implanted in the
tumor [49]). We found that the evolution of the Jocal BOLD
response (S1 or T,*) was temporally positively correlated
with the local corresponding change in pO, (see Fig. 3)
However, we also demonstrated that BOLD MRI does not
provide a quantitative measurement of the evolution of pQ;.
For example, we observed a more pronounced increase in
signal intensity (or decrease in Ry*} when passing from 5 to
15 mmHg than when passing from 40 to 50 mmHg (see Fig.
4). Because of the curvilinear relationship and a lack of
baseline pO, estimation, a variation of R,* or signal intensity
could not be related quantitatively to the response in pO,.

Maxwell RJ, Robinson SP, Mc Intyre DJO, et @/, Simuitaneous measurement of
gradient-echo 1H MR images and pO2 using a fiber-optic oxygen sensor in rodent
tumours and their response to carbogen breathing. 6th Annual Meeting of the
International Socieiy for Magnetic Resonance in Medicine 1998; 1665.
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Fig. (3). Time courses of relative change in T;*w GRE signal intensity (B) and T,* (D) during respiratory challenges (air-30%0,-air-
100%0;-air-carbogen-air) in a FSa tumor and corresponding local changes in tumor pO, (A, C), as measured concomitantly by a fiber-optic

microprobe. Adapted from ref [49].
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Fig. (4). Relative changes in Ty*w GRE signal intensity as a
function of tumor pO2 as modulated by the use hyperoxic gas
breathing. A 10 percent change in SI can reflect a variation of less
than 20 mmHg in one tumor () but about §0 mmHg in another
one (M). Adapted from ref [49]. :

Moreover, the sensitivity of Ry* to the change in pO, was
variable from one tumor to another, suggesting that any
comparison of responses between different tumors or
different locations within the same tumor should be made
with caution. The blood volume fraction may vary within a
tumor (and necessarily between tumors) and thereby
influences BOLD sensitivity {see eqn 5).

Fan et al. performed a comparison between BOLD MRI
measurements and quantitative "'F imaging of tumor
pOs.[54]. The F spin-lattice relaxation rate R, was
measured to determine pO, in each image pixel containing
perfluorocarbon (PFC), and changes in pO, during carbogen
breathing. These parameters could be correlated on a pixel-
by-pixel basis with changes in water signal linewidth (which

are proportional to change in R,*). In hypoxic regions, '’F
and 'H MRI both showed that carbogen had relatively weak
effects. However, BOLD MRI sometimes failed to detect
significant increases in pO, that were reported by ‘'F MRI.
According to the authors, this lack of sensitivity could be
explained by several factors. First, limited spectral/spatial
resolution could have been insufficient to detect small
changes in Ry*. Second, BOLD MRI is probably less
sensitive to changes in tumor oxygenation in regions
coniaining very sparse vasculature and thus small amounts of
deoxyhemoglobin (see eqn.5). Third, deoxyhemoglebin
changes in large vessels may deminate BOLD contrast,
which may not well be correlated with tissue pQ,. This
problem should be avoided in spin echo images which are
more sensitive to BOLD contrast in smaller vessels where
intra and extravascular pO, are more tightly coupled [65].
Furthermore, quantitative changes in '°F R, vs. 'H Ty* were
poorly correlated, reflecting the fact that changes in BOLD
contrast in tumors do not provide a quantitative measure of
changes in pO,. However, when results for the entire tumor
are averaged together, the correlation improves. This
suggests that spatial resolution of the measurements can
greatly affect agreement between both techniques. Indeed,
when changes are averaged over the whole tumor, the
regional heterogeneity of vascular volume distribution or
changes in blood oxygen is smoothed out. Thus, a better
correlation between BOLD contrast and pQ; might be
observed when the tumor is studied glebally.

BOLD MRI has also been correlated with the EPR
oximetry technique, Localized absolute measurements of
pO; using EPR oximetry indicated that carbogen breathing
increased tumor oxygenation, thereby corroborating BOLD
contrast results [66,67]. Williams ef af. have compared
BOLD MRI with electron paramagnetic resonance imaging
(EPRI), a promising new imaging modality capable of
providing quantitative, relatively high-resolution maps of the
concentration of oxygen in the tissue fluids of living animals.
Images were obtained from a tumor bearing mice during a
carbogen breathing challenge. A good spatial correlation was
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found between EPRI spin probe distribution and areas of the
tumor demonstrating BOLD signal changes [68]. Well-
vascularized tumor portions, contrary fo necrotic regions,
allowed the distribution of the spin probe via the vasculature
and responded to a change in the fraction of inhaled oxygen.
Elas et al. investigated the correlation between oxygen
images obtained with EPRI and BOLD MRI [69]. There
appeared to be a good correlation between the regional
variation in the BOLD and EPR images.

The capacity of BOLD MRI to monitor changes in tumor
oxygenation during carbogen breathing is thus well
established. The qualitative nature of the technique has been
put forward, with vascular fraction or baseline pO, being
crucial parameters determining the sensitivity of the BOLD
contrast, The effects of other vasomodulators on tumer
oxygenation have been studied using the BOLD MRI
technique. We will discuss it later on.

Basal R;* as a Method to Evaluate Tumor Hypoxia?

The potential use of basal R,* as an estimator of tumor
oxygenation has also been evaluated. This could provide a
non-invasive method to measure the oxXygenation status of
tumors. Methods for rapidly assessing hypoxia in an
individual tumor would clearly improve cancer treatment
strategies. Tumor basal Ry* may potentially be considered as
an intrinsic marker of pQO,, since it is related to the
oxygenation state of hemoglobin and to the arterial blood
pO, which is in equilibrium with tissue pO,. The baseline
Ry* contains a component that depends on the tumor tissue
deoxyhemoglobin content, which is a function of the
vascular volume of the tumor (see eqn 5). Assuming that this
vascular volume is actively perfused by erythrocytes, the Ry*
may be viewed as a potential estimator of tumor oxygenation
(elevated Ry* in case of low oxygen tension). A mapping of
R.* would display the heterogeneity of pO, inside the tumor.
We investigated the correlation between basal Ry* and pO,
using co-registered and simultaneous measurement [49]. A
poor correlation was found between both parameters,

~suggesting that measuring R* is not a relevant method to
evaluate tumor oxygenation. The theory concerning Ry*
predicts this result. R,* is the result of the inherent relaxation
time (R,) and an additional dephasing component (R;’)
arising from magnetic field inhomogeneities which increase
R,*. Dephasing effects include: i) magnet imperfections, ii)
magnetic susceptibility variations within the sample, such as
air-tissue interfaces or local hemorrhage. All these
parameters affect Ry* independent of any physiological
process associated with BOLD contrast. Consequently,
estimation of the relative contribution of the physiological
process to the Ry* value is not trivial. An extreme example is
the case of head and neck tumors, where parts of tumors are
completely obscured by susceptibility artefacts near air
cavities [70]. It is clear in this case that Ry* (high values,
rapid dephasing) is not correlated to tumor pO,. Common
approaches to compensate these unwanted local
susceptibility gradients in the slice selection direction are z-
shimming [71] or the use of tailored radio frequency pulses
[721. Whether such methods can improve the correlation
between native R,* and p(, remains to be evaluated.
Additionally, necrotic areas are often hyperintense on Ty*
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weighted images (low R,* value) and yet of course pO,
values are nearly zero.

Additionally, from equation 5 it is clear that Ry* is not
simply determined by the intravascular oxygenation status
but rather by the dHb content inside the image element. At
similar vessel oxygenation, higher vascular density will lead
to higher Ry*, and vet this would not result in lower tissular
oxygenation. Hence, when comparing tumors with different
vascular densities, a positive correlation between R2* and
tumor oxygen tension can be observed, instead of negative
one. Some recent studies have revealed that high values for
R>* could reflect how well the tumor is vascularized. Also,
intrinsic susceptibility magnetic resonance imaging can be
used as a complementary approach to assess tumor
angiogenesis (see next section). Rodrigues ef af. showed that
tumor Ry* could provide prognostic indicators of acute
radiotherapeutic response [73]. They used two rodent tumor -
models which exhibited very different baseline values of
R,*. GH3 prolaciinomas, which exhibited faster baseline R,*
(and aiso greater carbogen-induced AR,*), appeared to be
more responsive to radiotherapy than RIF-1 fibrosacrcomas
with lower baseline R,*. GH3 prolactinomas, tumors with
faster baseline R;*, had greater blood volume, perfused
vascular fraction and microvessel size than RIF-I
fibrosarcomas [74], reflecting higher level of oxygenation
and accounting for the higher radio-respensiveness.
Kostourou ef al. also demonstrated that a faster baseline R;*
was consistent with a greater vascular development [75].
Taylor ef al. {76] reported results that are in contradiction
with those reported by Rodrigues et af.{73]. They showed
that tumor regions with fast Ry* stained positive with
pimonidazole, a marker of radiobiologically significant
tumor hypoxia. When incorporating relative blood volume
map information, they observed no change in specificity of
fast R,* as a surrogate marker of tumor hypoxia. The study
of Taylor er al. was conducted on patients with prostate
cancer. It is possible that the blood volume fraction spatial
distribution inside human tumors is quite homogeneous so
that it might be a less predominant factor in determining
regional Ry*.

Carbogen Stimulated BOLD MRI as a Method to
Evaluate Tumor Hypoxia?

Following carbogen inhalation, spatial patterns of Ty*
weighted signal enhancement can be very heterogeneous in
tumors, For example, carbogen has relatively weak effects in
hypoxic regions [77], because oxygenation would not be
improved in poorly perfused areas (absence of vessels or
vessel occlusion). Hence, poor or non-responding voxels
could be used as a rule to assess the hypoxic fraction in
tumors. A potential pitfall of this method is that changes in
BOLD in well-perfused, highly oxic tumor areas would also
show no significant BOLD signal changes, because
hemoglobin is already largely in its oxygenated form.
Nevertheless, Rodrigues ez al. showed that carbogen-induced
AR»* is an informative parameter with respect to potential
radictherapeutic outcome [73]. A greater magnitude of the
AR,* response to carbogen was associated with a greater
enhancement of the radiotherapeutic response. In their study,
the magnitude of the response to carbogen was found to be
determined by the mean perfused vascular fraction [74].
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Other works provide evidence that tumor regions that exhibit
higher pO; (and presumably are better perfused) give a larger
BOLD response [49, 54].

To better understand which parameters could be inferred
from magnitude of the BOLD response upon carbogen
breathing, the BOLD MRI technique has been compared to
dynamic contrast-enhanced (DCE) MRI after administration
of contrast agent. Rijpkema et al. compared Gd-DTPA
contrast enhanced MRI and BOLD MRI response for
breathing of a 98%0,/2%CO; gas mixture in meningioma
patients [78]. The pharmacokinetics of small paramagnetic
contrast agents (Gd-DTPA) in tumors are influenced by
vascular flow, blood volume and permeability surface area
and extravascular extracellular space (EES) [79], so that
DCE MRI results should be interpreted with caution. In their
study, changes in T,* was found to correlate negatively with
kep - the rate constant between extravascular extracellular
space (EES) and blood plasma [79]. Hence, tumors with a
high T,* response to hypercapnic hyperoxia tended to show
low rates of tracer transport, suggesting that those tumors
were per se less well perfused (assuming that perfusion is the
dominant factor determining the kinetics of the conirast
agent in the tumor). On the contrary, well-perfused tumors
(associated with high values of kep) responded poorly upon
carbogen breathing, presumably because hemoglobin is
already for the most part in its oxygenated form.
Interestingly, a positive correlation was found between
changes in T,* and the Akep during hyperoxic gas challenge.
So, tumors with non-significant increase or even negative
change in T,* showed a decrease in blood flow under
hyperoxic hypercapnic conditions. Others have compared
BOLD contrast in tumors and Gd-DTPA contrast enhanced
imaging, but no correlation was found between the
techniques. Peller er al. reported that the contrast
enhancement on T, weighted images showed no correlation
with the oxygen induced T,* weighted signal intensity
changes [80]. Similarly, Jiang ef al. found a general lack of
.correlation between DCE and BOLD approaches in terms of
maximum rate or magnitude of response in rat prostate
tumor [81]. In these studies, however, a semiquantitative
approach instead of pharmacokinetic modeling of tracer
uptake could not truly have permitted across-subject
comparison [79]. All together, these studies suggest that
BOLD contrast in tumor in response to hyperoxic conditions
is not uniquely interpretable in terms of tumor vascular
architecture and oxygenation status,

APPLICATIONS

BOLD contrast MRI has been used to investigate
parameters related to tumor vasculature such as perfusion,
blood oxygenation, blood vessel development, remodeling
and function. It has also been used to monitor the effects of
anti-cancer therapy.

Monitoring Tumor Response to Vasomodulators

The sensitivity of BOLD contrast techniques to changes
in tumor deoxyhemoglobin concentration is of relevance to
many strategies in cancer treatments, particularly with regard
to interventions designed to alter tumor oxygenation. The
ability of the BOLD MRI technique to provide information
on the time course of the effect of drug treatment on
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oxygenation of tumors can be used effectively to rationalize
radiotherapy schema treatment. A number of adfuvant
treatments have been designed to increase tissue oxygen
tension in radioresistant tumor regions. One vascular
intervention currently being assessed for its ability to
improve tumnor oxygenation prior to radiotherapy is carbogen
(95%C0y/5%0,) breathing and nicotinamide in combination
[82].

BOLD MRI has been reported as a very sensitive method
to assess the variations of tumor oxygenation after hyperoxic
gas breathing. This was first demonstrated in the pioneering
studies of the group of Karczmar and Griffiths [83-85] and
later applied by many groups in oncology [66, 67, 86-91].

Breathing high-oxygen content gases such as carbogen
increases the amount of dissolved oxygen in the plasma,
providing more oxygen at the capillary level and hence
allowing diffusion of oxygen into hypoxic regions in order to
radiosensitize them. The incorporation of 5% CO, is
believed to counteract any oxygen-induced vasoconstriction.
The increased blood oxygenation associated with carbogen
breathing produces a decrease in Ry*, Similarly a decrease in
the deoxyHb content of the tissue will also occur if there is
an increase in blood flow, thereby reducing the fraction of
oxygen extracted from the blood.

Other vasomodulators (improving or worsening oxygen
delivery to tumor) have been studied using BOLD contrast
MRI. Howe et al. measured the R,* changes in a
prolactinoma tumor model for a variety of vasoactive
chalienges (calcitonin gene related peptide, hydralazine,
nicotinamide, carbogen and N, breathing) {52]. Frequently,
Ryo* decreased after treament with carbogen and
nicotinamide, and increased after CGRP and hydralazine.
However, concomitant changes in blood volume and changes
in blood pH and metabolic status can lead to smaller-than-
expected or even negative Ry* changes. For example, tumors
showed a unexpected decrease in R.* with 100% N,
breathing, likely due to blood volume reduction because of a
vascular collapse [52]. Also, acidification of blood during
carbogen breathing could cause an increase in dHb due to the
Bohr effect. Jordan et al. observed BOLD image intensity
enhancement in murine fibrosarcoma upon nitric oxide
donor isosorbide dinitrate treatment. This image
enhancement was well correlated with an increase in tumor
blood flow and pO, as demonstrated using Gd-DTPA
contrast enhanced imaging and EPR oximetry, respectively
[67]. Muruganandham er al. studied the hemodynamic
changes induced by diltiazem, a calcium channel blocker
with radiosensitizing properties, in tumor using BOLD MRI
and Gd-DTPA DCE MRI techniques [92]. BOLD images
showed signal enhancement upon diltiazem administration
due to increase in tumor blood flow, assuming that diltiazem
does not influence tumor cell oxygen consumption. Upon
flunarizine treatment (calcium channel blocker), whole
tumor averaged analysis revealed no change in BOLD image
intensity, whereas a cluster analysis allowed observation of
tumor regions with opposite patterns of response, These
observations suggested that a "vascular steal" phenomenon
(redistribution of blood flow) may have occurred [86].
Indeed, blood flow may be increased locally at the expense
of an adjacent location, depending on the vascular bed [93].
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Such results emphasize the importance of an assessment of
the heterogeneity in tumor BOLD response upon treatment.
Variable patterns of signal intensity changes have been
observed using high oxygen content gas breathing. For
example, Peller er al. [80] observed both positive and
negative {(up to 30% of all voxets) T,* weighted signal
intensity changes using 100% oxygen, while Karczmar and
co-workers [83,94,95] reported negative changes in 2-15%
of all voxels. Other studies illustrate the heterogeneous
response to carbogen breathing in rodent tumer models
[55,87,96]. Similarly, we identified discrete tumor regions
that respond negatively to carbogen in the FSa fibrosarcoma
tumor model [86]. Areas of reduced signal during carbogen
breathing adjacent to tumor areas of increased signal have
also been observed in some patients {89,97]. The occurrence
of the steal effect likely depends on the structure of the
intratumoral vasculature network and its relationship with
normal host tissue. Information about the cause, the extent
and the relevance of the steal effect is currently still limited.
Further investigations will be needed to answer these
questions.

The use of anesthetic agent can also affect BOLD signal
intensity in a significant way. We observed that the signal
intensity was dramatically decreased in the TLT tumor
model after administration of pentobarbital, ketamine/xyla-
zine or fentanyl/droperidol anesthetics, even if normothermia
was maintained [98]. This signal decrease was not observed
with isoflurane, however [90]. Drops in signal intensity
correlated with measurements of oxygenation and blood
perfusion using the Oxford OxyLite/OxyFlo fiberoptic probe
system. Because of these potential caveats, particular care
needs to be taken to monitor of the effects of anesthesia
when trying to identify new therapeutic approaches that are
aimed at modulating tumor hemodynamics. Core
temperature can also influence tissue oxygen staius and
blood flow, thereby influencing BOLD contrast. The
importance of monitoring core temperature during the
imaging procedure has been described recently by Reijnders
et al [99]. In their study, they observed stronger
enhancement in tumor signals upon carbogen inhalation at a
core temperature of 30°C compared to the normal core
temperature of 37°C [99].

Amorino et al. observed an increase in the BOLD signal
ratio {(suggesting a decrease in Rp*) of redent tumor after
administration of RSR13, an allosteric effector of
hemoglobin [100]. BOLD MRI results support the reported
RSR13-induced increase in tumor oxygenation obtained
using pO; microelectrodes. RSR313 induces allosteric
modification of hemoglobin, so that hemoglobin's binding
affinity for oxygen is decreased, resulting in increased
oxygen release from erythrocytes to tumor tissue [100,101].
Since the mechanism of tissue oxygenation by RSR13
involves an increase in deoxyhemoblobin levels, a decrease
in the BOLD> MRI signal after RSR13 administration might
be expected. Amorino et al. hypothesized that a predominant
T, effect due to molecular oxygen (RSRI13 causes an
increase in arterial oxygen tension), competing with the
deoxyhemoblobin effect on T>*, could explain the global
increase in the MRI signal [100]. Later, Hou ef af. showed
that there was little impact of RSR13 on Ry;* while an
increase in oxygen in the tumor was still observed as
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measured using EPR oximetry [101]. The absence of change
in R;* suggests that tumor physiology remained constant.
Using the Hill equation and the Krogh cylinder model, Hou
et al. modeled the observed change in tumor pO, as a
function of partial oxygen pressure at half-saturation of
hemoglobin (P350) right shift due to RSR13, keeping oxygen
saturation of blood, tumor blood flow and metabolic rate
constant. The use of 100% oxygen breathing instead of air
breathing during animal anesthesia can also explain the
absence of detectable changes in Ry* as reported by Hou ef
al., compared to the increase in BOLD signal ratio described
by Amorino er al. Sufficient hemoglobin saturation with
oxygen at the time of imaging could also explain the absence
of drug effect.

Monitoring Photodynamic Therapy of Solid Tumors

Photodynamic therapy (PDT) has become an established .
cancer treatment that involves the interaction of a
photosensitizer and light in an oxygenated environment
{102]. Upon activation by light of a specific wavelength, the
photosensitizing compound, localized in the tumor tissue,
reacts with molecular oxygen, and generates cytotoxic
reactive oxygen species, leading to tumor damage by killing
tumor cells and/or tumor vasculature {102].

BOLD-contrast MRI may be a valuable tool for real-time
menitoring of PDT efficacy. Gross ef af. demonstrated that
photoconsumption of oxygen and the consequent
hemodynamic effects inherent to antivascular photodynamic
therapy can generate BOLD contrast in tumors [103]. A
rapid decline in relative signal intensity in T,* weighted
images (25-40%) and a rapid increase in AR,* were observed
upon intravascular photosensitization. It was demonstrated
that the observed changes in BOLD contrast were the result
of two processes closely related in time. First, the rapid
photochemical oxygen consumption leads to a decline in
hemoglobin saturation levels as observed using in viiro
spectral analysis. Second, an intense reduction in tumor
blood vessel perfusion, reaching stasis, takes place as
revealed by fluorescence intravital microscopy. It should be
noted that PDT can deplete or enhance tumor oxygenation,
depending on the choice of photosensitizer, drug-light
interval, or fluence rate [104-106]. The oxygen-favoring
photodynamic protocol may be desired to enhance radiation
sensitivity [107], while antivascular PDT is crucial for
development of necrosis and tumor eradication [102].
Whatever the protocol, in vive monitoring of photodynamic
therapy induced changes in tumer oxygenation and perfusion
is of great clinical significance as it can provide a valuable
prognostic indicator [108].

Angiogenesis and Maturation of Vessels

Histologic assays of angiogenesis based on
microvascular density (MVD) is a common method for
characterizing the vascular bed of tumors [109]. Studies have
revealed that high MVD counts within vascular hot spots of
tumors correspond with a poor prognosis [110]. While MVD
is a useful surrogate of angiogenesis, the method has many
drawbacks such as invasiveness and low reproducibility
among pathologists. MRI, with its high temporal and spatial
resolution, is an ideal technique for noninvasive assay of
tumor angiogenesis in vivo. Susceptibility contrast-enhanced
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MRI after administration of contrast agent is increasingly
being used in this regard [111]. Alternatively, intrinsic
susceptibility-based MRI, which is sensitive to changes in
endogenous deoxyhemoglobin, can provide a
complementary approach. Rp* is directly proportional to the
tissue content of deoxyhemoglobin and hence is a sensitive
index of tissue vascularity. A fast Ry* is consistent with a
high concentration of deoxyhemoglobin and hence indicative
of high bleod vessel density, although cellular paramagnetic
debris from necrosis such as hemeosiderin can also increase
Ry*. The rise in vessel density, upon stimulation of
angiogenesis, has an overwhelming effect (signal loss) on
GRE contrast in images of the subcutaneous vasculature
[112]. In addition, there was a highly significant correlation
between vessel density determined by MRI and vessel
density determined immediately postmortem from skin
specimens [112]. The method has great potential for basic
research of the regulation of tumor angiogenesis and wound
healing and for evaluation of promoters of angiogenesis and
antiangiogenic therapies [75,113,114].

Analyzing the functional properties of the tumor vascular
bed would more realistically assess the angiogenic status of
the vasculature than the presence of blood vessels alone. A
number of immunchistochemical techniques are available to
assess the function of tumor vasculature at a microscopic
level [115]. Alternatively, monitoring of dynamic changes in
GRE images or R,* in response to hypercapnia and
hyperoxia can be used to probe non-invasively the
maturation and functional state (perfusion status of the
vessels) of the tumor vasculature. For carbogen breathing,
acute changes in systemic blood oxygenation are expected to
occur in the functional (capable of erythrocyte-mediated
oxygen delivery) vascular bed. As mentioned above, the
approach of the functionality mapping technique using
hyperoxic would, however, not be valid in well-oxygenated
organs where arterial HbO, is already fully oxygenated
(generally not the case for tumor tissues). MR assessment of
perfusion status of the tumor (fraction of functional vessels)
can be used to monitor non-invasively the damages of the
vascular bed after anti-vascular or anti-angiogenic therapy.
Furthermore, the amplitude of the MR response can be
viewed as an assessment of apparent vessel density (with
high values corresponding to high vessel density) [74] and
can be used, for example, for the monitoring of vascular
remodeling during tumor growth [116]. Thomas et al
recently demonstrated a link between tumour growth rates
and turmour fractions exhibiting signal increase upon
carbogen breathing for a chemically induced hepatocellular
carcinoma in mice [90,91].

On the other hand, BOLD MRI during hypercapnia
(elevation of inhaled CQ,) can reflect varying degrees of
maturation of the tumor wvascular bed [116,117].
Microcapillary maturation is a progressive process in tumors,
It requires a mix of angio- and arteriogenic factors for a
sufficient duration so that nascent vessels can tighten up and
become invested with pericytes -pericytes are contractile
cells containing ¢-smooth muscle actin and desmin that
stabilize vessel walls and participate in the regulation of the
blood flow in the microcirculation. Consequenity,
vasoreactivity secondary to hypercapnia stress is not
expected to occur in immature neovessels lacking smooth
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muscle cells by which the effects of elevated arterial CQ, are
mediated.

It has been demonstrated that, in extracerebral tumors,
the MRI signal enhancement due to hypercapnia is the result
of a change in the apparent T, relaxation due to an increased
inflow. Parallel studies using intravital microscopy showed
that hypercapnia induced vasoconstriction in mature vessels
and a reduced red blood cell (RBC) flux and density{117].
The discrepancy in flow between MRI and intravital
microscopy is consistent with increased plasma flow and
reduced hematocrit. The drop in hematocrit will result in T,*
dependent increase of MRI signal intensity while increased
plasma flow can enhance signal intensity by changing the
apparent T, (inflow effect).

In vivo MR monitoring of the fraction of mature vessels
can be used to predict the wvascular response to
antiangiogenic or anti-vascular treatments, Tumors with
higher fraction of pericyte-covered mature vessels should be
less susceptible to anti-angiogenic or anti-vascular therapy
[118,119]. By using the MR approach, Abramovitch er al.
demonstrated the selective destruction of immature vessels
in response to VEGF withdrawal [120]. The inhibitory effect
on vessel maturation of antiangiogenic compounds such as
halofuginone or linomide have also been reported
[114,120,121]. Another application could be the assessment
of vascular maturation during proangiogenic therapy, which
could be viewed as a marker for vascular stabilization.
Hypercapnia challenges has also been applied for clinical
evaluation of cerebrovascular response in patients with
cerebral gliomas [122]. Several studies show that there is an
increase in BOLD signal in the gray matter during
hypercapnia [123,124]. Elevated arterial CO; tension due to
hypercapnia challenge induces vasodilatation effects and
causes cerebral blood flow increases. Hsu ef @f. showed that
during short periods of breath holding, there was an absence
of signal change in the bulk of the tumor, in contrast with the
significant BOLD signal increases in normal appearing gray
matter [122]. This lack of enhancement in hypoperfused
regions could result from reduced local hematocrit due to
decreased perfusion. The undetectability of BOLD signal
changes in hyperperfused tumor regions could be due to
masking of the effect of increased blood perfusion by the
more prominent O, consumption, Decreases in BOLD signal
were observed in high-grade gliomas, but not in the low-
grade gliomas. The so-called steal phenomenon,
redistribution of blood flow to a responsive tumor region and
surrounding normal tissue, causing a focal worsening of
tumor perfusion, is expected to be exaggerated in tumor
regions were neovascularity is present,

Mapping Tumor Acute Hypoxia

Historically, tumor hypoxia has been thought to be
dominated by diffusion limitations of oxygen. Intermittent
hypoxia, on the other hand, has generally been thought to be
less prominent and therefore less important than diffusion
limited hypoxia. Evidence have been provided showing that
tumor oxygenation is rarely at steady state, except perhaps at
the extreme limit of the oxygen diffusion distance [11].
Instead, the oxygenation state is characterized by large
temporal variations in pO,, brought on by fluctuations in
microvessel red cell flux [125]. Several factors may
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contribute to flow fluctuations, including arteriolar
vasomotion [10,11], rapid vascular modeling [12], and other
hemodynamic effects such as non linear flow properties of
blood or non-uniform axial distribution of red blood cells
partitioning at bifurcations [126]. Acute hypoxia may be an
under-appreciated therapeutic problem as it can be associated
with resistance to radiation therapy [127-131], impaired
delivery of chemotherapeutic agents [37], or metastasis
development [132]. Studies carried out to assess the dynamic
aspects of the fluctuating hypoxia use invasive techniques
having poor spatial resolution (implantable laser Doppler
probes [133,134], O, electrodes [125,133], OxyLite sensors
[135] or intravital microscopy techniques [10,11,133]} and
therefore limit the potential of investigation of the
phencmienon. In a recent study, we demonstrated that T,*
weighted gradient-echo MRI could provide an alternative
non-invasive technique to uncover transient fluctuations of
blood flow and/or oxygenation [136]. Anesthetized FSa
tumor-bearing mice were continuously imaged during 30-
min sampling periods. By subjecting the time-dependent data
te power spectrum analysis we identified voxels with
statistically significant spontaneous basal MR signal
fluctuations (see Fig. 5). Dynamic changes in T>* were also
tracked using multiple GRE imaging. The cycle time of the
fluctuations were characterized by low frequencies, ranging
from 1 cycle/1h to ! cycle/3min, which were similar to cycle
times of fluctuations in tumor blood flow and oxygen as
reported previously by using alternative techniques. No
obvious temporal correlation was found between muscle and
tumor fluctuations. Our data showed that the fluctuating
tumor zones were predominantly located in regions with
functional vessels. In addition, we observed that the method
was suitable to monitor areas of tumors that were sensitive to
treatments designed to decrease the occurrence of tumor
acute hypoxia (see Fig. 6). Further studies will be required to
understand whether spontaneous fluctuations of blood flow
and/or oxygenation as chserved using the BOLD MRI are of
prognostic indicator of radiotherapy or chemotherapy
resistance,
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BOLD MRE: THE GOOD, THE BAD AND THE UGLY

As with any technique, BOLD MRI has both advantages
and disadvantages. One advantage of BOLD MRI is that it is
non-invasive and can be used to monitor real time changes of
tumor oxygenation during pharmacological treatments or
other treatments such as photodynamic therapy. BOLD MRI
also has high spatial resolution, allowing it to address the
issue of the spatial heterogeneity of the tumor response.
Carbogen induced changes in R»* or basal Ry*, which reflect
vascular development, may also be monitored with BOLD
MRI to predict radiotherapy sensitivity. BOLD MRI, in
combination with hypercapnia and hyperoxia, is also an
attractive method for assessing maturation and the functional
state of the tumor. Another appealing application is the study
of changes in blood flow and oxygenation associated with
the phenomenon of fluctuating hypoxia.

As for disadvantages, BOLD MRI is unfortunately a non-
quantitative method for monitoring tumor pQO;. This is the
result of the extreme sensitivity of changes in Ry* to the
basal state of tumor oxygenation and blood volume fraction.
The intra- and inter-tumoral distribution of these parameters
may be greatly heterogeneous, making it very difficult to
compare estimated p(Q, changes between two regions or
individuals. Even more problematic is the fact that the
change in Ry* is not always indicative of the change in pO,.
Concomitant changes in blood volume, blood pH and
metabolic status can lead to smaller-than-expected or even
negative changes in R*.

In conclusion, when applied properly, BOLD MRI has
become a useful toel for addressing important questions
regarding the pathophysiology and treatments of tumors.

ABBREVIATIONS

Ra, Rp* = Transverse and apparent transverse
relaxation rates
T, T5* = Transverse and apparent transverse
relaxation times
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Fig. (5). Typical examples of spontancous T,*-weighted signal fluctuations in the tumor during air breathing. Data presented are single voxel

signals. Adapted from ref [136].
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Fig. (6). (A). Ty-weighted anatomical images of a FSa tumer (mouse leg and tumor borders arc delineated). Maps of spontaneous T,*-
weighted signal fluctuations inside the tumor over a 30 min sampling period pre (B} and 30 min post treatment (C). Upper: control mouse,
Lower: effect of carbogen breathing and nicotinamide administration (note the decrease in the number of fluctuating voxels). Adapted from

ref [136].

GRE MRI

dHb

Gradient-recalled echo magnetic
resonance imaging

= Deoxyhemoglobin
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