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An image-guided robotic system was used to measure the oxygen tension �pO2� in rodent tumor
xenografts using interstitial probes guided by tumor hypoxia PET images. Rats with �1 cm diam-
eter tumors were anesthetized and immobilized in a custom-fabricated whole-body mold. Imaging
was performed using a dedicated small-animal PET scanner �R4 or Focus 120 microPET™� �2 h
after the injection of the hypoxia tracer 18F-fluoromisonidazole �18F-FMISO�. The coordinate sys-
tems of the robot and PET were registered based on fiducial markers in the rodent bed visible on the
PET images. Guided by the 3D microPET image set, measurements were performed at various
locations in the tumor and compared to the corresponding 18F-FMISO image intensity at the
respective measurement points. Experiments were performed on four tumor-bearing rats with 4
�86�, 3 �80�, 7 �162�, and 8 �235� measurement tracks �points� for each experiment. The 18F-FMISO
image intensities were inversely correlated with the measured pO2, with a Pearson coefficient
ranging from −0.14 to −0.97 for the 22 measurement tracks. The cumulative scatterplots of pO2

versus image intensity yielded a hyperbolic relationship, with correlation coefficients of 0.52, 0.48,
0.64, and 0.73, respectively, for the four tumors. In conclusion, PET image-guided pO2 measure-
ment is feasible with this robot system and, more generally, this system will permit point-by-point
comparison of physiological probe measurements and image voxel values as a means of validating
molecularly targeted radiotracers. Although the overall data fitting suggested that 18F-FMISO may
be an effective hypoxia marker, the use of static 18F-FMISO PET postinjection scans to guide
radiotherapy might be problematic due to the observed high variation in some individual data pairs
from the fitted curve, indicating potential temporal fluctuation of oxygen tension in individual
voxels or possible suboptimal imaging time postadministration of hypoxia-related trapping of
18F-FMISO. © 2009 American Association of Physicists in Medicine. �DOI: 10.1118/1.3239491�
Key words: hypoxia, small animal imaging, pO2 measurement, image guidance, robot
I. INTRODUCTION

Solid tumors develop regions of hypoxia �i.e., chronic hy-
poxia� when they outgrow their blood supply, producing de-
creasing pO2 gradients between the well-perfused normoxic
areas and the poorly perfused hypoxic areas.1,2 Detecting and
quantifying oxygen levels in human tumors may be predic-

tive of tumor responsiveness to radiation and certain chemo-
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therapeutic agents and of clinical outcome. The presence of
hypoxia in tumors has been established as an independent
predictor of tumor progression and resistance to treatment.3–9

Studies of tumor hypoxia may further our understanding of
the malignant phenotype, tumor progression, radiation-
induced reoxygenation, and treatment outcome.10–12
Oxygen partial pressure �pO2� can be directly measured in
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tumor and other tissues with oxygen-sensitive electrodes or
fiber-optic probes.13–16 These methods have obvious limita-
tions in the clinical setting due to the inaccessibility of some
tumors, the invasive nature of the procedure, and limited
sampling. Another method—immunohistochemical analysis
of tumor biopsies using either endogenous or exogenous tu-
mor hypoxia markers—is also invasive and prone to sam-
pling error. Tumor hypoxia may also be imaged noninva-
sively using radiolabeled hypoxic cell markers in
combination with either single-photon emission computed
tomography �SPECT� or positron emission tomography
�PET�.17–21 In addition, magnetic resonance imaging �MRI�
methods are being explored to yield information on tumor
hypoxia.22,23

Misonidazole is an azomycin-based hypoxic cell
sensitizer24 that binds covalently to intracellular molecules at
levels that are inversely related to intracellular oxygen
concentration.25 18F-fluoromisonidazole �18F-FMISO�, a PET
imaging agent derived from misonidazole, is a freely diffus-
ible agent and, in the absence of hypoxia, is nonspecifically
distributed among tissues. 18F-FMISO PET has been the
most commonly used agent for clinical PET hypoxia imaging
to date25 and has been used to detect hypoxia in lung tumors,
sarcoma, and head and neck cancers.26 Based on clinical and
laboratory findings with 18F-FMISO hypoxia imaging, the
optimal time for imaging appears to be between 90 and
120 min postinjection.25 This time point has been widely
adopted for clinical hypoxia imaging using 18F-FMISO.19,27

Although noninvasive imaging of tumor hypoxia with
PET has many advantages, it is an indirect method subject to
various confounding factors.20,28 Given that direct pO2 mea-
surements have been correlated with treatment outcome,29 it
is desirable to compare PET-based hypoxia imaging to pO2

probe data as a means of validation. However, to date, at-
tempts to compare PET-based hypoxia imaging to
18F-FMISO and Eppendorf measurement in clinical studies
have shown a notable absence of correlation.30,31 This is per-
haps due to misregistration of the probe measurement and
image positions as well as acute hypoxia �short-term fluctua-
tions in pO2 produced by intermittent opening and closing of
tumor blood vessels�.32

To overcome shortcomings of comparison of nonregis-
tered point measurements and voxel image intensities, we
developed a template system to manually register PET image
intensity in rodent tumors with pO2 values measured using
an OxyLite™ fiber-optic probe.20 Although the latter provides
fine spatial sampling �i.e., the probe tip is 220 �m in diam-
eter�, manual registration is labor intensive, time consuming,
and ultimately unreliable. An automated image-guided ro-
botic system therefore offers distinct advantages in accuracy
and minimal invasiveness that are difficult to achieve with
manual operation. Recently, investigators have explored the
clinical use of robotic systems in surgery, radiotherapy, and
biopsy procedures.33–37 However, image-guided robotic sys-
tems for small-animal studies remain scarce. Needle-
positioning robots for image-guided interventions in small-
animal research models have been reported for biopsy and

38 39,40
in vivo measurement by our group and others. Our
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image-guided robotic system was evaluated as a more reli-
able alternative to manual probe placement to thereby im-
prove the accuracy as well as efficiency of probe-based vali-
dation of hypoxia imaging agents. Design and validation of
this system using a phantom have been reported.38

In the current study, we evaluated the utility of our robotic
system in image-guided probe measurement of pO2 levels in
tumors in live animals. Specifically, the oxygen levels in a rat
prostate adenocarcinoma growing in the hindlimbs of nude
rats were measured using an OxyLite™ probe, guided by
18F-FMISO PET images. We report in this paper the corre-
lation between the PET image intensities and the measured
pO2 values to evaluate the accuracy of the PET hypoxia
image and spatial correlation between pO2 values and tumor
hypoxia visualized with immunofluorescent staining.

II. IMAGE-GUIDED ROBOT SYSTEM

A detailed description and evaluation of this image-
guided robot system using a phantom has been provided in a

38

FIG. 1. �a� The image-guided robot system. �b� Image-guided measurement
of oxygen level using the Oxylite probe.
previous publication. Briefly, as shown in Fig. 1�a�, the
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robot system consists of an X-Y horizontal platform and two
vertical �Z1 and Z2� slides. An arm is attached to the Z1 slide
to hold either the registration “touch” probe �for spatially
registering the robot and PET-image coordinate systems� or
the cannula with the pO2 probe in place. A removable regis-
tration plate can be mounted on the rodent holder. The plate
includes four small wells �each �5 �l in volume� to which a
drop of a high-activity concentration PET-visible radiotracer
�e.g., 18F-FMISO� can be added to serve as fiducial markers
for registration between the imaging and the robot coordinate
systems. For pO2 measurements �Fig. 1�b��, the operator
specifies points of interest along multiple tracks in the image
space using the visualization software. The software trans-
forms the measurement positions from image to robot coor-
dinates and sequentially performs probe measurements at the
preprogramed positions �depth increments� along each track.

The positional error of the robotic system was previously
studied using fiducial markers and a phantom.38 The results
indicated that the robot system could position the measure-
ment probe at a defined target point with a mean error of less
than 0.4 mm. Since the phantom study did not account for
the error due to nonrigid deformation of the animal body
induced by the insertion and the manipulation of the probe,
the 0.4 mm error represents a lower bound of achievable
positional accuracy for this robot system.

III. EXPERIMENT

III.A. Animal preparation

Four experiments were performed on four rats. All animal
procedures complied with the applicable guidelines of Me-
morial Sloan-Kettering Cancer Center �MSKCC� and were
performed under the auspices of an experimental protocol
approved by the MSKCC Institutional Animal Care and Use
Committee �IACUC�. The syngeneic Dunning R3327-AT
anaplastic prostate adenocarcinoma growing in nude rats was
used as the tumor model. Tumors were initiated by subcuta-
neous injection of approximately 2�106 cells in the right
hind leg. Following injection, the rats were periodically ex-
amined and the tumor dimensions were measured. At the
time of PET imaging and the pO2 measurements, at 2 week
postimplantation, the tumor had grown to approximately
2 cm in diameter.

For experiments, an animal-specific custom-fabricated
foam mold �Rapid-Foam™, Soule Medical, Lutz, FL�, which
fits into the rodent bed, was fabricated to immobilize the
animal.41 The mold was fabricated in place in the animal
holder, temporarily �i.e., only for the fabrication procedure�
lined with aluminum foil, and can easily be removed from
and replaced back in the holder.

III.B. MicroPET scan
18F-fluoride was produced in the MSKCC cyclotron

�EBCO Technologies, Inc., Vancouver, Canada� by proton
irradiation of an enriched 18O-water target in a small-volume
titanium chamber. 18F-FMISO was prepared as reported42,43
with minor modifications. The animal was anesthetized �in-
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duction phase of 2.0% isoflurane and maintenance phase of
1.0% with air as the carrier gas� and placed in the prone
position in its custom-fabricated mold. 18F-FMISO �63 MBq
�1.7 mCi�� was intravenously administered via bolus injec-
tion through the tail vein. The first animal was scanned on
the R4 microPET™ and the other three on the Focus 120
microPET™. At 2 h postadministration, two scans were per-
formed. The first image acquisition lasted for 5 min, record-
ing a minimum of 20 million events over the tumor-bearing
hindlimb region. The longitudinal position ��0.1 mm� of
the animal bed for imaging, given by a digital display on the
microPET™ control console, was recorded. The animal bed
was then retracted out of the imaging gantry and a drop of
solution containing 18F-FMISO with an activity concentra-
tion of �500 �Ci /ml dispensed into each of the four
fiducial-marker wells. The animal bed was then translated
back into the imaging gantry to precisely the same position
as for the first image and a second image acquired for 1 min.
The resulting list-mode data were sorted into 2D sinogram
by Fourier rebinning and transverse images reconstructed by
filtered backprojection using a ramp filter with a cut-off fre-
quency equal to the Nyquist frequency; no attenuation, scat-
ter, or partial-volume correction were applied. The R4
and Focus 120 microPET scans were reconstructed in
128�128�64 �voxel size of 0.85�0.85�1.21 mm3� and
128�128�96 �voxel size of 0.87�0.87�0.80 mm3� vol-
umes, respectively. The two image sets in each experiment
were acquired in this sequence without and then with activity
in the fiducial-marker indentations to avoid reconstruction
artifacts �e.g., streaking� associated with the foci of concen-
trated activity when correlating the PET images with the pO2

measurements.

III.C. Oxylite measurement

Tumor pO2 was measured with a four-channel fiber-optic
oxygen-sensitive device with a needle-type probe �OxyLite™

4000, Oxford Optronix, Oxford, UK� as described
previously.44 This system converts the measured signals to
pO2 values in mm Hg using individual probe calibration data
provided by the manufacturer. The pO2 signal from
OxyLite™ probe was averaged every 5 s and the pO2 value
was recorded in real time using a data-acquisition system
�PowerLab® ADInstruments, Chart 4.2�.

Immediately following completion of PET imaging and
with the animal anesthetized and in place in the rodent
holder, the registration probe was attached to the Z1 slide
and moved under force-controlled mode to mate with the
four fiducial marker wells and thus determine their positions
in the robot space. The locations of fiducial markers in the
PET image were then coregistered with those in the robot
space.38

Three to eight tracks within the tumor were selected for
measurement for each experiment. For each track, the start
and end positions, and the increment �usually 0.5 mm� be-
tween sequential measurements were specified. For each
track, the software first drove the robot to the entrance point

of that track on the dorsal skin surface overlying the tumor
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and the operator used a 24G3/4 gauge needle to puncture the
skin and the underlying fascia, creating a channel for the
cannula. The cannula was then attached to the Z1 slide and
positioned by the robot to penetrate the opening by �1 mm,
providing a rigid conduit for inserting and advancing the pO2

measurement probe and avoiding bending or other mechani-
cal deformations of the probe tip. The probe, mounted on the
Z2 slide, was then inserted through the cannula and ad-
vanced incrementally to each programmed measurement
point along the selected tracks.

The pO2 measurements were made at the starting point of
each track and subsequently at 0.5 mm steps until the speci-
fied end position was reached. To avoid artifacts due to pres-
sure on its tip, the probe was retracted 0.3 mm after each
incremental advance before initiating pO2 measurement.
Once the pO2 reading at each position stabilized, the value
was manually entered into the appropriate field of the visu-
alization software. The measurement positions, image inten-
sities, and pO2 values along each track were exported for
analysis.

III.D. Immunohistochemical staining and image
acquisition

Immunohistochemical staining of the tumors was also
performed for the first experiment. Pimonidazole
�60 mg /kg�, a standard maker for tissue hypoxia, was coad-
ministered via tail vein injection with 18F-FMISO. Hoechst
33342 �15 mg /kg�, an immunofluorescent perfusion stain,
was administered immediately after all pO2 measurements
had been completed and 1 min before the animal was sacri-
ficed by carbon dioxide asphyxiation. The tumor was re-
moved, immediately frozen in cryofixative, and microtomed
into 8 �m thick sections with the sections cut perpendicu-
larly to the direction of the first track.

The sections were immunohistochemically stained fol-
lowing the procedure described in an early publication45 and
scanned on an image analysis system consisting of a Zeiss
BX40 fluorescence microscope using a computer-controlled
motorized stage with a digital camera and METAMORE soft-
ware 6.3. All images were scanned at 50� magnification.
Composite images of the entire tumor were generated by the
software from individual microscopic images. Sections were
first imaged for Hoechst; then the same sections were stained
for pimonidazole and scanned. Finally, the sections were
stained with hematoxylin and eosin �H&E� and scanned.

IV. DATA ANALYSIS

IV.A. 18F-FMISO binding curve

The reaction of 18F-FMISO in the presence of oxygen is

R-NO2
−�

e−

O2

R-NO2, �1�

where R-NO2
− is the 18F-FMISO compound and e− is the free

electrons. When the above equation reaches equilibrium, the
concentrations of 18F-FMISO and O2 follow the following

relation:
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�R-NO2
−� · �O2� = k · ��R-NO2�max − �R-NO2

−�� · �e−� , �2�

where k is the equilibrium constant and �R-NO2�max is the
maximum 18F-FMISO concentration.

Then

�O2� = − K50 +
K50 · �R-NO2�max

�R-NO2�
, �3�

where K50=k�e−� is the oxygen concentration when �R-NO2
−�

is 50% of �R-NO2�max. Equation �3� indicates that the oxygen
concentration is inversely related to the 18F-FMISO concen-
tration according to a rectangular hyperbolic function and
was used to fit the 18F-FMISO PET image intensity and mea-
sured pO2 data.

IV.B. Data fitting

The image intensities and measured pO2 values were plot-
ted as a function of position along each track of measure-
ment to validate the inverse correlation predicted by Eq. �3�.
Because each pO2 datum is measured at a point but the mi-
croPET intensity represents a volume-averaged value of
18F-FMISO activity in a voxel, a three-point moving average
was performed on the pO2 level along each track to best
approximate the volume-averaging effect �voxel size
0.85�0.85�1.21 mm3 for the R4 and 0.87�0.87
�0.80 mm3 for the Focus 120 microPET studies� Although
the three-point average covers a length �1 mm� slightly
larger than the voxel size, the average position coincides
with the position of the center of the three measurement
points being averaged. The correlation coefficient �Pearson
product moment� of the image intensity versus pO2 value
was calculated for each track.

To obtain the overall correlation between pO2 value and
image intensity, a scatterplot of pO2 versus image intensity
was also generated using data from all tracks. According to
the 18F-FMISO-oxygen binding curve in Eq. �3�, regression
was performed to fit these data to a modified hyperbolic
function,

y = − a + axmax/x , �4�

where y is the pO2 level, x is the 18F-FMISO image intensity,
xmax is the maximum 18F-FMISO image intensity, and a
=K50 is the regression coefficient. Because the maximum
18F-FMISO image intensity was usually unknown and could
not be reliably extrapolated from the scatter plot, the maxi-
mum 18F-FMISO image intensity of the whole tumor in the
PET scan was used for xmax in Eq. �4�. Note that the maxi-
mum 18F-FMISO image intensity was only a lower bound
for the true xmax, which occurs only for very low oxygen
tensions �in theory, pO2�5 mm Hg�. As a result, a was the
only regression coefficient in Eq. �4� and represented an up-
per bound for K50. The regression was carried out using the
user-defined curve-fitting function of CURVEEXPER

™ �Version

1.37� software.
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V. RESULTS

Point pO2 values and corresponding 18F-FMISO image
intensities were successfully obtained for four tracks �86
measurement points� for the first rat, three tracks �80 mea-
surement points� for the second rat, seven tracks �162 mea-
surement points� for the third rat, and eight tracks �235 mea-
surement points� for the fourth rat. The mean registration
error between the robot and image coordinate systems was
0.15 mm with a standard deviation �SD� of 0.10 mm for the
four experiments.

Figures 2�a�–2�d� present the image intensities and pO2

values as a function of position �i.e., depth� for the four
tracks of the first experiment. Correlation coefficients �Pear-
son product moment� of the image intensity value versus
pO2 �mm Hg� were also shown for each track. Similar results
�not shown� were obtained for other experiments. Figures
3�a�–3�d� shows the scatterplot of pO2 value versus image
intensity using all data of each experiment. The gray curve is
the best fit of the data to a modified hyperbolic function �Eq.
�4��.

Tables I and II summarizes the data analysis results. Table
I lists the Pearson product coefficients between 18F-FMISO
image intensity and measured pO2 for each track of each
experiment, as well as the mean and SD of the mean Pearson
product coefficients �“mean of mean” and “SD of mean”� of
all four experiments. An inverse correlation was generally
observed although the Pearson product coefficients varied
significantly among experiments �the mean coefficient
ranges from −0.60 to −0.83 for the four experiments with a

FIG. 2. Image intensity values and pO2 measurements as a function of measu
experiment. Measurements were done every 0.5 mm. R is the Pearson prod
mean and SD of −0.709 and 0.104, respectively� and within
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each experiment �the SD of three experiments are larger than
the SD of mean�. Table II lists K50 and R �correlation coef-
ficient� for the data fitting of the scatterplot to the modified
hyperbolic function �Eq. �4�� for each experiment.

Figures 4 and 5 show the results for the immunohis-
tochemical staining study for two tumor sections along the
track in Fig. 2�a�. Because the inserted probe produces cut-
ting artifacts, probe location could only be identified on these

nt point for the �a� first, �b� second, �c� third and �d� fourth tracks of the first
oment correlation coefficient.

FIG. 3. Scatterplot of pO2 versus image intensity for all tracks of �a� first,
�b� second, �c� third, and �d� fourth experiments. Gray curve is the best fit of
reme
the data to a hyperbolic function. R: The correlation coefficient for the fit.
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two slices. The first section was estimated between measure-
ment points 5 and 9 and the second section between mea-
surement points 16 and 20. As shown in Fig. 4�a�, the first
probe location was in a viable tumor region, based on the
H&E staining. Figure 4�b� indicates that the probe was posi-
tioned in a hypoxic region as demonstrated by intense pi-
monidazole staining and poor perfusion �i.e., no Hoechst
33324 staining�. These results were consistent with the low
�i.e., hypoxic� pO2 measurements and high image intensity
values shown for measurement points 5–9 of Fig. 2�a�. The
second probe location, on the other hand, was in a necrotic
region because no viable tumor was observed by H&E stain-
ing of this region �Fig. 5�a�� and no pimonidazole or Hoechst
33342 staining was seen �Fig. 5�b��. These results were also
consistent with the low pO2 measurements and low image
intensity values for measurement points 16–20 of Fig. 2�a�.

VI. DISCUSSION

Of the many methods for evaluating tumor hypoxia,
probe-based pO2 measurement, in being most direct, is gen-
erally regarded as a reference. PET imaging with exogenous
hypoxic cell markers is less invasive and can yield 3D infor-
mation, offering an attractive alternative in clinical applica-
tion. To our knowledge, this is the first study that compares
probe-based pO2 measurement to image intensity of PET-
based assessment of tumor hypoxia in a spatially registered
“voxel-by-voxel” manner. Another important aspect is the
use of a robotic system specifically designed for image-

TABLE I. List of Pearson product coefficients between 18F-FMISO image
intensity and measured pO2 for each track. �Mean of mean=−0.71, SD of
mean=0.10, total mean=−0.71, total SD=0.19.�

Track Animal 1 Animal 2 Animal 3 Animal 4

1 −0.41 −0.95 −0.81 −0.54
2 −0.66 −0.7 −0.97 −0.86
3 −0.76 −0.62 −0.86 −0.72
4 −0.55 −0.72 −0.77
5 −0.93 −0.70
6 −0.80 −0.88
7 −0.72 −0.14
8 −0.63

Mean −0.60 −0.75 −0.83 −0.65
SD 0.15 0.17 0.10 0.24

TABLE II. K50 and R �correlation coefficient� for the data fitting of the scat-
terplot to a hyperbolic function for each animal.

K50 R

Animal 1 0.6 0.52
Animal 2 13.2 0.48
Animal 3 4.0 0.64
Animal 4 7.7 0.73

Mean 6.4 0.60
SD 5.4 0.12
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guided procedures as exemplified by this investigation. Not
only did we demonstrate the feasibility of our approach and
methodology, the direct comparison of pO2 probe data with
18F-FMISO PET image also yielded valuable insight regard-
ing the use of these methods.

Bentzen et al.31 did not observe any correlation between
the average pO2 and the 18F-FMISO PET results in human
cancers, which we believe is due to the lack of spatial regis-
tration of the two measured surrogates. In contrast, with the
improved registration accuracy using our image-guided ro-
botic system, we were able to observe reasonable correlation
between probe-based pO2 measurement and PET imaging
with exogenous hypoxic cell markers. As shown in Table II,
the average K50 was 6.4�5.4 mm Hg in the Dunning
R3327-AT tumor xenografts used in this study. This is in the
range of oxygen tensions associated with radiobiological hy-
poxia, over which the oxygen enhancement ratio changes by
several fold. Rasey et al.46 observed for various cell
lines that at oxygen tensions of 720–2300 ppm

FIG. 4. Microscopic imaging study results for the slice containing measure-
ment points 5–9 of Fig. 2�a�. �a� HE stain. �b� Overlay of pimonidazole,
Hoechst 33342, and HE stains. Circles are the location of the fiber-optic
probe.
�2.6–8.32 mm Hg�, FMISO binding was halfway between
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those under aerobic and anoxic conditions, respectively.
Thus, the results of this study are consistent with the sugges-
tion that FMISO is an effective marker for radiobiologically
significant hypoxia and could potentially guide cancer radio-
therapy, i.e., IMRT dose painting to hypoxia regions.

As presented in Table I, the measured pO2 are negatively
correlated with PET-FMISO image intensity, with Pearson
coefficients ranging from −0.144 to −0.966 �with a mean and
SD of −0.713 and 0.189, respectively� for the 22 tracks. The
scattergram plots of the four experiments �Fig. 3� show sig-
nificant data dispersion, that is, each probe-measured pO2

level could correspond to a range of 18F-FMISO image in-
tensities instead of a single value and vice versa. Various
factors that adversely affect the direct comparison of, and the
inverse correlation between, probe-based pO2 data and PET-
FMISO image intensity are discussed below.

The two surrogates of tumor hypoxia in this study differ

FIG. 5. Microscopic imaging study results for the slice containing measure-
ment points 16–20 of Fig. 2�a�. �a� HE stain. �b� Overlay of pimonidazole,
Hoechst 33342, and HE stains. Circles are the location of the fiber-optic
probe.
both spatially and temporally in their information content.
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Spatially, each microPET voxel represents a volume of �0.6
or �0.9 mm3. In contrast, the detector element of the Oxylite
is circular with a diameter of 220 �m. Thus, the signal in a
microPET voxel represents that of a volume of over 70 000
cells �assuming that the diameter of cell is �25 �m�, orders
of magnitude higher than that ��80 cells� provided by the
Oxylite probe at its measurement positions. In terms of tem-
poral resolution, the Oxylite yields the pO2 level at discrete
time points �i.e., at the instances of measurement�, whereas
the FMISO signal is the result of an integration over the
period from tracer injection to image acquisition. In this re-
gard, temporal changes in tumor hypoxia due to acute
hypoxia,32,47 leading to pO2 fluctuation, could negatively af-
fect the comparison between the Oxylite reading and the
18F-MISO signal.

Tumor necrosis, known to exist in both animal and human
tumors, is another confounding factor in relating probe-based
pO2 measurement to 18F-FMISO image intensities. In fact,
Figs. 4 and 5 clearly show the existence of necrosis in the
Dunning R3327-AT anaplastic prostate adenocarcinoma used
in this study. In the necrotic regions of the tumors, both
surrogates �Hoechst 33342 and pimonidazole� would register
low values of pO2 because of the absence of functioning
blood vessels, and 18F-FMISO image intensity would be low
because of the absence of viable hypoxic cells and of deliv-
ery of the radiotracer. The inclusion of the directly correlated
pO2 levels and 18F-FMISO intensities recorded in such re-
gions would compromise the expected inverse correlation.
This can be understood in terms of the stained tissue sections
in Figs. 4 and 5. The probe position in Fig. 4 was in a viable
tumor region, and the measured pO2 would follow the theo-
retical �hyperbolic� relation of inversely correlated pO2 and
image intensity, as described in Eqs. �3� and �4�. The probe
in Fig. 5, on the other hand, was in a necrotic region with
both low image intensity and low pO2 value. Of course, if
such outliers can be excluded from the data analysis, the
correlation would be improved �as will be discussed later�.

There are two other factors of note, one being the uncer-
tainty in spatially matching the probe position and the corre-
sponding PET voxel, and the other being the influence of
tracer delivery and pharmacokinetics on 18F-FMISO PET
signal intensity. The accuracy of registering the probe posi-
tions and PET voxels is affected by the reproducibility of
tumor location between the two procedures. Recent data
from our laboratory, applicable in part to this study, indicated
that an uncertainty of 0.8 mm in repositioning the tumor in
serial and prolonged imaging studies.48 In this study, the pos-
sible bending of the Oxylite probe in penetrating the tumor
may have introduced additional spatial uncertainty, although
care was taken to reposition the probe if obvious bending
was observed.

It is well established that both tumor physiology �i.e.,
blood flow, tracer delivery, washout, etc.� and pharmacoki-
netics �i.e., binding, dissociation, etc.� affect PET images,
including those of tracers such as FDG and FMISO. For
18F-FMISO PET imaging, Thowarth et al.49 showed that im-
ages acquired at a given time point post-tracer injection may

yield erroneous information on tumor hypoxia due to the
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complex influence of physiology and pharmacokinetics.
Such artifacts, of course, would also introduce dispersion in
the comparison of probe-based and PET data.

We were aware that the above-discussed factors would
influence the comparison of the two surrogates of tumor hy-
poxia, what was unknown was the extent to which the cor-
relation will be affected. In this regard, the results of this
study not only demonstrate correlation between probe-based
pO2 level and 18F-FMISO PET image intensity but also pro-
vide a measure of the combined detrimental effects of these
factors. In addition, in the course of our investigation we
identified areas for improvement for future studies, as de-
scribed below.

It is hypothesized that correlation between probe-based
pO2 level and 18F-FMISO PET image intensity would be
improved if data from necrotic volumes were excluded. For
this purpose, we shall evaluate the use of dynamic contrast-
enhanced MR imaging to distinguish perfused viable tissues
and nonperfused necrotic tissues and systematically exclude
spurious data.50 To reduce spatial uncertainty due to the po-
tential bending of the Oxylite probe, a more rigid metal
needle probe �i.e., the Eppendorf™ pO2 histography system�
can be used, with the added advantage of speedier data ac-
quisition using a stepping motor. Finally, we and others are
investigating the use of dynamic 18F-FMISO PET imaging
and compartmental analysis to minimize the potential arti-
facts introduced by tumor physiology and
pharmacokinetics.49,51,52

VII. SUMMARY

The use of advanced imaging techniques to elucidate the
molecular basis of cancer is having a profound impact on
cancer management. In this study, we used a novel image-
guided robotic system to perform intratumoral pO2 measure-
ments spatially registered with hypoxia microPET images.
Our results indicated that 18F-FMISO PET image intensity is
correlated with measured pO2 and consistent with K50 values
in the range of radiobiological hypoxia. Within the experi-
mental uncertainties discussed previously, the results from
this study support the use of 18F-FMISO PET as a hypoxia
surrogate, and this approach can be extended to validate the
use of other PET hypoxia tracers. In addition, the image-
guided robotic system provides a useful tool to perform other
image-based procedures, e.g., delivery of hypoxia targeted
therapeutics and biopsy of tumor specimens with specific
image characteristics. In this regard, the present study pro-
vides a proof of principle and demonstration of feasibility of
image-guided procedures in rodents using a robotic system
specifically designed for such a purpose.
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