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EXPERIMENTAL

BOLD contrast fMRI of whole rodent
tumour during air or carbogen breathing
using echo-planar imaging at 1.5T

Abstract The aim of this study was
to evaluate the feasibility of func-
tional MR imaging (fMRI) at 1.5 T,
exploiting blood oxygenation level-
dependent (BOLD) contrast, for
detecting changes in whole-tumour
oxygenation induced by carbogen
(5% CO,+95% O,) inhalation of
the host. Adult WAG/Rjj rats with
rhabdomyosarcomas growing sub-
cutaneously in the lower flank were
imaged when tumours reached sizes
between 1 and 11 cm? (n = 12). Air
and carbogen were alternatively
supplied at 2 1/min using a snout
mask. Imaging was done on a 1.5-T
MR scanner using a T2*-weighted
gradient-echo, echo-planar imaging
(GE-EPI) sequence. Analysis of the
whole-tumour EPI images was
based on statistical parametric
maps. Voxels with and without sig-
nal intensity changes (SIC) were re-
corded. Significance thresholds
were set at p < 0.05, corrected for
multiple comparisons. In continuous
air breathing condition, 3 of 12 tu-
mours showed significant negative
SIC and 1 tumour had a clear-cut
positive SIC. The remaining tu-

Introduction

The inappropriate vascular remodeling and the related
hypoxia are critical issues for survival and certainly
growth of tumours, as well as for the presence of radio-
and chemotherapy resistance; tumours with high oxy-
genation status on average responded more favourably

mours showed very little or no
change. When switching to carbogen
breathing, the SIC were significantly
positive in 10 of 12 tumours. Nega-
tive SIC were present in 4 tumours,
of which three were simultaneously
characterised by positive SIC. The
overall analysis indicated that 6 of
the 12 tumours could be considered
as strong positive responders to car-
bogen. Our research demonstrates
the applicability of fMRI GE-EPI at
1.5 T to study whole-tumour oxy-
genation non-invasively. The ob-
served negative SIC during air con-
dition may reflect the presence of
transient hypoxia during these mea-
surements. Selection of tumours on
the basis of their individual response
to carbogen is possible, indicating a
role of such non-invasive measure-
ments for using tailor-made treat-
ments.

Keywords Tumour oxygenation -
Hypoxia - BOLD fMRI - Carbogen -
Radiotherapy - Tumour imaging

than those that were poorly oxygenated (e.g. see [1, 2, 3]).

This knowledge has led to the introduction and evalua-

tion of agents that may have the potential to promote the
oxygenation status of the tumour. Agents such as carbo-
gen (5% CO,+95% O,) and nicotinamide have been
shown to selectively improve tumour oxygenation, both
with rodent and human tumours [4, 5, 6]. Subsequently,
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the combination of such agents specifically with radio-
therapy demonstrated the potential benefit of positive
tumour oxygenation changes [7, 8,9, 10].

Research has in parallel also focused on the mea-
surement of hypoxia levels in tumours, using a battery
of different techniques [11, 12, 13, 14, 15]. A drawback is
their invasiveness and the absence of whole tumour in-
formation. Although improving the understanding of
the physiology and biology of different tumour types,
such techniques on their own do not meet the require-
ments to enable, for example, non-invasive repeated
oxygenation measurements, before and during treat-
ments, in relatively short time. They also do not allow
the assessment of anatomically difficult and deep-seated
tumours. The availability of a non-invasive total-body
imaging technique could thus positively guide oxygen-
ation modulating treatments that aim to improve tu-
mour control and patient survival.

One potential candidate principle, extensively used
in functional MRI (fMRI) to assess brain activity trig-
gered with external stimuli, involves the endogeneous
blood oxygenation level-dependent (BOLD) contrast
[16, 17, 18]. The BOLD contrast relates to the endoge-
neous change of paramagnetic deoxyhaemoglobin that
is translated in variation of MR signals. The method
thus likely offers a non-invasive and clinically applicable
tool to detect changes in tumour oxygenation from dif-
ferent treatments without the need to inject contrast
agents, nor to disturb the tumour microenvironment.
Tumour oxygenation data were collected using fMRI
applying a gradient-recalled-echo (GRE) technique,
specifically in function of responses to various gas
breathing [19, 20, 21, 22]. Two important limitations re-
main. The measurements were performed with single-
slice techniques and they often involved magnetic field
strengths above 4 T, except in some limited experience
with both animal and patient pilot studies [23, 24, 25,
26]. Extrapolation of these results to lower field strength
systems is not straightforward.

The major objective of our investigation was to eval-
uate the application of BOLD contrast fMRI at a clinical
whole body 1.5 T using a fast echo-planar imaging (EPI)
sequence, as a non-invasive tool to determine changes in
tumour oxygenation from carbogen breathing of the
host. The relationship between carbogen responses and
tumour volume was also addressed. Finally, the question
was raised as to whether the proposed analysis allowed
for clear-cut selection of carbogen responsive tumours.

Materials and methods

In vivo tumour model

Male adult WAG/Rij rats, with a body weight of approximately
270 g, were implanted subcutaneously in the lower flank region

with a 1-mm? piece of syngeneic rhabdomyosarcoma (R1 tumour).
At the time of the fMRI study their volume was estimated using a
calliper, correcting for the thickness of the skin. The experiments
were planned to incorporate various tumour sizes ranging between
0.1 and 14 cm?.

Animal preparation for imaging

The rats were anaesthetised with 0.1 ml/100 g Nembutal (Sanofi,
Brussels, Belgium) injected intraperitoneally a few minutes prior
to imaging. To reduce susceptibility artefacts, the animals were
placed supine in a flexible plastic recipient, and a mould of ap-
proximately 1.5-cm thickness was applied around the tumours and
the major part of the body. This mould consisted of the fast setting
alginate powder Xantalgin (Bayer Dental, Leverkusen, Germany),
remaining flexible and not interfering with the breathing capacity
of the animals. It could be removed rapidly from the body without
difficulty [27].

Throughout the measurements, the animals were breathing air
or carbogen (95% O,, 5% CO,) at a flow rate of 2 /min through a
small snout mask.

These animal-based experiments were in agreement with the
Ethical Committee for Animal Care and Use of the K. U. Leuven
(Belgium) and the national guidelines.

Imaging technique

The fMRI studies were performed on a whole-body 1.5-T MR
scanner (Magnetom Vision, Siemens, Erlangen, Germany), equip-
ped with a gradient system achieving 25 mT/m in 300 pys. A home-
made cylindrical coil of 14 cm diameter was used as antenna.

The imaging sessions consisted of the acquisition of scout im-
ages, followed by shimming and fMRI acquisitions. For the fMRI
acquisitions, series of sagittal T2*-weighted EPI images were ac-
quired through the entire animal. The parameters for the single
shot T2*-weighted EPI sequence used were: TE 39 ms; echo spac-
ing 0.8 ms; bandwidth 1950 Hz/pixel; field of view 288 x 384 mm;
matrix 96 x 128; slice thickness 3 mm; and interslice gap 1 mm.

Two series, each consisting of 120 measurements of 16 slices
and each lasting 8 min, were obtained sequentially. During the first
series air was continuously delivered, whereas during the second
series air and carbogen were delivered alternatively (i.e. 1 min of
air/5 min of carbogen/2 min of air).

Data analysis

The images were transferred to a workstation (Silicon Graphics),
corrected for motion and spatially smoothed by convoluting the
data using a Gaussian input function with a full-width at half max-
imum. Statistical parametric maps (SPM) were computed using
SPMO96 [28, 29]. The evaluation of the T2*-weighted images was
always done with reference to the mean baseline signal intensity
(obtained for air condition during the first minute of the imaging)
of every individual tumour screening. The different conditions
were modeled with a box-car function convolved with the haemo-
dynamic response function implemented as a delayed Gaussian
function [30] in the context of the general linear model, as em-
ployed by SPM96. Global changes were adjusted for by propor-
tional scaling, and low-frequency confounding effects were re-
moved by an appropriate high-pass filter. Specific effects were
tested by applying appropriate linear contrasts to the parameter
estimates for each condition, resulting in a ¢ statistic for each voxel.
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These statistics constitute an SPM. Significance thresholds were set
at p < 0.05, corrected for multiple comparisons.

Using a mouse-controlled cursor, the borders of the tumours
were manually traced on the T2*-weighed EPI images by the same
experienced radiologist (R.H.). The number of voxels within the
defined tumour volumes was counted, and a MR determined tu-
mour volume was calculated by multiplying the number of voxels
with their dimensions (3 x 3 x4 mm). The MR-determined tu-
mour volume was compared with the calliper-method using linear
regression.

Voxels showing a statistically significant increase or decrease in
signal intensity during air breathing were counted. The relative
degree of signal intensity changes (SIC) during air condition,
compared with the baseline signal intensity, was calculated for
each of the voxels showing changes above the significance thresh-
old. By summing up all the negative SIC and separately all the
positive SIC, two areas under the curves (AUCs) were calculated.
These AUCs were normalised by dividing them by the total num-
ber of voxels within the MR-defined tumour volume.

The same type of analysis was applied for the EPI images ob-
tained during the intermittent carbogen breathing condition.
These analyses also were performed for all tumours.

The results obtained during the air or the carbogen breathing
condition were compared using a paired non-parametric statistical
test (Wilcoxon’s signed-rank test); p-values < 0.05 were considered
significant.

Results

The comparison of the tumour sizes (n = 12), as either
obtained from the T2*-weighted images or with the
calliper, is shown in Fig. 1. The MR-determined vol-
umes of the 12 rat rhabdomyosarcomas under investi-
gation ranged from 1.62 to 10.37 cm?. Using the calliper
method, the volume of the tumours measured just be-
fore the fMRI study ranged from 0.9 to 8.9 cm®. An op-
timal linear fit was obtained between both methods of
measuring volume by using the following function: MR
volume = 0.8451xcaliper volume+0.3982 (R = 0.84).

=
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Fig.1 Comparison of the tumour sizes, determined either with the
delineation at the T2*-weighted images (indicated as MR volume)
or with the calliper approach

The MR-defined tumour volumes were used throughout
the further analysis of all fMRI images. Figure 2 dis-
plays a representative image of the rat tumour signal
intensity evaluation, both during air breathing (Fig. 2A)
and during the carbogen breathing condition (Fig. 2B).
Table 1 gives an overview of the absolute number of
voxels that showed positive, negative, or zero signal in-
tensity changes (SIC) either during the continuous air
breathing condition or during the switch to carbogen.
Figure 3 summarises the voxel-based measurements
(percentages deduced from the absolute values pre-
sented in Table 1). During the prolonged air breathing,
voxels with negative SIC were present in some tumours
(Fig. 3A), clearly seen in 6 of the 12 tumours: <10 % of
the total voxel number in 4 tumours, 27 % and 43 % in 2
other tumours (Table 1). The number of voxels that re-

Table 1 Tumour responses during air or carbogen breathing of the rats; analysis on the basis of voxel numbers (T2*-weighted images)

Air condition

Carbogen condition

MR volume Total number Negative Zero Positive Negative Zero Positive
(cm®) of voxels
1.62 45 0 45 0 1 30 14
1.8 50 0 50 0 11 32 7
2.52 70 0 67 3 1 45 24
3.17 88 9 78 1 2 84 2
3.6 101 11 89 1 12 87 2
432 120 51 69 0 2 89 29
4.97 138 37 101 0 0 106 32
6.8 189 0 189 0 42 147 0
7.42 206 0 206 0 0 190 16
7.99 222 16 206 0 1 112 109
8.42 234 5 198 31 0 204 30
10.37 288 17 271 0 5 212 71
1751 146 1569 36 77 1338 336
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Fig.2A, B BOLD fMRI with
EPI 39. Example of carbogen-
induced (B) signal intensity en-
hancement vs air breathing
condition (A) within a ran-
domly selected medium-sized
rat rhabdomyosarcoma

Tumour location s.c.at the lower flank

mained without SIC dominated the picture for the vari-
ous tumours. In comparison with the results during air
breathing, a significantly (p = 0.022) lower percentage
of voxels showing zero SIC was found during the car-
bogen breathing (Fig. 3B). This was parallelled by a
non-significant (p = 0.907) decrease in voxels with neg-
ative SIC, and by a highly significant (p = 0.002) in-

Fig.3 Box-and-whisker plot for A air condition and B carbogen
condition, representing the percentage of voxels with or without
signal intensity changes (SIC), and related to the MR volumes of
the tumours investigated. Mean (+) and median (horizontal bar in
the box), as well as the 25/75 percentiles (lower and upper edges of
the box) are indicated. Comparing the carbogen with the air con-
dition, statistical evaluation revealed a highly significant increase
in number of voxels with positive SIC (p = 0.0024), a lesser but
significant (p = 0.022) decrease in number of voxels with zero SIC
and a non-significant yet clear decrease of the number of voxels
with negative SIC
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crease in percentage of voxels with a positive SIC. In 4
tumours for which voxels with negative SIC were re-
corded during air breathing (< 7%-43 %), no negative
SIC were observed during the carbogen condition (Ta-
ble 1). A negative change of signal intensity of 22 % and
56 % was observed in 2 tumours, and 5-9 % in 2 others,
when the rats breathed carbogen (Table 1). For those
tumours that were responsive to carbogen, the change in
the EPI T2* signal intensity was very rapid, most often
reaching the highest value within 1 min after the switch
from air to carbogen (data not shown).

Figure 4 shows the variation in AUC for SIC, present
for air breathing and, although to a lesser extent, also
for carbogen breathing conditions. No correlation was
apparent between the AUC for SIC and the various tu-
mour volumes that were analysed.

Overall, in comparison with the air breathing condi-
tion (Fig. 4A), a much larger AUC for the positive sig-
nal changes is found during the carbogen breathing
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Fig.4 Display of AUC for the normalized SIC in the responding
voxels, for either A air or B carbogen breathing condition, in rela-
tion to the individual MR tumour volumes; graph A: the hetero-
geneous character of the intratumoral SIC during the prolonged
air condition, evaluated with respect to the baseline signal intensity
(average of first imaging minute), is reflected in positive (dark
bars) and negative (clear bars) SIC; graph B: the relative homoge-
neous positive change in signal intensity (dark bars) during carbo-
gen breathing can be deduced for all tumours, except 3 with also or
only negative (clear bars) SIC. This observation obviously relates
to the baseline signal intensity but has increased power when
comparison is done with the imaging results for prolonged air
condition

(Fig. 4B). As also can be discerned from Fig. 3B, in 3
tumours a clear-cut AUC of negative SIC is present.
With these 3 tumours (sizes at imaging = 1.8, 3.6 and
6.8 cm?, respectively), the benefit of using carbogen to
improve the oxygenation status is nil.

Figure 5 displays, only for the carbogen breathing
condition, the percentage of voxels showing positive
SIC compared with the AUC for degree of positive SIC
within the responding voxels for the remaining 9 tu-
mours individually (the main aim of our investigation).
The product of the responding voxels and their respec-
tive AUC, calculated for each tumour separately, indi-

cates that only 6 of the 12 tumours were very signifi-
cantly (p < < 0.05) responsive to the carbogen applica-
tion (see Fig. 5 for relative unit for response).

Discussion

In choosing an MR scanning technique for fMRI, spatial
resolution, acquisition speed (i.e. temporal resolution)
and signal-to-noise ratio (SNR) play an important role.
Optimizing one factor will be at the cost of the other
two. Echo-planar imaging allows rapid acquisition of a
single slice. Repeated measurements of the same slice
require a time interval of at least 2s. In the present
study, however, this time window was used for the mea-
surement of adjacent slices. Disadvantages of the tech-
nique are the relatively low spatial resolution and the
sensitivity to susceptibility artefacts. The large acquisi-
tion bandwidth needed for the rapid sampling results in
a poor SNR. Susceptibility artefacts are caused by field
inhomogeneity at air/tissue interfaces, gradient non-lin-
earity and chemical shift. Using a body-adapted mould,
significant improvement of image quality has been ob-
tained by decreasing the magnetic susceptibility at the
air/body interface boundary of an animal [27]; however,
this correction is not perfect, and may explain the non-
optimal correlation (R = 0.84) between the tumour vol-
umes determined by the calliper method with those
measured on the MRI GE-EPI-images, with the former
being the most secure volume approach. The low SNR is
compensated by repeated measurements and analysis
using statistical methods.

Studies on fMRI of tumours published until now
used single-slice GRE sequences at high field strength
(e.g.see [19,20,21]). The in-plane spatial resolution and
SNR during these experiments is better than what can
be obtained with the GE-EPI technique that we de-
scribe. Applying the GRE technique, however, we could
not visualise an effect of carbogen inhalation as at-
tempted in at least 5 tumour-bearing rats, whereas GE-
EPI images did show a response in all the tumours that
were analysed.

An obvious limitation of GRE images is that the
single section may not be representative for the entire
tumour. The EPI sequences allow, however, to examine
the entire body/tumour in a multi-slice fashion, and may
therefore provide a more comprehensive evaluation of
the tumour response to carbogen breathing. The limited
spatial resolution of GE-EPI introduces a problem of
signal averaging within each voxel, and thus a very de-
tailed mapping of tumour oxygenation is not feasible,
which counterbalances somewhat the gain of temporal
resolution obtainable with this imaging procedure.
However, every technique used to estimate tumour ox-
ygenation suffers to some extent from the problem of
signal averaging; furthermore, none of the thus far ap-
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Fig.5 Overview of the data for
only positive intratumoral SIC
induced with carbogen breath-
ing of the rats, in relation with
tumour size (the three tumours
with which strong negative SIC
were observed during carbo-
gen, see Fig. 3B, have been
omitted). Both, areas under the
curves (AUG; clear bars) and
voxel number (dark bars), are
plotted. The “inset graph” rep-
resents the product of both re-
sults of the analysis, and allows
to depict the rhabdomyosarco-
mas that showed a highly sig-
nificant response (6 of 12 tu-
mours in the present study con-
dition) to carbogen inhalation
of the host

Response to carbogen (%)

plied methodologies, including microelectrode mea-
surements, allows evaluation of the entire tumour.
During the application of the body-adapted mould
and the subsequent BOLD contrast fMRI, the animals
were immobilised with an anaesthetic. Possible subtle
effects of the Nembutal anaesthesia on the effectivity of
carbogen breathing and consequently also on the oxy-
genation of the subcutaneous growing rhabdomyosar-
comas cannot be excluded; however, no straightforward
agreement on such a bias can be deduced from the lit-
erature involving subcutaneous tumour models. Some
blood-flow-reducing or hypoxia-inducing effect from
this anaesthetic has been reported, but it was insignifi-
cant or not at all different from the subcutaneous tu-
mour condition during physical restraint without any
sedation [31, 32, 33]. Moreover, all of these published
data involved tumours much smaller than 1 cm®. With
our study, the subcutaneous rhabdomyosarcomas were
much larger at the time of imaging; thus, inherent to the
natural process of hypoxia development during tumour
growth, any slight additional hypoxia from the use of the
pentobarbital likely will become proportionately of
lesser influence anyway. The moulding should not affect
the tumour oxygenation condition since it remains flex-
ible, thus allowing the normal breathing of the animals.
The present fMRI data for rat rhabdomyosarcoma
show that when carbogen was administered to the rats
bearing the rhabdomyosarcoma, a rapid change
(< 1 min to reach the maximum) in T2*-weighted signal
intensity was observed in most tumours, independent of
the tumour size (graphical pixel-by-pixel data analysis
not shown). With BOLD contrast GE-EPI fMRI, in-
creases in T2*-weighted signal intensity are related to
decreases in deoxyhaemoglobin, and therefore indica-

OAUC of SIC (for resp
voxels) normalised

1500
gl
Ll
for MR tumour volume &00
H Responding voxals a0
: (s} o~
@ L
- ™

10.4 —

252 347 432 497 742 799 842 10,37
MR tumour volume (cm?)

tive for improved oxygenation in the tissue under in-
vestigation. Inversely, decreases in T2*-weighted signal
intensity are related to increases in deoxyhaemoglobin
and thus likely reflective for tissue hypoxia induction.
Other research teams have investigated oxygenation
changes under different gas breathing conditions in a
variety of tumor systems [19, 20, 21]. The carbogen-in-
duced changes of tumour oxygenation published for
these other tumor types with different techniques were,
when present, also recorded rapid in time and to a sig-
nificant extent.

The second observation in our study was the large
intertumour variability as well as an important intratu-
mour difference in SIC when the rats breathed carbo-
gen. Separate from the major presence of tumour parts
with zero changes, in most tumours positive signal in-
tensity changes were observed (indicating improved
oxygenation); however, also negative changes in inten-
sity (indicating reduced oxygenation) were seen both in
separate as well as in the same tumours. This was true
when analysing both the number of responding voxels
and the changes of the signal intensity within these
voxels (AUC).

The proportion of voxels with zero SIC (see Table 1)
should be interpreted as the simultaneous presence of
oxygenated tumour parts and areas of necrosis, propor-
tionately depending on the tumour size at measure-
ment. A correlation between the random distribution/
extent of necrosis and the tumour volume in rat rhab-
domyosarcomas has been indicated previously by histo-
pathological evaluation of haematoxylin-eosin stained
sections of tumours of the present size-range investi-
gated [34]. On the other hand, sufficient haemoglobin
saturation with oxygen at the time of imaging could also
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explain the absence of a carbogen effect in some tumour
parts. This information correlates with the heteroge-
neous response to carbogen breathing seen in our fMRI
studies (present work) and the GRE MRI studies of
others (e.g. see [20, 21, 22]). Already in this perspective
of heterogeneity, the possibility to analyse the whole
tumour in a short time is an attractive and necessary
feature to quantitate the variable effects of oxygenation
modifying compounds.

The increases in signal intensity observed with MR
spectroscopic imaging of subcutaneous R3230AC rat
mammary adenocarcinomas (volumes of approximately
0.5 cm?) have been discussed as the result of improved
blood oxygen concentration and oxygen diffusion [35].
Such relationships may likely explain the carbogen-in-
duced positive changes on T2*-weighted BOLD con-
trast images as measured in the present investigation
with subcutaneous rat rhabdomyosarcomas. Also other
studies illustrate that the amelioration of tumour oxy-
genation is highly related to the blood pO, increases.
With near-infrared spectroscopy, van der Sanden and
colleagues demonstrated a clear-cut improvement of the
oxyhaemoglobin concentration in tumour blood, when
the mice breathed carbogen at any CO, content be-
tween 1 and 5% [36]. These measurements were per-
formed on a xenografted human glioma, when tumour
size was on average 0.5 cm?®. Obviously, the balance be-
tween the rate of oxygen consumption of tumour and
stromal cells and the oxygen diffusion during carbogen
application will impact on the overall analysis outcome;
the latter will therefore and in the first place depend on
the tumour type, inplantation site, and its changing
general morphology, as well as its quality of vascularity
during growth.

Furthermore, and not really surprisingly, carbogen
also induced prominent negative signal intensity chan-
ges in three rhabdomyosarcomas, independent of tu-
mour size. In at least three studies involving GRE MRI
of different tumours, researchers demonstrated a tran-
sient decrease in signal intensity or no response during
carbogen breathing [21, 23, 37]. Also with MRS, such
negative as well as positive SIC from carbogen inhala-
tion compared with air breathing (control condition)
have been seen [19]. These observations strengthen the
biological reality of this phenomenon. This heterogene-
ity within a single tumour was attributed by Al Hallaq
and colleagues to an intratumoral “steal effect” [19].
They suggested that this could be due to redistribution
of blood flow within the tumours. In a patient study, the
steal effect seemed the most obvious explanation for the
reduced GRE MRI signal during the carbogen breath-
ing as observed in two different tumour types [23]. In
our opinion, it could be the result of the intratumoral
change in balance between the vasodilating effect from
the CO, partner and the vasoconstriction effect from
the O, partner in the carbogen. It should be noted that

the breathing of 100 % oxygen either had no effect on
the oxy- to deoxyhaemoglobin ratio, or reduced the
oxyhaemoglobin concentration in the tumour blood cir-
culation as the result of vasoconstriction [36, 38]. These
seemingly conflicting phenomena may well be the result
of a similar physiological response from the intratu-
moral vasculature, partly controlled to a thus far un-
known extent of the microvessel maturity and configu-
ration.

Finally, also with the prolonged air-only condition,
heterogeneity was appreciated, with tumours showing
some positivity in SIC and others with definite evidence
of negative SIC. The presence of voxels with negative
signal intensity during 8 min of air breathing (identical
box-car function analysis as with the carbogen response
analysis), as seen strongly in 3 rhabdomyosarcoma tu-
mours and slightly in 3 others, could indicate the occur-
rence of areas with acute-type transient tumour hypoxia
at the time of the MRI multislice measurements. This
type of hypoxia is a relatively well-known physiological
behavior that is the result of sequential opening and
closure of tumour microregional vessels [39, 40]. These
intermittent changes of the oxygenation status in tu-
mours may thus relate to a transient reduction in eryth-
rocyte flux, with subsequently alterations in oxygen dif-
fusion and consumption rate (see for discussion e.g. [41,
42]). The time course of transient changes in blood flow
within a rat mammary adenocarcinoma has been docu-
mented using Fourier analysis and shown to be much
stronger present in the tumour as compared with muscle
[43].

The overall picture indicates the appropriateness of
imaging the whole tumour for the translation of oxy-
genation changes. Other methods appreciated until now
as “standard” (such as Eppendorf pO, microelectrode
or biopsy-related hypoxia immunohistochemistry) en-
able a certain yet limited level of knowledge about the
oxygenation condition in tumours, and only, however,
for those that can be reached. The fMRI data obtained
with GE-EPI and presented herein, being non-invasive
and short in time, should permit the study of tumour
oxygenation also during the treatment phase. Several
recent small-scale clinical studies, using either micro-
electrode pO, measurements or perfusion MRI, report-
ed the importance of evaluating tumour characteristics
before and during the course of radiochemo- or radia-
tion-only therapy (e.g. [44, 45, 46]).

Our initial results with the rat rhabdomyosarcoma
tumour model provide good evidence for the feasibility
to image tumour oxygenation using the BOLD fMRI
with GE-EPI operating at 1.5 T. Significant inter- and
intratumoral heterogeneity in changes in T2%*, reflecting
changes in intratumoral oxygenation status from the
carbogen breathing, were observed. The imaging and
analysis methodology enabled the selection of tumours
that reacted favourably (or the opposite) to the carbo-



2339

gen breathing of the hosts. The fMRI methodology also
allowed to indicate the spontaneous presence of tran-
sient hypoxia, as evidenced by the analysis of intratu-
moral signal intensity fluctuations that occurred during
continuous (8 min) air breathing of the rats. The pro-
posed total-body fMRI methodology involving a clini-

cally applicable magnetic field strength and fast whole-
tumour screening should help in the selection of differ-
ential oxygen-improvement-related treatments.
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