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TUMOR OXIMETRY: DEMONSTRATION OF AN ENHANCED DYNAMIC
MAPPING PROCEDURE USING FLUORINE-19 ECHO PLANAR MAGNETIC
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RAT TUMOR

SaNDEEP HuNJAN, PH.D., DaweN ZHao, M.D., PH.D., Anca CoNsTANTINESCY PH.D.,
Eric W. HanN, PH.D., PeTeER P. AnTiCcH, PH.D., D.&., aAND RaLpH P. Mason, PH.D.

Advanced Radiological Sciences, Department of Radiology, University of Texas Southwestern Medical Center, Dallas, TX

Purpose: We have developed an enhanced approach to measuring regional oxygen tension {p@ynamics in
tumors. The technique is demonstrated in a group of 8 Dunning prostate rat tumors (R3327-AT1) with respect
to respiratory challenge.

Methods and Materials: Hexafluorobenzene was injected directly into the tumors of anesthetized ratsF
nuclear magnetic resonance echo planar imaging relaxometry was performed to obtain maps of regional tumor
oxygenation under baseline conditions and when the inhaled gas was changed to oxygen or carbogen.
Results: Sequential pQ maps required 8 min, with a typical precision of 1-3 torr at 30—100 individual regions
across a tumor. When rats breathed 33% oxygen, distinct heterogeneity was observed for baseline oxygenation
in each tumor with pO,, values ranging from hypoxic to greater than 100 torr. Larger tumors showed significantly
lower baseline pQ,. Respiratory challenge with oxygen or carbogen produced significant increases in tumor
oxygenation with a close correlation between the response to each gas at individual locations. Regions of both
small and large tumors responded to respiratory challenge, but the rate was generally much faster in initially
well-oxygenated regions.

Conclusions: Regional pQ was assessed quantitatively and the response of multiple individual tumor regions
observed simultaneously with respect to interventions. © 2001 Elsevier Science Inc.

Hypoxia, Fluorine magnetic resonance imaging, Oxygen, Carbogen, Tumor.

INTRODUCTION Given the importance of oxygen, many techniques for
measuring pQhave been developed (12). Each method has

Increasmgly,. there is clinical ewdepcg fpr the value O.f tumor unigque strengths, but, hitherto, the Eppendorf electrode sys-
oxygen tension (pg as a prognostic indicator for survival of X o
fem was the only one to have found widespread application

patients (1-4). Furthermore, it has long been appreciated thatfor quantitative examination of tumor pOin both small-

the efficacy of many therapeutic approaches to tumor treatment . . .
is modulated by oxygen tension: in particular, radiotherapy (5), animal research and clinical trials (1-4, 13, 14). Several

photodynamic therapy (6), and certain drugs (7) are less eﬁec_clinical studi.es have now shOV\_/n prpgnostic value for such
tive in the absence of oxygen. Many adjuvant interventions Polarographic measurements in primary tumors, although

have been tested to manipulate tumor oxygenation, e.g., hy_there is debate about the most useful parameter e.g., median
perbaric oxygen; but few trials have shown significant efficacy PC2 (1) or fraction of measurements less than 5 torr (2).
(8). This has often been attributed to the inability to identify However, extensive tumor sampling with electrodes is
those patients who would benefit. Historically, it was not highly invasive and does not allow longitudinal studies of
possible to reliably monitor tumor oxygenation. However, the dynamic changes in specific tumor regions.

development of novel therapies, such as application of biore- We recently demonstrated a novel approach to monitor-
ductive drugs (9—11), has generated new impetus to assesig tumor oxygenation based dfiF NMR of the reporter
tumor oxygenation. molecular hexafluorobenzene (HFB) following direct intra-
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tumoral (i.t.) injection. Initially, we demonstrated the ability the quality of the data, however, we introduced the ARD-
to interrogate single-tumor regions usintc NMR spee VARC acquisition protocol (16), which has two features:
troscopy, and we were able to show significantly different (1) long and short delays alternated to minimize any sys-
responses of specific regions, which correlated with base-tematic variations, which could occur during the acquisi-
line pG, (15, 16). By applying Echo Planar Imaging (EPI) tion, and @) variable numbers of signal averages obtained to
we were able to simultaneously examine multiple specific enhance the signal to noise ratio at the low amplitude points,
locations within a tumor using a procedure we have dubbede.g., 12 averages at 150 ms and a single acquisition for 90 s.
FREDOM (Fluorocarbon Relaxometry using Echo planar The total experiment time was 6.5 min., as for the analogous
imaging for Dynamic Oxygen Mapping). This allowed us to spectroscopic NMR approach. The spin-lattice relaxation
simultaneously interrogate well- and poorly oxygenated re- rate was estimated on a voxel by voxel basis using a
gions with respect to a single intervention and appreciate 3-parameter mono-exponential function and the Levenberg—
both baseline heterogeneity and differences in responseMarquardt least squares algorithm, which provided esti-
within a single tumor (17, 18). Typically, we could inter- mates of T1, signal amplitude, signal origin, T1 error, and
rogate approximately 20 individual locations (eaehl.25 goodness of fit (19). Filters were applied to reject poor
mn?) in any particular p@ map and consistently follow  quality data and out of phase ghost artifacts: specifically,
dynamic changes in approximately 10 locations with a acceptable voxels had Tlerror less than 2 s; ratio Tlerror/T1
temporal resolution approximately 20 min and precision of less than 50% and SNR greater than 15. Based on these
approximately 5 torr during an intervention. Significantly, data, the relationshiRl = a +bpO, was established by
the pQ, values were not different from those obtained using linear regression analysis of the amplitude squared weighted
the Eppendorf Histograph (18). mean values for each gas (Statview, SAS Institute, Cary,
We have now developed an enhanced data acquisitionNC).
protocol, ARDVARC (Alternated Relaxation Delays with
Variable Acquisitions to Reduce Clearance effects), which Tumor model
dramatically improves the efficiency and precision of the  Dunning prostate adenocarcinoma R3327-AT1 was im-
procedure. Initial tests with spectroscopy demonstrated en-planted in a skin pedicle on the foreback of a male Copen-
hanced quality of relaxation curves and enhanced precisionhagen rat{-250 g,n = 8), as described in detail previously
in pO, estimates (16). By implementing this procedure with (20). Tumors were divided into two groups and allowed to
echo planar imaging, we have now shown the ability to grow to about 16 mm or greater than 20 mm diamete2 (
consistently interrogate 30—100 individual tumor regions or >3.5 cn? volume). For MR investigations: each rat was
simultaneously at 8-min intervals. Specifically, we have given 200uL ketamine hydrochloride (100 mg/mL; Aveco,
examined the influence of respiratory challenge using oxy- Fort Dodge, IA) i.m., as a relaxant. The rat was maintained
gen or carbogen on the oxygenation of transplanted ratunder general gaseous anesthesia with 33% inhald0.0
prostate tumors. dm®min O,, 0.6 dn/min N,O, and 0.5% methoxyflurane
(Pitmann-Moore, Washington Crossing, NJ) using a small-
animal anesthesia unit. Hexafluorobenzene (45 was
injected directly into the tumor (i.t.) using a Hamilton
Calibration syringe (Reno, NV) with a custom-made fine sharp needle
A phantom (17) was created to evaluate the relationship (32 gauge). The animal was placed on its side in a cradle
between p@ and the spin lattice relaxation rate, R¥ (  with a thermal blanket to maintain body temperature. A
1/T1). 125uL HFB (Lancaster, Gainesville, FL) was added fiber optic probe was inserted rectally to monitor core
to each of 4 gas tight NMR tubes (Wilmad Glass Co., temperature.
Buena, NJ) together with 0.5 mL water and saturated by A size-matched tunablél/*°F) single-turn solenoid coil
bubbling at 37°C with carbon dioxide, 1% oxygen (balance was placed around the tumor. Shimming was performed on
nitrogen), 9.8% oxygen (balance nitrogen), or air, respec- the *H signal (200.1 MHz) of the tissue water to a typical
tively. Tubes were sealed and the phantom maintained atlinewidth of 120 Hz. Proton images were obtained for
37°C using a water bath. A 3-cm single turn solenoid coil anatomic reference using a three-dimensional (3D) spin-
was placed around the phantom, which was placed in anecho sequence. Imaging parameters were: repetition time
Omega CSI 4.7 Tesla horizontal bore magnet system with (TR) = 150 ms, echo time (TE}F 80 ms, pulse width
actively shielded gradients. With 32 data points in both the 7/2 = 32 us with 128X 64 X 8 data points over the 32-mm
phase encode and readout dimensions the typicak 40 field of view in plane, and 32-mm thickness, providing 250
mm field of view provided 1.25 mm in plane resolution. The pm X 500 um X 4 mm digital resolution. Two transients
FREDOM protocol used®F pulse burst saturation recovery were acquired at each phase encoding increment giving a
(PBSR) EPI relaxometry of the HFB with a single spin echo total acquisition time of 2.5 min. The coil was retuned in
EPI sequence with blipped phase encoding (MBEST), as place to 188.3 MHz and correspondiftF images were
described previously (17). The PBSR preparation sequenceobtained as a 3D data set with 12832 X 8 data points and
was followed by a relaxation recovery delay, ranging gradients compensated for the difference in gyromagnetic
from 150 ms to 90 s prior to the EPI sequence. To improve ratios, yielding 250um X 1 mm X 4 mm resolution. A

METHODS AND MATERIALS
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Fig. 1. Representation of tH8F NMR T1 values observed in a 4-vial phantom at 37°C, where vials had been saturated
with carbon dioxide (bottom right), 1% oxygen (top left), 9.8% oxygen (bottom left), or air (top right), respectively.
Filters were applied to select the most reliable data based on T1 error and the fully relaxed signal amplitude.

driven-equilibrium sequence was applied with EFR150 RESULTS

ms, TE = 8 ms, #/2 (33 ws) excitation pulse and 16 o o
transients at each increment giving a total accumulation APplication of the ARDVARC data acquisition protocol

time of 10 min. for the 3D data set. Thed& images provides considerably improved precision in estimating the
revealed the distribution of the HFB. Data were processed SPin lattice relaxation rate of HFB, and, hence ,pSpe

using sine-bell apodization and zero filling in the first phase cifically, the .enhanced ;ignal to.noise ratio_ (SNR) for. s.hort
encode dimension. 7 low-intensity data points provides superior curve fitting,

as demonstrated previously for the analogous spectroscopic
experiment (16). Thus, we have created a refined calibration
Tumor oximetry curve relating spin lattice relaxation rate, R£1(/T1), to
All eight rats were subjected to respiratory challenge with pO,. A representation of the T1 values observed in the
oxygen. While the rat inhaled 33%,(8 consecutive base  phantom is shown in Fig. 1. Figure 2 shows the linear
line pO, maps were generated (at 8-min intervals), as de regression curve, based on the amplitude squared weighted
scribed for the phantom above using the FREDOM proce- meanR1 values, which indicated a relationsti® (s 1) =
dure. The inhaled gas was then altered to 100% oxygen0.0835 ¢ 0.0010)+ 0.001876 f= 0.000009)X pO, (torr),
(though methoxyflurane was held constant at 0.5%), andr? > 0.999, thus, pQ = (Rl — 0.0835)/0.001876 at
relaxation measurements (4 8 min) were immediately  37°C.
performed. The gas was switched back to the initial baseline  Following intratumoral injection, HFB distribution was
state for a further four determinations. For 3 rats, the gas readily observed by traditiondPF MR imaging. Figure 3
was further altered to carbogen (four measurements) andshows 4 consecutive slices from a 3D image data set of a
again back to baseline (33%,)0 Statistics are reported as representative tumor. Overlay of th& MR images on the
mean = SE (standard error of the mean), median, IPR corresponding proton images shows the discrete distribution
(interpercentile range, 10—-90%) and significance of changesof HFB in the tumor. In this case, HFB was predominately
in oxygenation was assessed using analysis of varianceplaced near the tumor periphery. For the series of EPI
(ANOVA) on the basis of Fisher PLSD (Statview). relaxation data sets, typically, approximately 100—-300 vox-



1100 I. J. Radiation Oncolog® Biology ® Physics VVolume 49, Number 4, 2001

0.40 ]
0357 [
‘_0.30'_ [

0.05 —T7— 7 — T T —
-20 20 60 100 140 180
pO, (torr)

Fig. 2. Linear regression based on the amplitude squared weighted means (open circle) of the respective vials in Fig.
1indicatedR1 (s~ ) = 0.0835 ¢ 0.0010)+ 0.001876 - 0.000009XpO, (torr), r* > 0.999, wherdr1 = 1/T1. Solid
circle represents R1 values of the individual voxels.

els provided an R1 fit, and potential p@alue using the  was considerable heterogeneity in baseline, pdth one
equation determined above. However, this included voxels region being relatively poorly oxygenated. Repeat measure-
physically outside the tumor, i.e., noise and out-of-phase ments every 8 min under baseline conditions demonstrated
ghost artifacts. By considering the traditioriéd and *°F relative stability of tumor oxygenation (Fig. 4c and d).
images, which revealed the distribution of HFB within the Considerable increases in regionalp@ere found for those
tumor, a mask was applied to restrict the distribution of regions initially well oxygenated after the rat had inhaled
acceptable voxels. In addition, data were rejected if the T1 100% oxygen for 20 mins (Fig. 4e). In contrast, those
error exceeded 3 s. Generally, those voxels with greaterregions initially poorly oxygenated showed little change.
signal intensity gave the best curve-fit data and most preciseFig. 4f shows a tendency to return to baseline oxygenation
T1 (viz. pO,) values (Fig. 4a and b). Typically;40 voxels after inhaled gas was returned to 33%. O

from each pQ map were defined as reliable data for a  For the group of 8 tumors ranging in size from 1.4 to 5.7
respiratory challenge sequence (Fig. 4). In this tumor, therecm® (mean, 3.2 cr¥), 3 repeat measurements interrogating

Fig. 3. Magnetic resonance (MR) images from 3D (three-dimensional) data set showing the distribution of hexa-
fluorobenzene (HFB) (4mL) in an AT1 pedicle tumor (2.0 cf). Overlay of **F MR signal density on théH MR

images achieved using NIH image software (yellow is higher intensity than red). “B” indicates point of attachment of
pedicle to back of rat. Bar represents 1 cm.
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Fig. 4. *F MR EPI maps of hexfluorobenzene (HFB) in AT1 tumor shown in Fig. 3. (a) Signal amplitude indicating
distribution of HFB; (b) T1 error map, showing that higher SNR is generally associated with smaller errors and, hence,
more precise data; (c—f) p@naps with respect to respiratory challenge. The center maps (c, d) were obtained while the
rat breathed 33% F{Xfraction of inhaled oxygen) and indicate a stable baseline. Two distinct regions were apparent,
the larger having 37 relatively well-oxygenated voxels and the smaller region 5 poorly oxygenated voxels. Upon
switching the inhaled gas to oxygen (map e), the larger region showed distinct increasg whg@eas the relatively
hypoxic region showed minimal change. Return to 33% F@®ap f) shows that the higher p@alues tended to return

to the original baseline levels.

about 500 separate tumor regions (voxels) showed meanbased on size. For the 4 smaller tumors, meanp@7.2 =

pO, = SE (median in parentheses) 31.4 = 1.1 (26.9), 0.8; IPR, 9-70 torr; and median, 31.7 torr, which was
31.3+ 1.1 (25.8), and 34.% 1.2 (31.1) torr, respectively,  significantly higher ¢ < 0.0001)than for the 4 larger
indicating no significant differences over 24 min. Overall, tumors ¢ 3.5 cn?) with mean baseline pO= 21.7 + 1
combining the three sets of measurements gave mean basderr; IPR, —2 to 50 torr; median, 16.7 torr. Data are pre-
line pO, = 32.3 £ 0.7 torr; IPR, 5-116 torr; median, 27.4 sented as histograms in Fig. 5, both for baseline and for
torr. Because previous data has indicated size dependencaccompanying respiratory challenge with 100%. Gle-

for pO, in this tumor line, we divided the tumors into groups vated fraction of inhaled 9(FO,) produced a significant
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Fig. 5. Histograms of oxygenation based 0fF MR EPI relaxometry for AT1 tumors based on size and inhaled gas.
Data have been pooled in bins of 5 torr: the designated values, e.g., 5, 25 torr, indicating the maximum value. Arrows
indicate mean pg(x) and median pQ(m). Left: Four small tumors< 3 cnt), while rats inhaled FQ= 33% (bottom),

mean pQ = 37.2* 0.8, median p@ = 31.7 torr; and breathing oxygen (top), mean,p© 66.5 + 1.5 torr, median

pO, = 56.7. Right: Four large tumors-@.5 cn?), while rats inhaled FQ= 33% (bottom), mean pQ= 21.7 =+ 1 torr,

median pQ = 16.7 torr; and breathing oxygen (top), mean,p© 65.6 = 3 torr, median p@ = 43.4 torr.

shift in mean pQto 66.2* 1.4 torr (median, 54.1 torp <
0.0001). Thesmall tumors increased to 665 1.5 torr;

and 4. Within 8 min of increasing the fraction of inhaled
O,, the regions with an initial p©greater than 10 torr

median, 56.7 torr; IPR, 11.4-129 torr; and large tumors had distinct increases in g@p < 0.05). Bycontrast, the

increased to mean of 656 3 torr; IPR,—0.9 to 166 torr;

initially poorly oxygenated regions showed no changes

and median, 43.4 torr. The histograms show pooled data forfor at least 24 min. Two of these regions did show a
all measurements while inhaling a given gas, but individual borderline change for the measurement finishing at 32
time points may also be compared. For the small tumors, min (p < 0.1). All changes were reversible upon return to

pO, changed significantly within 8 min of inhaling oxygen
(p < 0.005). Upon return to baseline (FO= 33%),
changes in p@occurred more slowly, but, by the third or
fourth measurement, pOwvas no longer significantly dif

baseline inhaled oxygen.

Correlation between mean baseline ,p@ each voxel
and maximum pQdetected in the voxel with 100% oxygen
is shown in Fig. 7. As expected because of tumor hetero-

ferent from baseline. Similar behavior was observed for the geneity, the linear regression correlation coefficient is low

large tumors.

A primary strength of the'F EPI approach is the
ability to follow simultaneously the sequential fate of
individual tumor regions. Fig. 6 shows the fate of 6

(r? = 0.3), butmore than 90% of the data lie above the line
of unity, and a paired Studenttstest showed a significant
elevation in pQ (p < 0.001). Moreimportantly, from a
radiobiologic perspective, applying the Studerttsst to a

representative voxels from the tumor shown in Figs. 3 group of 80 tumor regions with mean baseline,j€3s than
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Fig. 6. Variation in pQ for 6 representative voxels of the tumor shown in Figs. 3 and 4.

15 torr, indicated that the new gQvas significantly ele 55.7 torr, respectively) within 16 min of switching the

vated (p < 0.0001). inhaled gas from F®33% to FQ 100%, and pQ con-
Three tumors also underwent subsequent respiratorytinued to rise through the subsequent measurements to
challenge with carbogen and variation in mean,d@r reach a mean of 103 8 torr (median, 78.6 torr) after 32

the group is shown in Fig. 8. For this group of tumors, min. pO, remained significantly elevated for the first two
pO, was significantly elevated from a baseline value of measurements after return to baseline gas, but ultimately
46 = 2 torr to 73+ 6 torr (p < 0.0005; nedian, 45.0 and  (by 32 min) was not significantly different from baseline.
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Fig. 7. Correlation between mean baseline, @@d maximum p@ detected with 100% oxygen. The linear regression
correlation coefficient is lowr® = 0.3), butapproximately 90% of data lie above the line of unity, and a paired
Student’st test showsp < 0.001.
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Fig. 8. Variation in meant SE pQ, during respiratory challenge for a group of 3 tumors, in which the same 109
individual voxels were observed on each occasign<* 0.05; **p < 0.0001.Each measurement required about 8
min.

The response curve to carbogen was similar to that for upon breathing carbogen as compared with oxygén>
oxygen: the initial increase occurred a little faster, reaching 0.7). As foroxygen, a paired test showed that the impor-
significance within the first 8 min, but, ultimately, the mean tant baseline regions with p@f less than 15 torr increased
pO, = 115 = 9 (median, 86.1 torr) after 32 min was not significantly with carbogen inhalation, but there was no
significantly different from the maximum reached with ox- significant difference between the maximum p&zhieved
ygen. Figure 9 shows a close correlation between the max-with oxygen or carbogen for these initially relatively poorly
imum pGO, achieved in individual tumor regions (voxels) oxygenated regions.
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Fig. 9. Correlation between maximum p@etected in each voxel when rat breathed oxygen, (%) vs. carbogen
(r > 0.7).
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DISCUSSION regional pQ, because subtle local variations may be
masked during global measurements. Ultimately, at least
In common with previous studies describing many di- 90% of the tumor regions interrogated in this study showed
verse tumors, and in particular, the R3327-AT1 tumor line an increase in powhen the rats inhaled 100% oxygen. The
(17, 18, 21, 22), we have found considerable intratumoral linear regression analysis shows a less-clear trend than
heterogeneity in the distribution of pOvalues, ranging  found previously (16, 18), but the Student'sest showed a
from distinctly hypoxic to well oxygenated. As with previ-  significant increase in pQeven for those regions initially
ous groups of AT1 tumors implanted in the pedicle (18), we |ess than 15 torr. The heterogeneity in response emphasizes
have again found significantly lower mean p@ larger  the importance of measuring dynamic changes, because
tumors (> 3.5 cn?). This coincides with a general trend  paseline measurements do not directly predict the outcome
toward lower pQ with increasing size found in the AT1  of an intervention, and both acutely and chronically hypoxic
implanted i.m. and examined using the histograph (22). In regions are likely to be present.
the current series of tumors, we examined predominantly  Historically, it has been suggested that carbogen has a
the tumor periphery (Fig. 3). Thus, p@alues are generally  greater influence on tumor oxygenation than oxygen, and,
higher than those found using the Eppendorf histograph inindeed, carbogen has been used in adjuvant therapies with
this tumor line. We note that the standard protocol for perfluorocarbon emulsions (31), and, more recently, as part
histography requires insertion of the electrode into the tu- of the ARCON (Accelerated Radiotherapy with CarbOgen
mor (generally> 1.4 mm), before accepting readings. Here, and Nicotinamide) clinical trial (32). Our data suggest that
the pQ values coincide with our own previous speetro  oxygen and carbogen have a similar influence in the AT1
scopic observations of the tumor periphery following direct tumor (Figs. 8 and 9). However, further studies will be
i.t. injection (15, 16). The values also match those observedrequired to rigorously compare the two gases, because pre-
following i.v. administration of a perfluorocarbon emulsion, conditioning by initially breathing oxygen may have influ-
which tended to become sequestered in the well-perfusedenced the results. The data are consistent with our previous
regions (23). Such regional differences draw attention to the spectroscopic investigations of individual tumor regions,
need for a standard protocol for depositing HFB i.t., if the which indicated that order of administration was unimpor-
distribution of pQ values is to be fully representative of the tant, and that carbogen and oxygen had a similar influence
whole tumor. Application of the histograph is based on on tumor oxygenation (16). Because changes were still
many developmental sampling studies to define the mini- occurring with either gas after 32 min, longer breathing
mum/optimal number of tracks and number of individual times will ultimately need to be assessed.
pO, measurements required (24—26). Moreover, inteabo  In other animal studies, the influence of elevated oxygen
ratory comparison was performed to examine bias (27). We concentrations or carbogen has been found highly tumor
are now developing a standard protocol to ensure adequatelependent. Thus, van der Sandgral. found a significant
representation of all tumor regions. Here, we have interro- rise in pQ, in human glioma xenografts in nude mice with
gated some poorly oxygenated regions, but the majority of carbogen, but no change with oxygen (33). Brizehl. (34)
the interrogated regions were well oxygenated. Signifi- found no influence of normobaric oxygen (£© 100%) or
cantly, this study has led to the observation tha p@y be normobaric carbogen on the mammary adenocarcinoma
manipulated in large tumors, at least in the well-perfused R3230Ac implanted s.c., but hyperbaric oxygen and hyper-
regions. baric carbogen both caused significant changes. The same
Relatively rapid changes in pQvere observed ininitially ~ tumor implanted i.m. did show a response to normobaric
well oxygenated tumor regions (Fig. 6), as also reported by carbogen (35). In a different laboratory, this tumor line was
others (16, 17, 28, 29). The high baseline values presumablyfound to respond to normobaric carbogen when implanted
reflect well-perfused regions, which, thus, responded rap-s.c., but in the absence of mechanical ventilation (36). Other
idly to changes in vascular oxygenation. Nonetheless, tumors have shown transient effects, with elevated fo®
changes in oxygenation were still relatively slow compared some minutes, but ultimately return to baseline (37), em-
with the blood itself, which we have recently investigated phasizing the need for measurements in each individual
using NIR (near infrared) spectroscopy of the AT1 tumor tumor in order to establish prognostic value.
line (30). Initially less well-oxygenated regions responded  Development of a new technique warrants comparison
much more slowly, although 2 of 3 regions shown in Fig. 6 with other methods. Tumor oximetry techniques may be
did show a borderline increase in p@fter 32 min indicat categorized by the degree of invasiveness and capacity to
ing distinct heterogeneity in tumor oxygen dynamics. In measure dynamic changes. NMR can be entirely noninva-
current studies, we are extending our breathing challengesive and early studies examined the phosphorylation poten-
schedules beyond the 32 min used here, to determinetial based orP'P NMR, but it is now recognized that this
whether such borderline changes in@ll become more measures metabolic hypoxia, rather than radiobiological
significant. Such observations could be valuable in estab-hypoxia (38). BOLD (blood oxygen level dependant) con-
lishing optimal preirradiation breathing times for maximiz- trast proton NMR facilitates rapid interrogation of vascular
ing tumor pQ in the clinical setting. The range of response oxygenation and is particularly appropriate for examining
times emphasizes the importance of being able to mapdynamic responses to interventions (39). However, BOLD
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does not provide absolute p®alues and is confounded by feasible (56). We, and others, have now demonstrated the
the influence of blood flow, as investigated extensively by feasibility of *°F MRI following i.t. injection of reporter
Howe et al. who termed the expression FLOOD (flow and molecules (17, 18, 49). In regard to i.t. administration, we
oxygen level dependant) contrast (40). Although near infra- favor very fine sharp needles (32 gauge) to minimize per-
red has traditionally been applied in conjunction with turbation of the tumor architecture.
biopsy and cryospectrophotometry to interrogate vascular In the past, we have examined clearance and redistribu-
oxygenation (41), it may also be used noninvasively (30), tion of HFB from tumors over a period of hours (15, 16).
but at this stagén vivo studies lack spatial resolution. Hexafluorobenzene was found to clear with a typical half-
Direct pO, estimates have been achieved using static life of about 10 h with minimal redistribution within the
oxygen selective microelectrodes, which provided evidence tumor (15). Stability of local p@ measurements under
for changes in regional pQwith elevated inhaled oxygen baseline conditions observed here (Fig. 6) and over longer
(28, 29). Recently, a fiber optic device (OxyLite™) has also periods observed previously (17), strongly suggests that
shown promise for measuring dynamic changes ip @#Q). regions of interrogation are constant. Hexafluorobenzene
Although such methods are cheap, they are generally lim-forms multiple discrete droplets within tissue and signal is
ited to sampling a few locations. Moving such a device typically observed from 5-10% of tumor volume (21).
through a tumor enables the distribution of p@ be Whether this is the optimal volume requires further inves-
established, e.g., across one or more tracks to producetigation.
profiles or maps (24). The baseline distributions of,pO The ultimate value of a new technique depends on its
values obtained by such techniques have been shown taobustness and general feasibility. The indicator molecule
have clinical prognostic value in advanced cervical cancers HFB is cheap, and readily available, commercially. There is
(1, 2), head-and-neck sarcomas (4) and possibly breastan extensive literature describing its remarkable lack of
tumors (43). This approach is less satisfactory for examin- toxicity, teratogenicity, or mutagenicity (57-59), facilitating
ing dynamic changes, however, because parallel tumorpotential clinical application. More immediately, most
regions must be interrogated. small-animal NMR research systems can perféfmNMR
To avoid violating a tumor, molecular indicators have studies, which exhibit high sensitivity, and essentially no
been developed for i.v. or i.p. administration. These have background signal. Moreover, as other fluorinated indica-
been applied to examine vascular oxygenation soon aftertors are developed, measurements may be combined with
administration based on phosphorescence (44JfoNMR estimates of pH and metal ions (60). The single resonance
(45). The fluorocarbon approach has also been applied fol-makes HFB particularly efficient for imaging studies, while
lowing clearance from the vasculature and sequestration inthe high T1 sensitivity to changes in p@nd minimal
tissue (23, 46—49). However, there is increasing evidenceresponse to temperature make its use highly practical.
that such an approach biases measurements towards the well In other recent studies, we have extended application of
perfused regions, generally found at the tumor periphery the FREDOM technique to interrogate pid breast tumors
(23, 46, 49). Furthermore, particulate indicators tend to in the rat, with respect to respiratory challenge (30) and
show extensive uptake by the reticuloendothelial system, human lymphoma xenografts in SCID mice, with respect to
but relatively little accumulation in tumors, precluding ef- antibody-directed infarction (61). Nonetheless, we continue
ficient imaging (46, 50). to seek further enhancement of the FREDOM approach.
An alternative approach is the use of bio-reducible hyp- Administering more HFB could improve the local SNR or
oxia markers such as nitroimidazoles, which have been allow a larger volume to be interrogated, but this would be
shown to bind selectively to hypoxic tissues. Many variants more invasive. Temporal resolution could be shortened by
have been proposed over the past 20 years and incorporatiomising fewer relaxation delays. Indeed, we have previously
of radionuclides has facilitated noninvasive investigations demonstrated 1-s time resolution in a perfused heart, albeit
using PET or SPECT, whilé%F labels permitted NMR  with much reduced precision in pGestimates (62). The
spectroscopy (51, 52). At present, clinical trials require data may also be enhanced by application of appropriate
histological analysis of biopsies obtained 24 h following i.v. apodization filters, which could improve SNR without se-
administration, precluding investigations of oxygen dynam- riously degrading the spatial resolution. Further refinement
ics. However, pulse chase experiments with multiple indi- of the technique should be feasible, but we believe that this
cators to assess response to interventions have been denapproach already represents a useful new method for inter-
onstrated in animals (53). rogating tumor oxygen dynamics. While the technique is
To interrogate specific regions of interest, oxygen sensi- currently limited to preclinical investigations of animal tu-
tive reporter molecules have been introduced by direct i.t. mors, we are seeking IND (investigational new drug) ap-
injection. A number of reports have demonstrated success-proval for HFB to facilitate future clinical applications. The
ful application of electron spin resonance (ESR) to follow ability to map pQ in 8 min makes this technique a practical
pO, sensitive indicators (54, 55). Although this work has proposition for application to patients and the value of
been limited to single regions of interest per tumor, recent monitoring dynamic changes in tumor oxygenation has the
reports suggest that multivoxel ESR imaging is becoming potential to influence treatment strategies.
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