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Complex Relationship Between Changes in Oxygenation
Status and Changes in R%: The Case of Insulin and NS-
398, Two Inhibitors of Oxygen Consumption

Bénédicte F. Jordan,'? Nathalie Crokart,” Christine Baudelet,"? Greg. O Cron,’

Réginald Ansiaux,’ and Bernard Gallez'?"

Insulin and NS-398 have been reported to inhibit oxygen con-
sumption in experimental tumor models, thereby increasing
oxygenation and radiosensitization. The aim of this work was to
use MRI to study changes in murine FSall tumor hemodynamics
after administration of those oxygen consumption inhibitors. A
multiple-echo gradient-echo (GRE) MRI sequence (4.7 T) was
used to map changes in three factors: the GRE signal (at TE =
20 ms), the parameter S, (theoretical signal at TE = 0 ms), and
the relaxation rate Rj. Perfusion maps were obtained by dy-
namic contrast-enhanced (DCE) MRI. Insulin caused a signifi-
cant decrease in the tumor blood oxygen level-dependent
(BOLD) signal over time. factor This was likely the result of
decreased blood flow, since both S, and the percentage of
perfused tumor decreased as well. Tumor R; did not change
significantly in response to the treatments, which is surprising
considering that other non-MRI techniques (electron paramag-
netic resonance (EPR) oximetry and fiber-optic probes) have
shown that tumor oxygenation increases after treatment. This
suggests that metabolic changes associated with vasoactive
challenges may have an unpredictable influence on blood sat-
uration and R;. In conclusion, this study further emphasizes the
fact that changes in BOLD signal and R; in tumors do not
depend uniquely on changes in oxygenation status. Magn Re-
son Med 56:637-643, 2006. © 2006 Wiley-Liss, Inc.
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Gradient-echo (GRE) images are sensitive to T%, which is
dependent on deoxyhemoglobin concentration. Hence,
GRE images are dependent on blood oxygenation, produc-
ing the so-called blood oxygen level-dependent (BOLD)
image contrast (1). BOLD is widely used to study function-
ality in the brain (functional MRI (fMRI)) (2). BOLD imag-
ing has also recently become of particular interest in the
field of tumor oxygenation, although this new application
has generated many questions regarding interpretation of
the BOLD signal in tumors (3—-7). GRE images are also
sensitive to flow (the in-flow effect) and therefore have the
potential to monitor hemodynamic changes in two ways:
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changes in the oxygenation of the blood, or changes in
blood flow. Accordingly, this contrast is also designated as
a flow and oxygenation-dependent (FLOOD) contrast, in-
dicating that there are different underlying physiological
changes compared to those of BOLD in the brain (6). Much
work has been done to better understand the ways in
which blood flow and oxygenation contribute to changes
in image contrast in tumors (4,8,9). A positive correlation
has usually been observed between the average increase in
tumor T3 and increases in tumor oxygenation. However,
this method has been demonstrated to be qualitative in
nature and does not allow a true quantification of the
oxygenation level (9). A potential application of the
BOLD/FLOOD technique is to monitor the effectiveness of
vascular modifiers on individual tumors and thereby pro-
vide a method for optimizing cancer treatments
(6,7,10,11).

Tumor oxygenation is a critical determinant of tumor
response to several treatment modalities, such as radio-
therapy and chemotherapy (12). Hence, a number of tumor
oxygenating treatments have been developed to improve
therapeutic outcome. We previously investigated different
treatments that led to nitric oxide-mediated modulations
of tumor hemodynamic parameters and successfully radio-
sensitized experimental tumors. Among those treatments,
insulin was of particular interest with regard to tumor
radiosensitization (13). In one study (14) the effects of
insulin were characterized in terms of tumor oxygenation,
blood flow, and oxygen consumption rate.

In that study (14), local tumor oxygenation measure-
ments were carried out using two independent techniques.
One method employed electron paramagnetic resonance
(EPR) oximetry and a fiber-optic device (OxyLite), and in
the other technique blood flow inside the tumor was as-
sessed using a laser Doppler system (OxyFlo) and dynamic
contrast-enhanced (DCE)-MRI with a small molecular con-
trast agent (Gd-DTPA). Using this protocol, we obtained
evidence that insulin increases the local pressure of oxy-
gen of tumors (from 0—3 mm Hg to 8—11 mm Hg) as well as
the tumor response to irradiation (increasing regrowth de-
lay by a factor of 2.11). We found that the insulin-induced
increase of tumor pressure of oxygen was not caused by an
increase in the tumor blood flow, which was even de-
creased after insulin infusion, but rather was due to a
decrease in the tumor cell oxygen consumption (in vivo
insulin-treated tumor cells consumed oxygen three times
more slowly than control cells). Theoretical modeling
studies by Secomb et al. (14) showed that hypoxia was
more efficiently reduced by a reduction in the oxygen
consumption rate than by an increase in the oxygen sup-
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ply. NS-398, a nonsteroidal antiinflammatory drug
(NSAID), was also shown to increase the radiosensitivity
of tumors by increasing tumor oxygenation via the same
mechanism as insulin (15).

The purpose of the present study was to use a multiecho
GRE-MRI sequence to further characterize the effect of the
two oxygen consumption inhibitors on BOLD signal inten-
sity (SI, GRE signal at TE = 20 ms), S, (theoretical GRE
signal at TE = 0 ms), and R} (= 1/T%). We also performed
a DCE-MRI study using the rapid-clearance blood pool
contrast agent P792 (Vistarem®) to determine how insulin
and NS-398 affect K,,,,, and K, (parameters related to
permeability), as well as V,, (plasma volume fraction) and
the fraction of the tumor perfused by the contrast agent.

MATERIALS AND METHODS
Tumor Implantation and Treatments

Syngeneic FSall fibrosarcomas were inoculated into the
hind leg muscle of male C3H/HeOuJIco mice. The mice
were imaged when the tumors were 9 = 1 mm in diameter
(10 days later). For imaging, the mice were anesthetized
with 1.4-2.0% isoflurane carried in 21% oxygen in a con-
tinuous flow (1.5 1/hr). Warm air was flushed into the
magnet in order to maintain normothermia. Insulin (Ac-
trapid HM; Novo Nordisk, Bagsvaerd, Denmark) was in-
fused via a tail vein catheter at a rate of 16 mU/kg/min for
25 min. Control mice were infused with a 0.9% NaCl
solution (saline) at the same rate for the same length of
time as for insulin. NS-398, [N-[2(Cyclohexyloxy)4-nitro-
phenyl-methanesulfonamide] (2 mg/ml in DMSO; Alexis
Biochemicals) was administered by IP injection at a dose
of 10 mg/kg.

Imaging

MRI was performed with a 4.7 T (200 MHz, 1H), 40-cm
inner diameter horizontal bore system (Bruker Biospec,
Ettlingen, Germany). The mice were positioned in a
70-mm inner diameter birdcage radiofrequency coil. T,-
weighted anatomical images were acquired using a fast
spin echo sequence (TR = 4 s, effective TE = 50 ms).

All MRI data were processed offline with a program
written in house using IDL™ (Interactive Data Language;
RSI, Boulder, CO, USA) development software.

DCE MRI

With the use of DCE-MRI, it is possible to generate para-
metric maps that reflect the plasma volume fraction, the
permeability, and the rate of efflux, as described previ-
ously (16). Imaging was commenced 35 min after the end
of the insulin (N = 5) or saline (N = 5) treatments (i.e., 1 hr
after the start of the treatments). NS-398 (N = 5) was
administered in a single injection 30 min before imaging.
Prior to DCE imaging, proton density-weighted (PDw) im-
ages were acquired with the following parameters: TR =
8s, TE = 4.9 ms, number of averages (NA) = 2, flip angle =
90°, FOV = 4 cm, slice thickness = 1.6 mm, matrix = 64 X
64, two slices (one slice through the kidneys and one
through the center of the tumor). For DCE T,-weighted
imaging, a gradient-recalled echo sequence was used with
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the following parameters: TR = 40 ms, TE = 4.9 ms, NA =
1, flip angle = 90°, geometry parameters = same as for the
PDw sequence, scan time per image = 2.56 s. The contrast
agent P792 (Vistarem®; Laboratoire Guerbet, Aulnay sous
Bois, France), a rapid-clearance blood pool agent, was
injected intravenously as a bolus (injection duration = 2 s)
at a dose of 0.042 mmol Gd/kg (50 n1/40 g mouse) (17). The
DCE imaging protocol was as follows: 12 baseline images
were acquired, and then P792 was injected and the en-
hancement kinetics were continuously monitored for
8 min (200 total scans) in order to track the fast washing
kinetics. Immediately after this, a slower DCE data set was
acquired to monitor the washout of the contrast agent. For
this second set, 60 scans were acquired at a temporal
resolution of 60 s (NA = 24, 1 hr total).

For postprocessing, tumor voxels that showed no signal
enhancement, a linear increase of SI, or atypical signal
enhancement curves were excluded by means of a power
spectrum analysis and cluster analysis (18,19). Contrast
agent concentration as a function of time after P792 injec-
tion (C(t)) was estimated using the following equation:

1 SOTlW S(t)
oo/ 20)]

where TR is the repetition time of the PDw image, and r, is
the relaxivity of the contrast agent (3 mM~'s™"). The tracer
concentration changes were fitted to a two-compartment
pharmacokinetic model (20) using an arterial input func-
tion derived from kidney data as described previously
(16,20). Pixel-by-pixel values for K,,,, (influx volume
transfer constant, from plasma into the interstitial space,
units of min™?), V,, (blood plasma volume per unit volume
of tissue, unitless), and Kep (fractional rate of efflux from
the interstitial space back to blood, units of min™) in
tumor were derived from this model. Statistical signifi-
cance for V, or K, identified the percentage of “per-
fused” tumor pixels (i.e., pixels to which the contrast agent

P792 had access).

T; GRE MR

A multiecho GRE sequence was used to calculate the GRE
SI, R, and S, on a pixel-by-pixel basis in each tumor. The
sequence parameters were TR = 200 ms, six echoes with
an echo spacing of 5 ms (TE = 5, 10, 15, 20, 25, 30 ms),
spectral width = 25 kHz, flip angle = 45°, matrix size =
64 X 64, FOV = 4 cm, slice thickness = 1.6 mm, NA = 10,
total acquisition time = 128 s. These conditions enabled
us to sample the free induction decay (FID) properly, since
the basal tumor T7% was 29.7 *+ 8.5 ms (mean + SD). MRI
data were acquired continuously for 1 hr 45 min (50 rep-
etitions), with either insulin (N = 6) or saline (N = 6)
infused between repetitions 5 and 17, or NS-398 (N = 5)
administered at repetition 5. For each repetition, a mono-
exponential function was used to fit the GRE signal as a
function of TE. Voxels with a bad fitting were set to zero to
avoid aberrant values (outside the 0—200 ms interval’s
limits for T3%). The number of failed pixels was fairly low
and was shown to be constant over time (5% * 2%). The
GRE SI was taken to be the GRE signal at TE = 20 ms. The
parameters R} (= 1/T%) and S, (theoretical GRE signal at
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TE = 0 ms) were determined as fit parameters in the
monoexponential function. The fitting was performed only
on the odd echoes, although the results were similar while
using the even echoes. The relative change in GRE SI
(%ASI) was calculated as a function of time as 100 X
SI,0st/SI,er Where SI . is the GRE signal as a function of
time after the infusion of insulin or saline, and SI,,,, is the
average GRE signal before infusion of insulin or saline.
Relative changes in S, were expressed similarly (100 X
Sopost! Sopre)- We verified the quality of the shimming for
each study by measuring the linewidth of the water peak.

The changes in R (AR3%) and %ASI are parameters that
are proportional to the change in deoxyhemoglobin con-
tent. These two parameters are independent of native tis-
sue R3j, unlike AT} and the absolute change in SI (16).
Therefore, treated and control groups were compared in
terms of %ASI, AR%, and the relative change in S,,.

Statistical Analysis

The results are presented as the means *= SE. Comparisons
between groups were analyzed by t-test (two-sided) or
one-way analysis of variance (ANOVA) with Dunnet’s
post-hoc test.

RESULTS
Effects of Insulin and NS-398 on Tumor Perfusion

Figure 1 shows that insulin infusion had no effect on the
average tumor K., K,,, or V, compared to controls.
However, the fraction of perfused tumor pixels for the
insulin-treated group was significantly lower than that of
controls (56.3% = 7.2% vs. 71.2% = 4.5%, respectively,
P < 0.05), indicating that fewer tumor regions are perfused
after insulin. An important decrease in perfused pixels
was also observed 30 min after NS-398 injection (decrease
of 50.5% =* 12.3%, P < 0.01; Fig. 2), showing that the
perfusion is significantly reduced by NS-398. The value of
Vp (plasmatic volume fraction) was unchanged, and the
permeability (K., and K,,) was significantly decreased
in this case (15).

Effect of Insulin and NS-398 on the GRE S| and AR}

Figure 3 shows that insulin infusion led to a significant
decrease in %SI over time (7.5% = 0.6%). The %SI de-
creased continuously from the 20-min time point (P <
0.05) until at least 60 min after the end of the insulin
infusion (end of measurement). A similar pattern was ob-
served for the relative change in S,, with a maximum
decrease of 4.6% * 1.0%. AR’ was not significantly af-
fected at any of the time points. For control mice, no
significant changes were observed over time for any of the
parameters (SEM = 0.7%, 0.9%, and 0.9% for AR%, BOLD,
and S, respectively). A cluster analysis of the BOLD (GRE)
signal was performed in order to take into account the
tumor heterogeneity. In the insulin-treated group, about
40% of the tumor pixels remained stable, another 40%
significantly decreased, and the remaining 20% increased,
resulting in an overall decrease in the relative GRE SI. In
the control group, the proportion of increasing and de-
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creasing pixels was similar (30% each), resulting in a lack
of change in the average relative GRE SI.

Similar results were observed using NS-398. %SI de-
creased continuously after NS-398 injection (P < 0.01)
until 1 hr after administration (end of measurement), a
similar decrease was observed for S,, and AR’ was not
significantly affected at any of the time points.

DISCUSSION

We previously showed that insulin induces dramatic he-
modynamic changes in experimental tumors (13). These
changes are mostly characterized by an important increase
in oxygenation and a slight decrease in blood flow. The
improvement in tumor oxygenation was shown to be re-
lated to a decrease in oxygen consumption by tumor cells,
rather than to an increase in oxygen supply (blood flow).
The decrease in perfusion is likely due to a vascular steal
effect with a redistribution of the blood flow that feeds the
tumor and the muscle. More recently, we observed that
NS-398, an antiinflammatory agent, induced a similar ef-
fect in the same tumor model (15).

Since pO, and blood flow are altered in opposite ways
after insulin and NS-398 administration, and since the
BOLD signal is known to have multiple components (de-
pendent on flow and oxygenation), we believed it was
particularly relevant to study the evolution of the BOLD
(GRE) signal over time after treatment.

Accordingly, in this study we characterized the hemo-
dynamic changes induced by insulin and NS-398 with
multiple GRE-MRI and DCE-MRI. Our group previously
applied these techniques to study physiological noise as a
marker of tumor acute hypoxia or the effect of anesthetics
and different vasoactive agents, such as carbogen, nicotin-
amide, and pentoxifylline (7).

In this study we observed a significant decrease in the
relative GRE SI over time when tumors were treated with
insulin and NS-398. This SI was dependent on S, (which
was observed to decrease with time) and R (which did not
change). Therefore, the decrease in the relative GRE signal
is likely the result of a decrease in tumor blood flow, since
both S, (which is sensitive to T, and therefore inflow
effects) and the fraction of perfused pixels decreased. This
result is confirmed by the typical pattern observed in para-
metric maps shown in Fig. 4. In this figure we can observe
that the decrease in A SI is correlated more to the decrease
in AS, than to the AR%, which is globally unchanged for
the entire tumor (i.e., the same amount of increasing and
decreasing voxels).

It is somewhat surprising to observe an increase in tu-
mor oxygenation along with a decrease in blood flow. In
addition to the fact that the increase in pO, observed here
is the result of a decrease in oxygen consumption rate by
the tumor cells (and thus is independent of any flow ef-
fect), it is important to note that blood flow is sampled on
a pixel-by-pixel analysis, while pO, is sampled on more
than one pixel at a time (even though it is still a “local”
measurement). The measured pO, is thus an “averaged”
value of different pixels that might individually show dif-
ferent patterns in terms of blood flow (e.g., a lack of
change, slight decrease, or complete cessation of flow).
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R’ did not change significantly in insulin-treated mice.
The mean change in R’ is therefore not correlated with the
changes in pO, measured with EPR oximetry or with the
fiber-optic probes (OxyLite™, which are based on the ox-
ygen-quenched lifetime of a luminescent ruthenium dye),
measured on the same FSall tumor model. In the latter
experiments, tumor pO, was observed to rise up to
~10 mmHg (from a baseline of ~3 mm Hg), which was the
result of a threefold decrease in oxygen consumption rate
by the tumor cells.

To help explain the discrepancy between these changes
in pO, and the lack of change in R’ observed in the current
study, we note that EPR and OxyLite™" provide extracellu-
lar measurements, whereas AR’ results from the intravas-

perfused voxels

cular compartment only. An additional issue with Oxy-
Lite™ and EPR spectroscopy is that they report on local
tissue pO,, whereas BOLD MRI provides an index over the
whole tumor. The localized EPR measurements corre-
spond to an average of pO, values in a volume of 10 mm?
Hg (21). This technique has been extensively validated in
our laboratory and was used to identify numerous radio-
sensitizing compounds (21). Moreover, the reproducibility
of the results obtained with both techniques (EPR and
fiber-optic probes), as well as in mice, suggests that the
effect should not be completely heterogeneous inside the
tumor. It is also unlikely that our paramagnetic or fiber-
optic probes would have been systematically implanted in
a region with a particular behavior in R}, especially since
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pixels with changes in R’ were randomly distributed
rather than grouped in a given region. EPR imaging using
soluble materials that are able to diffuse into the area of
interest could potentially extend the application of this
technique to 3D measurements of oxygen tension, albeit
with diminished sensitivity (max 5 mmHg accuracy) (19).

Other factors may also explain this discrepancy. A pre-
vious study noted that changes in R’ are not always indic-
ative of changes in pO, (7). Concomitant changes in blood
volume, blood pH, or metabolic status can lead to smaller
than expected or even negative changes in R%. The blood
volume is probably not involved in this case, since the
DCE study did not show any change in Vp. However, the
metabolic status of the tumor was previously shown to be
profoundly affected after insulin infusion (13). An in-
crease of the anaerobic glycolytic pathway activity result-
ing in an increase in the tumor lactate content was shown.
These results confirm that metabolic changes associated
with vasoactive challenges can have an unpredictable in-
fluence on blood saturation and R3. In this field, it would

perfused voxels

be particularly interesting to study other modifiers of ox-
ygen consumption by tumor cells with GRE imaging, such
as acute hyperglycemia (22) and meta-iodobenzylguani-
dine (MIBG) (23).

Finally, it is also important to note that we did not take
into account the importance of spectrally inhomogeneous
changes in the water resonance in this study. Small BOLD
contrast changes can be caused by small deviations from
the Lorentzian lineshape, which are difficult to detect by
fitting the spectra. Interpretation of the results would ben-
efit from high spectral and spatial resolution (HISS) imag-
ing, which has been shown to detect these changes more
accurately than conventional GRE imaging (24).

In conclusion, this study further emphasizes the fact that
the BOLD contrast and AR’ in tumors are not uniquely in-
terpretable in terms of tumor oxygenation status. In the case
of insulin, which inhibits the oxygen consumption rate by
tumor cells, it is clear that a lack of change in R%, or even a
decrease in the relative GRE SI, does not necessarily mean
that tumor oxygenation has not improved. Tumor Tow GRE
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FIG. 3. Effects of insulin and NS-398 treatment on the hemodynamic parameters using a multiple-echo GRE sequence. The evolution over time
of three factors (the GRE signal (top row), the variation in relaxation rate R; (second row), and the parameter S, (theoretical signal at TE = 0 ms,
third row) is shown. Left, insulin-treated tumors; middle, control tumors; right, NS-398-treated tumors. Values are the mean of six mice for insulin
and control, and five mice for NS-398. The bottom row shows the evolution of pO, as a function of time measured by EPR oximetry (adapted
from Refs. 14 and 16). pO, values are the mean of five mice for insulin and control, and seven mice for NS-398. Note that the BOLD Sl and S,
decreased with time, while the R was stable. Note also that the R, does not correlate with the evolution of the pO,.

MRI results should therefore be interpreted with caution.
One may have to take other hemodynamic or metabolic
changes into account while trying to interpret BOLD results.

ASI (%)

> +40

+30

>+ 16

AR2%(s-1)

Independent measurements of factors such as oxygen and
blood flow should therefore be performed in order to better
characterize tumor hemodynamic changes.

FIG. 4. Typical parametric maps
of changes in GRE SI (%) (left), R,
(s™) (middle), and Sy(%) (right) af-
ter an insulin challenge. We can
observe that the decrease in A SI
correlates more to the decrease
in AS, than to ARj, which is glo-
bally unchanged for the entire tu-
mor (i.e., the same amount of in-
creasing and decreasing voxels).
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