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Purpose: The aim of this study was to characterize and to validate noninvasive '’F-magnetic resonance
relaxometry for the measurement of oxygen tensions in human glioma xenografts in nude mice. The following
three questions were addressed: 1. When perfluorocarbon compounds (PFCs) are administrated intravenously,
which tumor regions are assessed by 'F-MR relaxometry? 2. Are oxygen tension as detected by '*F-MR
relaxometry (pO,,c1ax0) cOmparable to Eppendorf O,-electrode measurements (pOs,eieciroac)? 3- Can 'F-MR
relaxometry be used to detect oxygen tension changes in tumor tissue during carbogen breathing?

Methods and Materials: Slice-selective '’F-MR relaxometry was carried out with perfluoro-15-crown-5-ether as
oxygen sensor. The PFC was injected i.v. 3 days before the ’F-MR experiments. Two datasets were acquired
before and two after the start of carbogen breathing. The distribution of PFCs and necrotic areas were analyzed
in '’F-Spin Echo (SE) density MR images and T,-weighted "H-SE MR images, respectively. One day after the
MR investigations, oxygen tensions were measured by oxygen electrodes in the same slice along two perpendic-
ular tracks. These measurements were followed by (immuno)histochemical analysis of the 2D distribution of
perfused microvessels, hypoxic cells, necrotic areas, and macrophages.

Results: The PFCs mainly became sequestered in perfused regions at the tumor periphery; thus, '*F-MR
relaxometry probed mean oxygen tensions in these regions throughout the selected MR slice. In perfused regions
of the tumor, mean pO,,,....., Values were comparable to mean pO,,.ctroqe Values, and varied from 0.03 to 9
mmHg. Median pO,, cceoqe Values of both tracks were lower than mean pO,,,...c, Values, because low pO,,
clectrode values that originate from hypoxic and necrotic areas were also included in calculations of median
PO5 cicctrode Values. After 8-min carbogen breathing, the average pO,,,.1.x, increase was 3.3 = 0.8 (SEM) mmHg

and 2.1 = 0.6 (SEM) after 14 min breathing.

Conclusions: We have demonstrated that PFCs mainly became sequestered in perfused regions of the tumor.
Here, mean pO,,, .., Values were comparable to mean pO,,.jcciroqe Values. In these areas, carbogen breathing
was found to increase the pO,,, ..., Values significantly.

"F-MR relaxometry, Polarography, Gliomas, Oxygen tension, Carbogen.

INTRODUCTION

It has been shown that the oxygen tension of tumor tissue is
an important physiological parameter during radiotherapy
treatment (1-3). Hypoxic tumor cells are approximately 3
times more radioresistant than well-oxygenated cells (1).
Therefore, modulations of the oxygen tension in tumor
tissue may enhance the sensitivity of tumor cells for radio-
therapy. For example, breathing of carbogen (95% O,, 5%

CO,) has been introduced to decrease the fraction of chron-
ically hypoxic cells (4—6). The combination of carbogen
breathing with the administration of nicotinamide has pro-
duced a significant increase in local control of advanced
laryngeal tumors (7).

A method to assess local or global oxygen tensions in
tumor tissue would be valuable and may be used to predict
the outcome of a treatment modality. Polarography (Eppen-
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dorf O, electrodes) is the most frequently used technique for
direct measurements of local or global oxygen tensions in
tumor tissue (PO, /ciectrode) (8> 9). Although oxygen elec-
trodes are small, polarographic measurements are invasive
and studies of deep tumors are difficult or even impossible
without surgery.

"F-magnetic resonance relaxometry ('’F-MR relaxom-
etry) using perfluorocarbon (PFC) compounds is a nonin-
vasive technique that permits the determination of local or
global oxygen tensions in tumors (PO, eiaxo)> INdependent
of the location of the tumor (10—17). This technique is
based on the linear relationship between the spin-lattice
relaxation rates (1/T,) of '’F-spins in PFCs and the local
oxygen tension in tumor tissue. In most '’F-MR relaxom-
etry studies, PFCs are administered i.v. a few days before
the MR measurements (11-15). After approximately 3 days,
PFCs had accumulated in tumor tissue and in the reticu-
loendothelial system of liver and spleen, and PFCs were not
detectable in blood plasma (11, 15, 18).

Before '’F-MR relaxometry can be used as an indicator
of absolute oxygen tensions or oxygen tension changes in
tumor tissue, it will need extensive comparison with more
established techniques, such as polarography. A proper
comparison between both techniques is possible when the
distribution of PFC compounds is spatially correlated to the
approximate location of the O, electrodes. In addition, it is
necessary to know how the distribution of the PFCs and the
location of the O,-electrode tracks are spatially correlated to
the distribution of perfused, hypoxic, and necrotic tumor
areas. The extent of the latter areas determines local or
global oxygen tensions in tumors, and can be used to
explain possible differences of pO, values as probed by
both methods. Furthermore, validation of pO,,,.j.xo Values
with pOy/gieerode Values is of interest because pO,ciaxo
values are derived from T,-relaxation rates of '°F-spins in
perfluorocarbon compounds and, in principle, these relax-
ation rates may also depend on other physiological and
histological parameters.

The aim of this study was to characterize and to validate
in vivo ""F-MR relaxometry as a tool to measure oxygen
tensions and changes in oxygen tensions noninvasively in
human glioma xenografts. The following questions were
addressed: When perfluorocarbon compounds (PFCs) are
administrated i.v., which tumor regions are assessed by
"F-MR relaxometry? How are the pO,/,.j.., Values related
t0 POsjeiectrode Values? Finally, can '’F-MR relaxometry be
used to detect oxygen tension changes in tumor tissue
during carbogen breathing?

To answer these questions, the 2D distribution of perfluo-
rocarbon compounds in 'F-MR images was compared to
the 2D distribution of perfused microvessels, hypoxic re-
gions, macrophages (18), and necrotic areas using histo-
chemical analysis (19) and T,-weighted '"H-MR images,
respectively. In a previous study (18), it had been suggested
that PFCs are taken up by macrophages and, therefore, the
distribution of the latter was also compared to the PFC
distribution. For each tumor, both pOy,ciaxo a0d PO2/ciectrode

values were sampled in comparable slices through the cen-
ter of tumors and oxygen tensions changes were measured
during carbogen breathing.

MATERIALS AND METHODS

Animal model

Human glioma xenografts (line E49) were grown subcu-
taneously in the hindlimbs of 13 athymic mice (Balb/c
nu/nu, BonholdGard, Ry, Denmark) (20). In pilot studies on
the feasibility of slice-selective '’F-MR relaxometry, mea-
surements of oxygen tensions in 2 homogeneously perfused
human glioma xenograft lines (E98, E106) (20) and a het-
erogencously perfused line (E49), the PFC uptake was only
sufficient for slice-selective '’F-MR relaxometry measure-
ments in tumor line E49. Tumor volumes (cm?) of the latter
line were estimated from the formula: (7/6) X abc, where a,
b, and c are orthogonal diameters as measured with calipers.
Mice were anesthetized with 2 % enflurane in an oxygen-
nitrous (25% O,) gas mixture applied through a nose cone.
For experiments with carbogen breathing, the oxygen-ni-
trous gas mixture was switched to carbogen (95% 0,/5%
CO,) and the percentage of enflurane was kept constant.
The flow velocity was 1 L. min ™' in all experiments, and the
composition of gas mixtures was analyzed online at the inlet
of the nose cone with a gas monitor (Datascope Multinex,
Datascope Corp. Paramus, NJ). All experiments were
started 5 min after the beginning of carbogen breathing. The
S-min prebreathing time was based on results of near-
infrared spectroscopy experiments, which showed that, after
5 min, the oxyhemoglobin concentration was close to a
steady state (21). Body temperature was monitored with a
rectal probe (36-gauge wire, Hewlett Packard) and main-
tained at 36.5°37° C by a warm water blanket with a
feedback system. The anesthesia and temperature control
were similar for the in vivo '’F-MR relaxometry studies and
the polarography measurements (see next sections); thus,
possible effects of, for example, anesthesia on the results of
both experiments were comparable.

The experimental procedures were approved by the local
ethical committee for animal use.

F-MR relaxometry

"F-MR relaxometry measurements were performed on
an SMIS spectrometer interfaced to a vertical bore magnet
(4.3 T), employing a home-built 'H/'’F double tunable
solenoid (J 13 mm).

In vitro experiments. An in vitro calibration curve [1/T,
(s ") vs. pO,, mmHg] was generated using an inversion-
recovery T,-sequence with a 180° adiabatic full passage
inversion pulse (22) and a 90° hard excitation pulse. The
PFC emulsion (40% (v/v) perfluoro-15-crown-5-ether,
HemaGen/PFC, St. Louis, MO) was bubbled for 60 min
with 5 different gas mixtures (O,/N,) containing 0%, 10%,
21%, 48%, and 100% O,. During the T, measurements, gas
mixtures were led smoothly over the emulsion to maintain



pO, levels. The temperature of the emulsion was monitored
online and was kept at 37° C using the same feedback
system and rectal probe as mentioned in the previous para-
graph. For low pO, values, the T,-relaxation time of '’F-
spins is relatively long; thus, a different array of delay times
between inversion and excitation pulse was used for correct
measurements of the different T,-relaxation times. For the
gas mixtures containing 0% and 10% O,, the 8 delay times
of inversion (TIs) varied between 0.2 and 6 s and, for the
other gas mixtures, the TIs ranged from 0.2 to 3 s. The in
vitro calibration curve was determined from 3 independent
measurements.

In vivo experiments. Three days before the NMR exper-
iments, 0.15 ml of the 40% (v/v) PFC emulsion was injected
via a tail vein (dose: 4.2 g/kg). For the appropriate posi-
tioning of a coronal slice for '’F-MR relaxometry studies
through the center of the tumor parallel to the solenoid coil,
multislice coronal T,-weighted 'H-spin echo images (SE
images) were acquired (TR = 1's, TE = 0.06 s, number of
scans = 2, matrix size = 128 X 128, FOV 15 X 15 mm,
slice thickness 1.5 mm). Simultaneously, these T,-weighted
"H-SE images were used for analysis of the necrotic area
distribution in comparable slices as observed in in vivo
YF-MR experiments. The water diffusion coefficient was
found to be larger in necrotic areas than in vital tumor areas
(23), which may result in higher signal intensities in T,-
weighted 'H-SE images. Next, '°F-SE density images were
obtained at the same position as the 'H-SE images using the
following parameters: TR = 8 s, TE = 0.03 s, NS = 2,
matrix size = 64 X 64, FOV = 15 X 15 mm, and slice
thickness 4 mm. The '’F-SE density images were used for
analysis of the 2D distribution of PFCs in similar slices as
used in in vivo "’F-MR relaxometry studies.

In vivo "’F-MR relaxometry studies were performed with
a slice-selective inversion-recovery T, sequence with sim-
ilar acquisition parameters as used in the T, sequence for
the determination of the in vitro calibration curve. The pulse
width of the 90° sinc excitation pulse was optimized for a
slice thickness of 4 mm. Eight TIs were used between 0.8
and 8 s, TR = 12 s, NS = 4, total measurement time 384 s.
Two T, measurements were performed before carbogen
breathing and subsequently two during carbogen breathing.

To obtain an in vivo 1/T, value for the calibration curve
at pO, = 0 mmHg, four independent in vivo experiments in
mice were performed. T,-values of '°F-spins before and
every 6 min after the killing of mice were determined with
the slice-selective inversion-recovery T, sequence, as de-
scribed earlier. Mice were killed by switching off the oxy-
gen supply and, 1 min afterward, the total supply of anes-
thesia was stopped. Experiments on dead mice were finished
when T, values of '’F-spins reached a steady state. The
temperature of the skin adjacent to tumor tissue was mon-
itored on line and was kept at 36°°37° C using the same
feedback system and rectal probe as mentioned above. Note
that the T -relaxation time of '°F-spins is not only related to
the oxygen tension in tissue, but also to tissue temperature.
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Therefore, temperature control is important in all experi-
ments.

Data analysis. From 3 independent in vitro measure-
ments, the calibration curve, 1/T; (s~ ') vs. pO, (mmHg),
was obtained by linear regression analysis with Graphpad
software (Graphpad PRISM, version 2.0, San Diego, CA).
As the intercept value of the calibration curve at pO, = 0
mmHg, the mean 1/T, as measured in 4 dead mice was
applied. This calibration curve was used to convert in vivo
T, relaxation rates (R,) of '*F-spins to pO,,.1ax, Values. The
standard errors of the intercept value and the slope of the
calibration curve were propagated in the calculations of the
SEM of absolute mean pO, .. 1.x, Values per tumor slice in
experiments without carbogen breathing (n = 2) or were
propagated in calculations of the SE of changes in the
PO5/relaxo Values after 8 and 14 min carbogen breathing. For
carbogen breathing experiments, the average pO,ciaxo
changes of all tumors (n = 13) was analyzed with a paired
t test.

Polarographic measurements of the oxygen tension in
tumor tissue

One day after the '"F-MR experiments, invasive pO,
measurements were performed with a computerized polaro-
graphic system (KIMOC 6650, Eppendorf, Hamburg). The
details of this technique have been described previously (8,
24). Briefly, the intratumoral pO, was registered with a
polarographic needle (pOyejecioqe) With a diameter of 300
pm. The sensitive membrane-covered cathode has a diam-
eter of 17 wm, resulting in a hemispherical measuring
volume with a diameter of approximately 50 um around the
tip of the electrode (25).

To reduce the resistance of the skin during the insertion
of O,-electrodes in tumors, a small hole was made in the
skin adjacent to tumor tissue using a needle with a similar
diameter as the O, electrodes. Tissue compression artifacts
were minimized with forward movements of the O, elec-
trode (500 wm), immediately followed by a backward step
of 200 wm (26). Tumor oxygenation measurements were
performed along two perpendicular tracks in the comparable
tumor slices as used in the slice selective '°F-MR relaxom-
etry. Per track, 12 individual pO,,.jecrode data points were
measured. The drift was < 0.4 %. min~". POyuecnode
values of a track were omitted, when the tumor started
bleeding after insertion of the O, electrode. The raw data of
the pO,eiceroqe Measurements were exported from the
KIMOC device into a personal computer for statistical
analysis.

Data analysis. Per tumor slice the median pO,/eicctrode
value of both tracks was calculated (n = 24). Next, in the
same slice, the mean of the pO,,qjceroqcvalues was calcu-
lated from these sample points that coincided with the PFC
distribution in the perfused tumor rim (n = 2). These values
appeared to be the first and maximum values of the sampled
data points in both tracks; therefore, this physiological pa-
rameter was denoted as the mean maximum pO,,qicetrode
value. Both the median pO,/gjcerrode Value and the mean
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maximum pO,/eiecrodeWere compared to the absolute mean
pOZ/relaxo values.

Fluorescence microscopy and (immuno)histochemical
analysis of the 2D distribution of perfused microvessels,
hypoxic-/necrotic areas, and macrophages

In complete transverse tumor sections, morphometric
analysis of perfused microvessels, hypoxic-/necrotic areas
and macrophages were performed using a computer-con-
trolled digital-image analysis system connected to a (fluo-
rescence) microscope. One day after the polarographic mea-
surements, 0.3 ml of a suspension was injected i.p. that
contained the following chemical compounds: 0.5 ml dim-
ethylsulphoxide, 4.5 ml heated peanut oil, and 70 mg of the
hypoxia marker 7(-)[4’-(2-nitroimidazol-1-yl)-butyl]-the-
ophylline (NITP, a generous gift of Dr. R. Hodgkiss, CRC
Gray Laboratory, Mount Vernon Hospital, Northwood,
Middlesex, UK). Two hours after administration of the
hypoxic marker NITP, a 0.05-ml solution of saline (0.9%,
pH = 7.4) containing a fluorescent perfusion marker
Hoechst 33342 (15 mg/kg, Sigma, St. Louis, MO) was
injected i.v. via a lateral tail vein. One minute after Hoechst
injection, mice were rapidly killed by dislocation of their
necks, and tumors were quickly removed and frozen in
liquid nitrogen, preventing the redistribution of fluorescent
perfusion marker Hoechst. Tumors were cut in half: one half
was used for quantitative immunohistochemical analysis of
perfused microvessels, the total microvascular bed, hypoxic
areas, and the 2D distribution of macrophages. The other
half was used for classical histological staining with eosin
(cytoplasm) and hematoxylin (nuclei). For each tumor half,
three frozen tissue sections (5 wm) at comparable locations
as the slices in '’F-MR relaxometry experiments were
made. The staining with eosin and hematoxylin was used to
distinguish viable tumor areas from necrotic areas.

Immunohistochemical analysis. The different cells and
cell structures were analyzed in four steps: the perfused
microvessels were analyzed first, followed by the immuno-
histochemical staining of hypoxic areas, the endothelium of
all microvessels, and macrophages. After each staining step,
sections were scanned using an extended version of the
digital image analysis system as described by Rijken et al.
(19). After processing all fields of each scan, a composite
image was reconstructed from the individual processed
fields, revealing the different structures. If the composite
images of the tumor sections obtained after each step were
combined, then the new matched image showed the 2D
distribution of perfused microvessels, hypoxic areas, the
total microvascular bed, and macrophages.

For the staining of hypoxic areas, sections were incubated
with rabbit antitheophylline (Sigma, St. Louis, MO), fol-
lowed by incubation with FITC-labeled donkey antirabbit
immunoglobulin (Jackson ImmunoResearch Laboratories,
West Grove, PA). The endothelium of all microvessels was
first stained with monoclonal rat antimouse antibody ME
9F1 (27), followed by the second and third antibody
TRITC-labeled goat antirat immunoglobulin and donkey

antigoat immunoglobulin (Jackson ImmunoResearch Labo-
ratories). In different tumor sections, but adjacent to sec-
tions with hypoxic cell staining, the macrophages were
stained with monoclonal rat antibody to mouse macrophage
(clone F4/80, rat IgG-2b, Caltag laboratories, Burlingame,
CA). The second antibody was rhodamine-labeled rabbit
antirat IgG (Cappel-Organon Technika, Durham, NC). In
the same sections as used for the analysis of the macrophage
distribution, the basal lamina of the tumor vasculature was
stained with collagen Type IV poly-clonal antibody (goat
antitype IV collagen, Southern Biotechnology Associates,
Birmingham, AL) and donkey antigoat immunoglobulin
labeled with FITC (Jackson ImmunoResearch Laborato-
ries).

Data analysis. Per tumor section, the 2D distribution of
macrophages, perfused microvessels, hypoxic, and necrotic
areas was compared to the 2D distribution of PFC com-
pounds in '°F-SE density MR images and the 2D distribu-
tion of high-intensity regions in T,-weighted '"H-SE MR
images, respectively. Per tumor section, the hypoxic frac-
tion and the necrotic fraction were calculated. Both param-
eters are defined as the total hypoxic or necrotic area per
total tumor section area. Next, an average necrotic and
hypoxic fraction was calculated for all tumors (n = 13).

RESULTS

Calibration curve for oxygen tension measurements by
"F_-MR relaxometry

In vitro ""F-MR relaxometry measurements of the PFC
emulsion (40%, v/v) at a temperature of 37° C for 5 differ-
ent oxygen tensions (pO,, mmHg) resulted in the following
calibration curve:

= 0.44 + 0.0028.p0,
T,

The standard error (SE) of the intercept value [0.44 (s~ )] is
2.3%, and the SE of the slope [0.0028 (s.mmHg) " is 1%.
The 1/T, value obtained from the in vivo '’F-MR relaxom-
etry studies on 4 dead mice was: 0.41 = 0.02 (SEM) s~ .
This 1/T, value is not significantly different from the inter-
cept value of the in vitro measurements. For calculations of
absolute mean pO,,..xo Values in the following sections,
this value of 0.41 s~ was used as intercept. It should be
noted that the intercept is not needed for calculations of
changes in the pO,/..jaxo Values.

Comparison of the 2D distribution of PFCs in '°F-SE
density MR images and high-intensity areas in T,
weighted 'H-SE MR images with the 2D distribution of
perfused microvessels, hypoxic -/necrotic areas, and
macrophages

Three days after i.v. injection of PFCs, the 2D distribu-
tion of PFCs in '°F-SE density images corresponds mainly
to the 2D distribution of perfused microvessels in Hoechst
images; see, for example, tumors No. 10 and 11 in Fig. 1A
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Fig. 1. (A) The PFC distribution in '°F-SE density MR-images of a slice through the center of tumors No. 10 and No.
11. (B) The 2D perfused microvessel (white structures) distribution in fluorescence microscopic Hoechst images of
comparable slices. (C) The 'H-signal intensities in T,-weighted '"H-SE MR-images in similar slices as the '’F-MRI
studies. Detailed analyses of the delineated area in (B) are given in Fig. 2.

and 1B. All tumors were well perfused in the periphery and
no perfused microvessels were detected in the center. The
nonperfused regions in Hoechst images correlated with high
intensity areas in T,-weighted 'H-SE MR images (Fig. 1B
and C). A detailed analysis of such a nonperfused area is
shown in Fig. 2 for tumor No. 10. In eosin- and hematox-
ylin-stained sections, these areas appeared necrotic (Fig.
2B). The average necrotic fraction of all 13 tumors was
0.5 = 0.06 (SEM) (-). In only 5 of the 13 tumors, NITP-
labeled cells (~ hypoxic cells) could be detected. The
average hypoxic fraction of these 5 tumors was 0.01 =
0.0013 (SEM) (-). In general, a thin layer of NITP-labeled
cells surrounded extensive necrotic cords; see, for example,
tumor No. 2 in Fig. 3A and 3B. For this tumor line,
comparable results were obtained with another hypoxic
marker, pimonidazole hydrochloride (PIMO) (P. Rijken
M.Sc., oral communication, November 1997). In only one
tumor, a small isolated group of macrophages was observed
in the perfused tumor rim (results not shown), of which the
2D distribution did not correlate with the distribution of
PFCs.

Comparison of median pO,,,1.coroqe VAlues with absolute
mean pO;,, ...ovalues in tumor tissue slices

Low S:N ratios in '?’F-MR spectra of PECs in the whole
tumor did not permit voxel-selective T, measurements or
local pOyeiaxo Studies within a reasonable time (11). Ab-
solute mean pO,..xo Values were measured in perfused
regions of the tumor throughout the whole MR slice (see
previous paragraph), and ranged from 0.03 to 49.7 mmHg

(see Table 1). In tumor No. 4, with a mean pO,),.1., Value
of 49.7 mmHg, an important region with low '"H signal
intensities was found near the center of the tumor in T,-
weighted '"H-SE MR images, probably corresponding to
extravasation of hemoglobin.

In this region, the blood oxygen tension directly effects
the T, relaxation time of '’F-spins of PFC compounds,
which may result in high pO,,,.i.xo Values.

Polarographic measurements were done in two perpen-
dicular tracks located within the slices, as measured in the
corresponding in vivo '"F-MR relaxometry studies. For
tumor No. 10, a fluorescence microscopic image (Hoechst
image) of the perfused microvessel distribution is displayed
in Fig. 4A, including the approximate locations of the
tracks. The pOycieetrode Values obtained during the stepwise
movement of the Eppendorf electrode in one track are
shown in Fig. 4B. The pO,/ciecrode Values decreased from
the periphery of the tumor to the center. Median pO,qjcetrode
values of tumors denoted by asterisks in Table 1 varied from
0.4 to 3.3 mmHg. Four of the 13 tumors started bleeding
during the insertion of O, electrodes and data were not
further evaluated. Tissue injuries related to the Eppendorf
electrode measurements were only observed in 2 of 9 re-
maining tumors, but this did not influence the (immuno)
histochemical analysis in whole tumor sections because
POs/elcctrode Values were locally sampled in two tracks.

For the tumors studied by both methods, the median
POs/elcctrode Values were generally lower than the mean
POs/relaxo Values (Fig. 5). However, when the mean maxi-
mum PO, eiecrode Values that originated from the tumor
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Fig. 2. Representative results of histological analysis of nonper-
fused regions in tumor No. 10 are shown here. An area of Fig. 1B
delineated by the rectangle is analyzed in more detail in (A) and
(B). (A) shows the distribution of perfused microvessels (white
structures) and, in (B), the results of the haematoxylin (nuclei) and
eosin (cytoplasm) staining (HE) are displayed. The light grey
colors correspond to necrotic areas (N) and the darker grey colors
are related to perfused tumor areas (P) in (A).

periphery were compared with mean pO,/.. ..o Values, a
much closer correlation between both data sets was ob-
served, as indicated by the solid line in Fig. 5 (= approach-
ing the line of identity). Finally, no relationships were found
between necrotic and hypoxic fractions and mean pO,/,qjaxo
values or median pO,/ejccrode Values.

In vivo ’F-MR relaxometry studies of the oxygen tension
changes in tumor tissue during carbogen breathing

Changes in the pO,..1.xo Values were measured in com-
plete tumor tissue slices. Table 1 presents the pO,ciaxo
changes in slices through the center of 13 tumors after 8 and
14 min of carbogen breathing.

After 8-min carbogen breathing, a small increase of the
PO, relaxo tensions relative to baseline was observed in 12 of
the 13 mice. The pO,,ciaxo changes were rather heteroge-
neous and varied from 0.03 to 15 mmHg. The average
oxygen tension increase (ApO,eiaxo) Of all tumors (except

Fig. 3. A detailed analysis of hypoxic and necrotic areas of tumor
No. 2 is depicted in (A) and (B), respectively. Three different (cell)
structures were labeled in (A): perfused microvessels (P, blue),
endothelium of all microvessels (red), and hypoxic cells (H,
green). Hypoxic cells appear at a distance of 100—150 um from
perfused microvessels. Differences between the staining of nuclei
(hematoxylin) and cytoplasm (eosin) in necrotic regions and areas
with viable tissue are shown in (B). The perfused and viable tissue
regions (P) have a more uniform nuclei staining than necrotic
regions (N).

tumor No. 4) = 3.3 = 0.8 (SEM) mmHg and was signifi-
cantly different from zero (p < 0.01).

In 9 of 13 mice, the increase of the pO, ;.o Values reduced
after 14-min carbogen breathing: these values relative to base-
line varied from 0.1 to 6.6 mmHg. The average ApO,/,cjaxo WaS
2.1 £ 0.6 (SEM) mmHg, which still was significantly different
from zero (p < 0.05), but was not significantly different from
changes after 8-min carbogen breathing (p > 0.05).

DISCUSSION

In contrast to polarographic measurements, '’F-MR rel-
axometry of perfluorocarbon compounds permits noninva-
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Table 1. In vivo '°F-MR relaxometry measurements of absolute mean pO,,.1.., values (mmHg) and changes in pO,,.;.., values
relative to baseline (ApO mmHg) after 8- and 14-min carbogen breathing

2/relaxo?

VOlume Ap()Z/re]axo Ap()2/relaxo

No. (cm?) mpO,,,e1axo (8 min) (14 min)
1* 0.70 8.8 0.6 28+43 02=x3.0
2% 1.10 03=*1.0 23+34 0.7*+37
3* 0.60 8.6 £0.6 4.1 x5.1 09 *4.1
4 0.41 49.7 £25 151 =11 1.7x£72
5% 0.56 0.8*+04 2.7*43 35%50
6* 0.65 2809 0.5*35 2.1 x40
7* 0.30 0.03 £ 3.0 53*x37 1.2*x35
8 0.31 9.1+02 93*+58 6.6 =3.1
9 0.40 84 0.1 5.0=*+4.0 54*+36
10* 0.41 87=x09 28*34 04 *=37
11%* 0.34 09*+04 0.03 = 3.7 1.3+35
12 0.37 13514 59*36 0.1 =3.6
13%* 0.39 3105 0.6 = 4.9 35%56

In tumors denoted by an asterisk, the oxygen tension was also measured by polarography (Fig. 5). The values in column 3 are means =
SEM. The values in column 4 and 5 are mentioned with their SE.

sive oxygen tension measurements, independent of the lo-
cation of the tumor. However, this new method does not
allow direct analysis of the oxygen tension: local oxygen
tensions are derived from T, relaxation rates of '°F-spins in
the perfluorocarbon compounds. These relaxation rates may
also depend on other physiological and histological param-
eters and, therefore, pO,/,.1axo Values have been compared to
POy /eiectroge Values in this study. In addition to '"F-MR
relaxometry and polarographic studies, the spatial distribu-
tion of PFC compounds over the tumor was determined and
correlated to the location of the oxygen electrodes in tumor
tissue, and to the distribution of perfused microvessels,
hypoxic, and necrotic areas. In this way, a proper compar-
ison between both techniques becomes possible, because
the tumor areas from which the measured pO,,.1.co and
POs electrode Values originate are known.

Calibration curve

The relationship between the T, relaxation rates (1/T;) of
YF_spins in perfluoro-15-crown-5-ether and oxygen ten-
sions was determined under strict temperature control, be-
cause T, relaxation rates of PFCs also have an inverse
relationship with temperature (11). The intercept and slope
value of the calibration curve of the neat perfluoro-15-
crown-5-ether obtained in this study were larger than the
values reported elsewhere (11). This may be due to a
number of differences in experimental conditions, such as
the ways to control temperature and to maintain O, levels
during the in vitro '’F-MR relaxometry examinations. In the
present study, the intercept values obtained from in vitro
studies and '"F-MR experiments on dead mice were not
significantly different using the same temperature control
system. These results indicate that the temperature of the
tumors and the emulsion was comparable and differences in
physiological properties, such as salt concentrations, pH,
presence of proteins, and PFC concentrations do not influ-
ence the T, relaxation rates of PFCs (16, 28). A simulta-

neous determination of tissue temperature and tissue oxygen
tensions would be necessary to exclude the effect of tem-
perature differences on T, relaxation rates of PFCs. This is
possible with PFCs, which have two or more resonances in
YE_MR spectra (14), but this cannot be done with per-
fluoro-15-crown-5-ether, which has 20 equivalent fluorine
atoms resonating at a single frequency. The correlation
between the pO,/eiaxo @A POy/cieetrode data in this study
suggest that the calibration curve is reliable and can be used
to convert in vivo 1/T, values of '°F-spins of PFCs to in
vivo POy jseiaxo Values.

In vivo ?F-MR relaxometry studies and polarographic
measurements of oxygen tensions in tissue slices of
human glioma xenografts

Dardzinski and Sotak (11) used a fast MR imaging tech-
nique to measure voxel-selective T, relaxation rates of
perfluoro-15-crown-5-ether or local oxygen tensions. In the
present study, low signal-to—noise ratios in '°F-MR spectra
of PFCs in the whole tumor did not permit performance of
such studies within a reasonable time. The signal-to—noise
ratios were lower, because the amount of administrated
perfluoro-15-crown-5-ether had to be 2.4 times smaller than
the dose used in the studies reported by Dardzinski and
Sotak (11). Their dose was lethal to nude mice in our study.
In addition, the permeability of microvessels for perfluoro-
15-crown-5-ether in RIF-1 tumors may be larger than the
permeability of microvessels in the glioma xenograft line
used in the present study. Intertumoral variations of mi-
crovessel permeability for perfluoro-15-crown-5-ether were
also observed in different glioma xenograft lines (results not
shown).

Three days after i.v. administration, the perfluorocarbons
became mainly sequestered in the well-perfused rim of the
human glioma xenografts, as observed in '’F-SE density
MR images and histological analysis. In a previous study,
these histological analyses of the 2D perfused vascular
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Fig. 4. A fluorescence microscopic image (Hoechst image) of the
2D distribution of perfused microvessels (white structures) in a
slice through the center of tumor No. 10 is shown in (A).The
length of the white bar corresponds to 1 mm. Also in (A), the
approximate locations of two perpendicular tracks of the O,-
electrode are displayed. (B) The individual pO,,qiectroqe Values
(mmHg) of track No. 2 (y axis) as obtained during the stepwise
movement of the Eppendorf electrode from the periphery of the
tumor to the center (x axis) (stepsize 0.3 mm, total length of track
3.6 mm).

architecture have been validated by fast dynamic 'H-MR
imaging studies of contrast-agent uptake (29). One minute
after bolus injection, the 2D distribution of the contrast
agent in '"H-MR images was found to be similar to the
distribution of perfused microvessels 1 min after the injec-
tion of the fluorescent marker Hoechst. In the present study,
the PFC distribution did not spatially correlate with the
distribution of macrophages; thus, these cells, as suggested

= mean max. pOszejectrode (N =2)

4 median pOyeectrode (N =24)

pozlelectrode (mmHg)

0 1 2 3 4 5 6 7 8 9 10
mean pOyjrejaxo (MMHQ)

Fig. 5. Comparison between absolute mean pO,...., values
(mmHg) per tumor tissue slice and median pO,,¢jceiroqe Values =
SEM (dashed line) or mean maximum pO,,¢iecirodqe Values = SEM
(solid line) as detected in 2 perpendicular tracks in comparable
slices (Fig. 4). The lines indicate the results of least squares linear
regression analysis (R? = 0.96, solid line and R? = 0.95, dashed
line) using Graphpad PRISM software (version 2.0, San Diego,
CA). Both lines were forced to go through the origin during the
regression analysis. Detailed analyses of tumor No. 10 denoted by
an asterisk (*) are given in Fig. 4.

by Longmaid et al. (18), do not take up PFCs. The long-
term retention of PFCs in perfused regions indicates, how-
ever, that they are firmly bound to tissue or cell structures in
perfused regions of the tumor, rather than redistributed in
the whole tumor volume. The latter hypothesis could not be
tested with (immuno) histochemical methods applied in the
present paper because analysis at the subcellular level were
not possible. Mason et al. (15) suggested also that PFCs
became sequestered in well-perfused regions of Dunning
prostate tumors, but did not provide any evidence for this
suggestion. In this study, and probably in the study of
Mason et al. (15), absolute mean pO,,..xo Values and
changes in pO,,.iaxo tensions are mainly measured in per-
fused regions of tumors.

However, in the evaluation phase before radiotherapy,
oxygen tension measurements in chronically hypoxic areas
appear of greater interest than pO, measurements in per-
fused regions of tumors. In immunohistochemical analysis
of chronically hypoxic cells with the bioreductive chemical
probe NITP, a thin layer of NITP-labeled cells was found
adjacent to extensive necrotic cords in a few human glioma
xenografts. In some tumors, hypoxic cells as detected by
NITP were even absent. In general, hypoxic areas were
much smaller than perfused tumor regions that contain most
of the PFCs. Therefore, oxygen tension measurements in
hypoxic areas using '’F-MR relaxometry seems not possible



in the tumor line used in the present study. Other human
glioma xenograft lines showed larger areas with NITP-
labeled cells (Paul Rijken M.Sc., oral communication, No-
vember 1998). In these tumor models, intratumoral injec-
tions of PFCs is an attractive alternative i.v. administration
of PFCs to assess tissue pO, in hypoxic regions (15, 17).
However, also in this approach, hypoxic areas may not be
included because these cannot be selected beforehand.

In the well-perfused tumor rim, the mean oxygen tensions
as measured by '’F-MR-relaxometry (pO,,cjax) Were com-
parable to the mean of the maximum pO, . jccroqe Values of
both tracks that originate from the same perfused tumor rim.
The absolute mean oxygen tension values in perfused re-
gions were found to be relatively low in both analyses.
Others also obtained low oxygen tension values in animal
tumor models using polarographic or '’F-MR relaxometry
measurements (8, 13, 17, 30—34). Recent phosphorescence
quenching microscopic analysis of pO, profiles in human
colon adenocarcinoma xenografts with a spatial resolution
of 10 wm showed that the pO, near perfused microvessels
was approximately 14 mmHg and decreases monotonically
until hypoxic values (< 5 mmHg) at a distance of 70—80
pum away from the nearest capillary wall (35). The mean
pO, along the distance of 80 wm was approximately 8.4
mmHg, which is comparable to maximum pO,,.i.xo and
POs/clectrode Values as measured in the perfused rim of the
glioma xenograft line in this study. Although O, consump-
tion rates of tumor cells and O, diffusion coefficient may
not be similar in human glioma xenografts, these results
suggest that slice-selective '"F-MR relaxometry measure-
ments of PFCs sequestered in the perfused rim of tumors
probe a mean oxygen tension of O, profiles pertinent to
perfused microvessels. The same is probably true for po-
larographic analysis of oxygen tensions, because the sample
area of the O, electrode has approximately a diameter of 50
pm (25). Therefore, the mean maximum pO, /. ecirode Values
in the perfused tumor rim were comparable to mean pO,,
relaxo values. If the median pO,.jeeirode Value of both tracks
was calculated, then this value was lower than the mean
POs/relaxo Value because low pO, eicerrode Values that origi-
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nated from hypoxic and necrotic areas were also included in
calculations of the median pO,,qjcetroqe Values.

Effect of carbogen breathing on the mean pO,, 1.0
values in tumor tissue slices

In this study, '’F-MR relaxometry measurements of i.v.
injected PFCs did not only permit the determination of oxygen
tensions in perfused areas, but also oxygen tension changes. A
small but significant increase of the pO,,..xo Values was
observed after 8- and 14-min carbogen breathing. In 9 of the 13
mice, this increase tended to become smaller after 14-min
carbogen breathing. If oxygen tension changes in perfused
arecas may cause radiosensitization, then maximum radiosen-
sitivity is expected within the first 8 min after the start of
carbogen breathing. 'F-MR relaxometry measurements alone
cannot give an explanation for this small decrease of pO,;ejaxo
values during carbogen breathing, but we may speculate that
this has to do with the redistribution of O, by diffusion in
tumor tissue after the start of carbogen breathing and/or the
time to establish a new equilibrium between the increased O,
supply and demand.

In the context of radiotherapy, the detection of oxygen
tension changes in chronically hypoxic areas are of greater
interest. Perhaps the use of fluorinated bioreductive chem-
ical probes may assess oxygen tension changes in chroni-
cally hypoxic regions noninvasively by '"F-MR spectros-
copy, although MR sensitivity may limit their proper
detection (36-39).

CONCLUSIONS

If perfluorocarbon compounds are administrated 3 days
before the slice-selective '’F-MR relaxometry experiments,
then oxygen tensions and oxygen tension changes during
carbogen breathing are mainly measured in perfused regions
of the tumor throughout the whole MR slice. In these
regions, mean pO,,..xo tensions have been validated by
polarographic measurements. The effect of carbogen
breathing on the oxygen tension in perfused areas was
small, but significant, and tended to decrease with time.
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