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The purpose of this study was to determine, with a rodent tumor
model, if microelectrode measurements of unmodulated tumor
oxygenation predict for the avidity of hypoxic markers to tumor
tissue. Methods: The rapidly growing, anaplastic variant of the
Dunning rat prostate carcinoma cell line (R3327-AT) was im-
planted subcutaneously on the upper backs of Fischer X
Copenhagen rats. Approximately 100 measurements of Po,
were obtained from tumors of 5-10 g in animals that were
restrained and then subjected to different anesthetic proce-
dures. Values of median Po, (in mm Hg) and percentage of
measurements <5 mm Hg obtained from individual tumors
were used to define tumor oxygenation status. The radiodiag-
nostic hypoxic markers B-p-iodinated azomycin galactopyrano-
side (IAZGP) and [**"Tc]HL-91 were simultaneously adminis-
tered to 26 animals whose tumor oxygen levels had been
measured. Six hours after marker administration, the animals
were killed; tumor, blood, and muscle tissues were sampled;
and percentage injected dose per gram (%ID/g*), tumor/blood
ratio (T/B), and tumor/muscle ratio (T/M) parameters were de-
termined. Parameters of marker avidity to individual tumors
were linearly correlated with microelectrode measurements of
tumor oxygenation to determine the significance of inverse as-
sociations. Results: The median Po, of 41 tumors varied from
2.0 to 20.9 mm Hg, with an average value of 7.5 * 1.4 mm Hg.
Six tumors had unusually high values; that is, >10 mm Hg, and
when these were excluded from the analysis, the average me-
dian Po, of the remaining 35 was 4.3 = 0.7 mm Hg. When
electrode measurements of tumor oxygenation were obtained
under conditions of halothane anesthesia with the animals
breathing O,, carbogen, or air, median Po, values increased
significantly (P = 0.001). When animals were deeply anesthe-
tized by intraperitoneal injection of ketamine-xylazine, median
Po, values were not significantly different (P = 0.13) from those
obtained while the animals were restrained and breathing air.
There was no inverse correlation of significance between the
electrode measurements of median Po, and the avidity of B-b-
IAZGP nor [#mTc]HL-91 in this tumor model. The range of
median Po, values in these tumors was at least 3 mm Hg, and
the range of hypoxic marker avidity was less than twofold.
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Conclusion: These data demonstrate that microelectrode mea-
surements of rat tumor oxygenation did not correlate with the
avidity of the two hypoxic markers, at least in this tumor model.
The larger dynamic range of tumor oxygen measurements ob-
tained with microelectrodes might be biased to low values by
their necrotic fractions, the zones within solid tumors that con-
tain dead cells and debris that will not be labeled by bioreduc-
ible hypoxic markers. Hypoxic marker avidity to individual tu-
mors will have to be validated by other assays that can predict
for their radiosensitivity.
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The oxygenation status of human tumors is an important
factor for predicting tumor response and cure, especially
after treatment by fractionated radiotherapy, but it cannot be
routinely measured by current techniquég The presence

of hypoxic zones within solid tumors has been shown to be
extremely heterogeneous, both within and between different
tumors @,3). Over the past 10 y, several techniques for
estimating tumor hypoxic fractions (HFs) and radioresis-
tance have been developed and teste@)( The Eppendorf
microelectrode technique has produced significant correla-
tions between low values of tumor oxygenation and treat-
ment failure after radiation and combination therapiE3-(

13). Our laboratory proposed a noninvasive technique for
measuring tumor hypoxia with bioreducible markers whose
avidity to tumors could be measured by SPECT or PET
imaging (L4). Several radiodiagnostic methods for marking
hypoxic microenvironments have been developed, and their
selective avidity to tumor cells in vitro and to solid tumors
in both rodents and humans was recently reviewis).

In the search for improved radiodiagnostic techniques for
tumor hypoxia, our laboratory has now synthesized over 60
novel compounds that can be radiolabeled Wit iodine-
124, 129, 134 Cu-64, Cu-67, or®*"Tc for detection by
nuclear medicine procedures. Preclinical research to corre-
late tumor marker avidity with tumor hypoxia has used two
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rodent tumor models with known radiobiologic HFsafter each determination of tumor oxygenation. The temperature of
EMT-6 tumors growing inscid mice and Dunning €achtumorwas obtained by an interstitial thermocouple probe and
R3327-AT tumors growing in Fischer X Copenhagen rafgput to the histograph-associated computer to calculate absolute
(16,17. We proposed to validate hypoxic binding of spe'?o? values. The mediand? and percentage of measurements that
cific radiodiagnostic markers by microelectrode measurf€"® <5 MM Hg were used to define tumor oxygenation status.
ments of tumor oxygen within the same tumors. Previoumimal Restraint and Anesthesia

microelectrode measurements of oxygen in R3327-AT andAnimals were briefly anesthetized with metophane, the skin
R3327-H tumors were obtained from rats that had bee@wmer the tumor area was shaved, and each animal was placed under
deeply anesthetized with ketamine-xylazid®)( Since an- 2 rest_raint of premolded _thermal pl_as_tic (S&S Parsci_e_ntific),_ a
esthesia significantly modulates both central and periphefiterial commonly used in the radiation oncology clinic. This
blood flow in animals 19), the logistics for obtaining hy- restraining mesh was screwed down to a wooden board on which

oxic marker avidity and electrode measurements of ox thne animal was positioned, and a small slit was made in the skin
P Y ) ) YO&Uer the tumor after applying local anesthesia. The animals re-
from the same tumors were further investigated.

) A : uired about 10 min to wake up, resume normal respiration rates,
In this study we obtained microelectrode measureme|§§d grow accustomed to the restraints. After this time, the first

of oxygenation from the same tumor type in animals undgetermination of tumor oxygenation was made by acquiring mul-
restrained and various anesthetized conditions. As welhle electrode measurements. Each animal was then lightly anes-
correlations were made between microelectrode measutetized using a Fluorotech vaporizer made by Veterinary Anes-
ments of B, distribution in tumors and hypoxic markerthesia Systems Co. (VASCO) that mixed halothane vapor with a
avidity, using two different radiodiagnostic markers. Thépecified gas. Oxygen, carbogen, and air were sequentially trans-
data demonstrated that the dynamic range of medign FPOrted to the animal’'s anesthetic mask. After 5 min for respiratory
values obtained with electrodes and marker avidity as Oeegumbrlum Wlth each_gas,_another measure_ment of tumor oxygen-
termined by %ID/g* or T/B and T/M are different. Theseatlon was obtained with mlcroelectrodes_gwded along tumor t_racts
segarated by at least 0.5 cm from previous tracts. When animals

assays measured different aspects of tumor physiology %\rl]ere anesthetized with halothane combined with oxygen or car-

oxygenation that were found not to correlate, at least for thi§ e they maintained a normal respiratory rate whereas when
rodent tumor model. This study demonstrated an inherefimals breathed halothane mixed with air, they exhibited moder-
risk associated with using microelectrode and possibly othge hyperventilation. After these three different measurements of
measurements of tumor oxygenation for validating hypoxtamor oxygenation were obtained under mild anesthesia, the ani-
marker uptake into animal and human tumors and for prerals were allowed to recover before an intraperitoneal injection of

dicting the radioresistance of these tumors. 0.8 mg of ketamine-xylazine per kg. Twenty minutes later, when
deep anesthesia was achieved, another measurement of tumor

MATERIALS AND METHODS oxygenation was obtained. Three of the 15 animals treated on this
protocol did not survive the final ketamine-xylazine anesthesia,

Animal Tumor Model and, consequently, the analyses of oxygen levels for this condition

The Dunning rat prostate carcinoma cell line R3327-AT wagre based on only 12 datasets. For reasons discussed below, this
selected for this study since its radiosensitivity to high-dose fragtudy indicated that Eppendorf microelectrode measurements of
tions (17) and several parameters of its perfusion and oxygenati@imor oxygenation obtained from restrained animals were most
(20,21 had been measured. Fragments (8—1C)mvere dissected appropriate for correlation with measurements of tumor hypoxia
from a donor tumor in sterile physiological saline and implantegy radiodiagnostic methods.
under the skin on the upper backs of Fischer X Copenhagen rats. .

Under mild anesthesia with metophane, a small area on the upf@diolabeled Hypoxic Markers _

back of each animal was shaved, sterilized, and incised to producd>--lodinated azomycin galactopyranoside-t-IAZGP) was

a slit of ~1 cm in length. Sterile forceps were used to create Ically synthesized and radiolabeled withl by procedures that
subdermal pocket in which one tumor fragment was inserted. THEre previously described?). Radiochemical purity was mea-
incision site was closed with a metal clip. Tumor tissue implantettred by a thin-layer chromatography (TLC)/autoradiography pro-
by this procedure was palpable within 2 wk, and solid tumoi&dure 22). Two different preparations of 1.16 and 8.42 GBgq of
reached volumes of 5-12 g in 3—-4 wk. The median, Bf specific actlv_lty per m|II|moIqr concentratlon were uged on ¢ff<_er-
R3327-AT tumors of a smaller average volume2(5 mnf) was €Nt days. This mqugr contains the b.|oreduc.|ble moiety 2-r?|tro.|m-
reported in a previous study to be 2:20.3 mm Hg (8). Tumor |dazgle and exhibits |mpr.oved hypogla-marklng propertles in vivo
volumes were estimated from caliper measurements of tunf§iative to B-0-IAZA. This was attributed to its higher water
diameter 17), and larger tumors of 5-12 g were selected for thig0!ubility and faster clearance from normal tissues, mainly by renal
study, since multiple microelectrode measurements of oxygenatigigchanisms15,23. It was prepared in sterile physiological sa-
were planned. All animal procedures were reviewed and approvif: and~100 kBg were injected intraperitoneally immediately
by the Institutional Animal Care and Use Committee of the FoRiter the microelectrode procedure had been performed on re-

Chase Cancer Center. strained animals. . .
The ligand HL-91 (PROGNOX) was generously provided in

Eppendorf Po, Microelectrode Measurements commercial kits by Nycomed Amersham and radiolabeled with
The oxygenation status of individual tumors was estimated frofTc by their recommended procedures (Amersham, Bueking
99-125 electrode measurements obtained along three differeamshire, England). This hypoxia marker does not contain a

electrode tracts. The microelectrodes were calibrated before a@hditroimidazole moiety. Most of th&"™Tc (96%-99%) became
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linked to HL-91 in the three different marker preparations used dRESULTS

the three different days of these experiments. The chelation of S .
%onTc with the ligand was quantified by two chromatographic Our research strategy for validating novel nuclear medi

procedures developed by Nycomed Amersham (HL-91 kit procglne markers of thor oxygenation included Cor'relatlons
dures [Amersham, Buckinghamshire, EnglandPP™ c]HL-91 with Eppendorf microelectrode measurements. Since elec-
was injected intravenously immediately befggen-IAZGP was trode measurements of tumooPcan be acquired most
administered intraperitoneally to each animal. readily from anesthetized animals and since some anesthe-
About 6 h after marker injection, the animals were killed. Theisia procedures had been reported to interfere with micro-
tumors, muscle, and blood were sampled and counted in tRctrode operation and tumor radiosensitivgg427), we
dual-channel moo_le ef oufy-spectrometer (_Packard .Cobr_a_ . erformed a preliminary study with Dunning R3327-AT
L:rom these quantitative measurements of tissue radioactivity, P&emors to determine the effect of various anesthetics on
%ID/g* of each marker was obtained, and T/B and T/M were .
computed. All specific activities were normalized to a standard rg{mor Fo, measurement. Table shows values of median

weight of 350 g(*). Po, and percentage of measuremenits mm Hg acquired
from the same tumor in restrained animals and in animals
Statistical Analyses while under both mild and deep anesthesia. Each animal

The measurements of oxygenation status of individual tUmOl’S\}mas restrained with commercial thermomesh material used
animals that were subjected to restraint and various aneStheﬂ?sradiotherapy practice, which had been premolded to fit

were a'nalyzed using the paurepl smdemm, as were the d|ffer-. various animal sizes, and five independent determinations
ences in the means of these similarly treated groups. Correlations

between the mediandp of individual tumors and parameters ofoT tumor oxygenation were acquired. The tumor weights in

hypoxic marker avidity used the Pearson Product Moment corfél€ first six animals were estimated from external caliper
lation. P values of 0.05 and less were considered to indicafé€asurements, while the tumor weights for the remainder of

significant differences. the animals were measured after excision. The average

TABLE 1
Effect of Various Anesthetic Procedures on Eppendorf Microelectrode Measurements Obtained from Individual Dunning
R3327-AT Tumors*

Anesthetized with halothane and

Tumor . : Ketam.ine-
weight Restrained 0O, Carbogen Air xylazine
Animal no. (gender) (9) A B A B A B A B A B

1(F) 10.7 35.4 19.8 0 24.7 0 18.3 0 3.2 59.4
2 (F) 3.0 59.4 14.2 0 24.5 0 18.8 0 4.0 50.8
3 (F) 6-10t 2.0 82.3 18.3 0.8 13.7 0 15.3 0 1.1 89.1
4 (F) 4.3 51 12.8 0 14.4 0 13.1 0
5 (F) 7.0 37.2 21.9 0 19.1 0 22 0
6 (F) 2.4 70.2 25.2 0 28.8 0 26.3 0 4.7 56.0
7 (F) 4.2 7.6 42.1 9.0 16.7 5.0 49.0 10.5 15.9
8 (F) 5.7 20.9 0 20.3 0 22.4 0 9.9 138.7 6.7 29.4
9 (F) 7.7 3.5 85.0 13.3 12.9 54 41.2 4.1 70.6 6.8 14.7
10 (F) 7.1 2.0 85.0 11.8 2.0 6.6 10.8 9.2 22.5 6.2 5.9
11 (F) 4.8 3.7 86.6 13.1 0 10.4 4.0 12.9 0 4.5 54.9
12 (M) 4.4 13.7 2.7 17.5 0 8.2 0 37.8 0 7.6 3.6
13 (M) 6.6 13.6 0 7.6 21.6 12.2 17.6 10.7 12.5 6.2 23.5
14 (F) 3.1 7.2 32.2 32.2 4.2 4.3 58.8 19.3 8.5 6.1 18.8
15 (M) 5.6 10.9 0 21.0 3.5 19.1 0 33.7 0 4.6 60.8
Mean 6.5 7.5 44.6 17.2 41 14.6 12.1 16.7 96 5.1 38.9
+SE 0.4 1.4 8.6 1.7 1.8 2.1 5.3 2.6 48 0.5 7.7
Increase from restrained value 13/15 11/15 12/15 5/12
Decrease from restrained value 2/15 4/15 3/15 712
Mean* 4.3 63.1 17.2 3.7 13.2 3.2 15.2 11.8 4.8 41.5
+SE 0.7 6.8 2.3 1.9 2.7 1.1 2.2 70 07 11.2
Increase from restrained value 10/10 8/10 10/10 5/7
Decrease from restrained value 0/10 2/10 0/10 2/7

*A, median Po, in mm Hg (reading varied from 99 to 125); B, percentage of measurements <5 mm Hg.

TThese tumor weights were estimated from caliper measurements. Tumors in animals 7 through 15 were excised and weighed at end
of each experiment.

*Means from those tumors whose median Po, values under conditions of restraint were <10 mm Hg.
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value of median &, (£SE) obtained from air-breathing,
restrained animals was 75 1.4 mm Hg 0 = 15). The 1
mean value of the percentage of measuremesnm Hg
(£SE) was 44.6+ 8.6. The mean values of mediam,P
obtained from the same tumors in animals under mild an- 01 -
esthesia with halothane significantly increased for animals
breathing oxygen, carbogen, or ai? € 0.001-0.005). As
well, the mean values of the percentage of measurements
<5 mm Hg decreased significantly in each ca®e = 2 0.01
0.0001-0.001). These data clearly demonstrated that njild’
anesthesia with halothane-gas mixtures resulted in signjfi-
cantly higher values of tumor oxygenation parameters com- 0.001 —|
pared to those obtained from air-breathing animals. When
animals were deeply anesthetized with ketamine-xylazine,
the mean value of their mediamPwvas 5.1+ 0.05, and the
mean percentt5 mm Hg was 38.9: 7.7. Under conditions
of deep anesthesia, tumor oxygenation parameters were
significantly different from those obtained from unanesthg
tized, restrained animals (median,PP = 0.13; percentage
<5 mm Hg,P = 0.62).

Previous microelectrode measurements of oxygen |[in
smaller R3327-AT tumors in deeply anesthetized rats h
yielded lower average values of median,®18). For this
reason, tumors that exhibit median,Ralues of 10 mm Hg
or more in air-breathing, restrained animals might be anom-
alous. When the means of median,Rnd percentage:5
mm Hg were computed for the 10 animals whose tumayrs
had median & values of<10 mm Hg (Table 1), similar
conclusions were obtained. The tumor oxygen paramet
from deeply anesthetized animals were similar to tho
obtained from air-breathing, restrained animals but signifi
cantly lower than those obtained from animals anesthetiz
with halothane and various gases. Since the detection| of
tumor HFs by nuclear medicine markers is a “pharmacbt=
logic” procedure requiring rapid biodistribution and excreEIGURE 1. (A) %ID/g" of 'l delivered intravenously via g-p-

: : ; P IAZGP in various tissues at various times after administration
tion (19), it was deemed important to obtain *tumor XY = 3). Symbols represent R3327-AT tumor (@), liver (A), kidney

genation” measurements by both microelectrode alE), blood (O), spleen (w), lungs (>), muscle (A), and brain (t). At
radiodiagnostic procedures from minimally perturbed anieast 90% of the marker is renally excreted over first 5-6 h
mals at about the same time. For this reason, Eppendftowed by much slower hepatobiliary excretion. (B) T/B (O) and
electrode measurements were acquired from air-breathifi@! (&) ratios of tissue-specific activities from data in A. Max-
restrained animals immediately before the administration §fUm Sensitivity of this marker technique is expressed after 6 h.

the two nuclear medicine markers of hypoxia. The biore-

duction and binding oB-p-IAZGP to viable hypoxic tumor

cells exhibit first-order kinetics with marker concentration$B). Complete pharmacokinetic studies 8f"Tc]HL-91
(23). Figures 1A and B show the biodistribution, clearanceiodistribution and clearance from R3327-AT tumor-bear-
kinetics, and T/B and T/M foB-o-IAZGP in R3327-AT ing rats were not performed. Significant differences in the
tumor-bearing rats. These data indicate that microelectroplearmacokinetics of these two markers had been observed
measurements obtained from tumors in air-breathing, neith EMT-6 tumor-bearingscid mice (unpublished data).
strained animals immediately before the administration §P"Tc]HL-91, when administered intravenously, was-rap
bioreducible hypoxic markers would sample tumor micradly distributed (within 20 min) to tumor and normal tissues
environments close in time (within 2—3 h) to those when theg unique specific activities and was cleared from all tissues
markers are at maximal concentration in the tumor tissusith a half-life of 10—12 h, similar to the pharmacokinetics
The assessment of marker radioactivity retained in tumof other %" Tc-labeled markers2g). Consequently, we as
and normal tissue samples&h and longer after adminis- sumed that the retention of this marker in R3327-AT tumors
tration allows for the excretion of unbourdpo-IAZGP and 6 h after administration should yield maximal T/Bs and
the development of nearly maximal T/Bs and T/Ms (Figl/Ms.

LI ITHIlI’

T

>
o

17
]

1%
o

TUMOR/BLOOD and TUMORMUSCLE RATIO
(&)
O

\&;w
=
(%]
-t

| | | T T
10 15 20 25 30
TIME (hr)

@ T

Qo
o
[3,]

340  THE JourNAL oF NucLEAR MEDICINE * VoI. 42 « No. 2 « February 2001



TABLE 2
Measurements of Median Po, by Eppendorf Microelectrodes and Retention of Hypoxic Markers, Gb-p-IAZGP and
[#*™Tc]HL-91, in Same Dunning R3327-AT Tumors 6 Hours After Administration to Tumor-Bearing Animals

Tumor Median Gb-D-IAZGP [ TcIHL-91
weight Po,
Rat no. ((¢)] (mm Hg) %ID/g* T/B /M %ID/g* T/B /M
1 9.7 2.9 (114%) 0.057 3.3 3.9 0.091 1.5 5.0
2 8.0 2.9 (84) 0.067 3.5 4.9 0.089 1.7 6.8
3 8.9 3.8(92) 0.082 3.6 4.0 0.134 1.7 6.8
4 9.2 8.9 (105) 0.054 2.5 45 0.080 1.3 4.9
5 9.2 5.2 (76) 0.070 3.4 4.1 0.108 1.5 5.5
6 8.4 4.6 (105) 0.063 2.9 35 0.138 1.6 7.1
7 5.2 6.2 (88) 0.072 3.4 4.8 0.131 1.6 7.0
8 5.4 6.5 (102) 0.079 3.8 4.8 0.125 1.6 7.1
9 6.0 7.1 (101) 0.074 3.4 3.9 0.135 1.6 7.1
10 7.9 2.8 (104) 0.082 3.5 4.3 0.149 1.7 7.0
11 5.2 4.6 (104) 0.083 3.4 3.6 0.147 1.7 7.4
12 11.8 4.9 (97) 0.078 3.4 4.6 0.109 1.6 6.0
13 6.0 3.7 (106) 0.071 3.2 45 0.105 1.5 6.4
14 7.6 3.2 (103) 0.063 2.8 3.6 0.077 1.2 5.4
15 8.0 6.7 (100) 0.075 4.2 5.0 0.109 1.9 7.3
16 7.3 15.4 (119) 0.038 3.0 5.2 0.106 1.7 7.1
17 8.5 4.6 (111) 0.086 4.6 5.4 0.095 2.0 7.6
18 8.1 2.9 (115) 0.071 3.9 5.0 0.098 1.5 5.9
19 6.9 4.7 (85) 0.075 4.4 5.5 0.110 1.9 7.6
20 4.6 3.6 (105) 0.084 3.6 3.9 0.146 1.8 7.1
21 6.0 6.8 (121) 0.056 2.9 3.1 0.091 1.2 5.3
22 13.1 4.1 (102) 0.073 3.3 3.9 0.106 1.6 5.6
23 5.2 3.6 (99) 0.064 3.9 4.3 0.100 1.7 6.9
24 5.6 3.7 (92) 0.067 3.2 3.8 0.107 1.5 7.2
25 7.3 3.5 (109) 0.076 3.1 3.5 0.095 1.5 6.7
26 12.8 4.5 (105) 0.067 3.2 3.2 0.106 1.7 5.6
Mean 7.8 5.1 (102) 0.070 3.4 4.3 0.111 1.6 6.5
SE 0.45 0.51 (2.1) 0.002 0.09 0.13 0.004 0.04 0.17
*Number of spatially distinct measurements of tumor Po, used to define the median value.
. . 30 T T T T
Table 2 shows the medianop values obtained from r
tumors in 26 different animals to which the hypoxic markers i n=d1
B-0-IAZGP and P*"Tc]HL-91 were administered. The 25 -

mean weight of tumors in this study was 780.45 g, and
the mean value of their mediaroPwas 5.1+ 0.51. This
range of tumor oxygenation was similar to that reported
the study described in Table 2, with the exception that on
one tumor had a medianoPof >10 mm Hg. The micre
electrode procedure detected at least a threefold range
median B,, and Figure 2shows the distribution of this
parameter obtained from tumors in air-breathing, restrain
animals shown in Tables 1 and 2. Five of the six tumors th
had median & values of>10 mm Hg were in the anes
thetic study, and, consequently, correlations with lowe
hypoxic-marker avidity were not possible. It is interesting {
note that the tumor with the highest mediawy, ih Table 2
did in fact have the lowest %ID/g* g8-p-IAZGP, but that
was not the case foPTc]HL-91. Figure 3shows a plot of

median B, versus hypoxic marker specific activity in
R3327-AT tumors forB-p-IAZGP and Po"Tc]HL-91. It is

20 -
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FIGURE 2. Frequency distribution of median Po, values ob-

apparent that no significant inverse correlation betweedined from 41 R3327-AT tumors.
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these parameters was found. Also, when tumor median
values were plotted against T/B and T/M values for bot O:Ae
hypoxic markers, no significant inverse correlations b 0.15 -
tween these parameters were observed. And yet, when
avidity of B-p-IAZGP and P°"Tc]HL-91 to individual tu 084
mors was investigated, a good linear correlation (coef] ;45 |
cient = 0.78) was observed (Fig. 4). This result sugges
that the mechanisms for delivery and uptake of the bior| & 0.12
ducible markerB-p-IAZGP in these tumors may be similar| T ot
to that of HL-91. The percentage of injected HL-91 thg §°’ '
became associated with R3327-AT tumérh after admin- | & 0.10 -
istration was, on average, about 60% higher than that —_—
B-D-IAZGP. '
0.08 |

DISCUSSION 0.07

Previous studies have reported that the polarography '
sociated with microelectrode measurements of B ad 0.06 — T T T T T T T 1
versely affected by the presence of halotha®25. The 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10 0.11 0.12 0.13
data in Table 1 confirm that this was the case for th %ID/g IAZGP

oxygenation status of R3327-AT tumors growing in Fisch

. - IGURE 4.
X Copenhagen rats. This result indicated that assays of th&iqual tumo

ID/g* [#™Tc]HL-91 versus %ID/g* B-b-IAZGP in
rs 6 h after administration.

correlations between radiodiagnostic hypoxia marker avid-
ity and direct microelectrode measurements of tumor oxy-
genation should not use mild anesthesia with halothane-gas

mixtures since anomalous (higher) electrode measurem

are to be expected. Our previously reported microelectro
measurements of tumor oxygenation in R3327-AT tumo
were obtained from animals that had been deeply anest
tized with ketamine-xylazine1@). While microelectrode

measurements are most easily acquired from animals t
have been immobilized by anesthesia, ketamine-xylazi
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FIGURE 3. Median Po, of individual R3327-AT tumors versus

specific activity of tumor B-p-IAZGP (O) and [*™Tc]HL-91 (@)
measured 6 h after administration (n = 26).
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been known to significantly reduce the peripheral blood

figw required to distribute radiolabeled markers to tumor
ahd animal tissues, and, more importantly, it alters the
figarance rate of unbound marker by renal and hepatobiliary
excretion mechanisms. Another complication associated
Mdth correlations between different tumor oxygenation mea-
gerements is that the radiobiologic HF consists of both
chronically hypoxic and acutely hypoxic cel®9). Studies
with B-b-IAZGP labeled with two different iodine radioiso-
topes have shown that the estimates of HFs by this tech-
nique can vary significantly over a period ® h in some
tumors B0). It was then concluded that the best procedure
for obtaining both microelectrode and hypoxic marker mea-
surements of tumor oxygenation from the same tumor at
approximately the same time would be the acquisition of
Po, measurements from tumors in animals that were re
strained and air-breathing, followed immediately by the
administration of hypoxic markers. In this manner, the
majority of metabolic linkages of hypoxic markers to tumor
tissue would occur withmi 2 h of theelectrode measurement,
the time when marker concentrations are at their maximum
in tissues. The marker kinetic data in Figure 1 show that this
was true forp-p-IAZGP. Those data also show that at 6 h
and longer after administration, the radioactivity of labeled
B-p-IAZGP was highest in tumor tissue and that T/B and
T/M reached maximum plateaus. Consequently, our proto-
col acquired microelectrode measurements of tumor oxy-
genation immediately before the administration of
[®*™Tc]HL-91 and B-b-IAZGP.

The mean value of electrode measurements of median
Po, obtained from the R3327-AT tumors in this study was
significantly higher than that obtaide4 y earlier from
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tumors of smaller volumel1@). The median B, values were modulated by nicotinamide and carbogen, b
shown in Figure 2 can be described in three groups, ob&ZGP (31) and P°"Tc]HL-91 (31) were shown to measure
group of 25 tumors with a mean value of mediam, Bf reduced tumor HFs.

~3.5 mm Hg, a group of 10 tumors whose mean value of The results of this study are instructive for both the
median B, was 7 mm Hg, and 6 tumors whose median P preclinical evaluation of radiodiagnostic markers of tumor
values were>10 mm Hg. The basis for the wider variationhypoxia and for their clinical validation. Our research will
in median @, values for the larger tumors used in this studyiow use some radiosensitivity assay of cells released from
is not known, although there was no indication that faulindividual tumors to validate hypoxic marker avidity to
electrode operation had occurred. Although five of the siymors. Again, the sequencing of these two assays will be
tumors with these higher values of median, Were from critical. Initially, a hypoxic marker will be administered to
the anesthesia study, the measurements were acquiredifmals and allowed to label hypoxic cells in their tumors
fore exposure of the animals to halothane-gas mixtures thgf 26 h before tumor irradiation with an acute dose of 20
resulted in anomalously higher values of tumor OXygeRsy. Tumors will be immediately resected, chopped, and

ation. It is interesting that, when the five animals Whosﬁ‘]ixed, and independent assays of hypoxic marker avidity
tumors showed mediano values of>10 mm Hg were o in vitro clonogenicity will be performed. Previous stud-
anesthetized with ketamine-xylazine (Table 1), tumor oXysg using this protocol with EMT-6 tumors growing seid

gen levels fell to near the restrained values, in every casgi.o showed a significant correlation betwe@n-IAZGP

The differentiation status of tumors in this study was nQfgin, and the intrinsic tumor cell radiosensitivity of tu-

individually evaluated. It could be that the tumors with thﬂwors 03). Whether the avidity of these hypoxic markers to
higher median B, values were moderately to well d'ffer.these rat tumors in air-breathing animals can predict for

e_ntlated, a phenotype that we prewously showed o eXh'mtew radioresponse remains to be demonstrated.

higher oxygen levels1@). The six tumors with the higher S . L . .
. . . For validation studies of clinical hypoxic markers in

oxygen levels had grown to their respective volumes in . . :

: . L .~ _cancer patients, microelectrode measurements could still be

times similar to the other tumors, a characteristic that is not .

consistent with the slower growth rate of moderately Q" important tool. The dynamic range of median Palues

well-differentiated Dunning prostate carcinomag)( obtained from cervical, head and neck, and prostate carci-
It seemed apparent that there is no significant inverggr;as Is much IargeBE,SathanBtge .randgfe of mmroelep-

correlation between mediaroPvalues obtained from indli tr_o € meqsurements of mediany@btained from tumors in

vidual tumors and the avidity @-b-IAZGP nor Po"Tc]HL- air-breathing rodents3¢—36). For prostate cancers of Glea-

91. Eppendorf microelectrode measurements of the Igin Scores 6 and 7, median,Ralues ranged from-1 up
oxygen levels in these Dunning R3327-AT tumors did ndf 20—25 mm Hg &3). While correlations between hypoxic
correlate with the avidity oB-o-IAZGP nor HL-91. While Marker avidity and an independent measure of tumor oxy-
the values of mediand3in Table 2 cover at least a threefoldd€nation would be useful, the ultimate radiodiagnostic anal-
greater range, the range of parameters that defined hypofd€S of tumor HFs will require clinical studies for correla-
marker avidity in the same tumors was only 1.5-1.8. Thetign with tumor radioresistance. A nuclear medicine marker
data suggest that the variation in HFs in R3327-AT tumotgat could accurately predict for tumor hypoxia and, in
of this volume was too small to demonstrate significaf@rticular, treatment resistance would find an important role
inverse correlations between microelectrode and hypoit tumor diagnosis and for defining a subpopulation of
marker parameters. Furthermore, the two techniques meatients that would benefit from hypoxia-targeted therapies.
sure and emphasize quite different tumor compartments.

The m_icroelectrode sar_nple@,PvaIues along tracts within CONCLUSION

both viable and necrotic tumor zones and, for R3327-AT .

tumors of this volume, & distributions may be skewed to 1hese data show that the uptake and retentiof-of

the very low values obtained from necrotic and dead celldZGP and P"Tc]HL-91 in individual anaplastic Dunning
On the other hand, the hypoxic markers require viable cel@t prostate carcinomas correlate significantly. This result
at low oxygen tension for their bioreduction and linkage tBas mechanistic consequences sifee-IAZGP contains
cell mo|ecu|esl4)_ Consequenﬂy’ hypoxic markers samp|éhe “We”-behaved,” bioreducible mOiety Z'nitrOimidaZO|e,
mainly chronic and acutely hypoxic tumor cells that arwhile [*"Tc]HL-91 does not. Tumor & measurements
viable and from which tumor regrowth may occur aftepbtained with microelectrodes did not correlate significantly
reoxygenation. It is the avidities of these hypoxic markeith the degree of tumor hypoxia measured by either radio-
that suggest a narrow range of HFs in these tumors. Babeled marker. This study confirmed that anesthesia with
when the avidity of8-o-IAZGP was compared to that of halothane significantly alters tumor oxygen measurements
[#"Tc]HL-91 in the same tumors, a reasonable correlati@btained with microelectrodes. We conclude that the vali-
was found. This result suggests that both radiodiagnostation of hypoxia marker uptake into individual tumors will
markers may be marking similar microenvironments withirequire other assays of tumor oxygenation, such as quanti-
these tumors. In other studies, where tumor oxygen levé&tive measures of tumor radioresistance.
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