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Abstract: Hypoxia is an important resistance factor in radiotherapy and measuring its spatial distribution in tumors 
non-invasively is therefore of major importance. This study characterizes the hypoxic conditions of three tumor sub-
lines (AT1, HI and H) of the Dunning R3327 prostate tumor model, which differ in histology, differentiation degree, 
volume doubling time and androgenic sensitivity, using dynamic Fluoromisonidazole (18F-FMISO)-Positron Emission 
Tomography/Computed Tomography (PET-CT) and histology. Measurements were performed for two tumor volumes 
(average 0.8±0.5 cm3 vs 4.4±2.8 cm3). Data were analyzed according to tumor subline as well as to the shape of 
the time activity curves (TACs), based on standardized uptake values (SUVs) and a two-tissue compartment model. 
Quantitative immunohistochemical studies of the hypoxic fraction, vessel density and vessel size were performed 
using pimonidazole, Hoechst 33342 and CD31 dyes. No significant FMISO-uptake was found in small tumors, which 
had a mean SUV of 0.64±0.36, 0.55±0.10 and 0.45±0.08, for AT1, HI and H sublines respectively. In large tu-
mors, the SUVs were 1.33±0.52, 1.12±0.83 and 0.63±0.16 for AT1, HI and H sublines and the corresponding 
hypoxic fractions obtained with pimonidazole staining were 0.62±0.23, 0.54±0.24 and 0.07±0.10, respectively. 
The AT1- was the most and H-tumor was the least hypoxic for both methods (P<0.05). All measurements were able 
to discriminate different hypoxic conditions, however despite SUV and kinetic parameters correlated with the three 
identified TAC shapes, most of the histological results did not. These results demonstrate impact and limitations of 
static and dynamic PET-CT measurements to assess hypoxia non-invasively.
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Introduction

Tumor growth may lead to a decreased blood 
supply, that reduces availability of oxygen in the 
tissue. As a consequence hypoxic conditions in 
the tumor may occur. Hypoxia is known to 
increase the resistance against radiotherapy 
and therefore reduces the chance of a suc-
cessful treatment [1-3]. To overcome hypoxia, 
the radiation dose in the tumor must be 
increased while still respecting the tolerance 
doses of the surrounding normal tissues. As 
hypoxia may be heterogeneously distributed, 
its spatial distribution prior to the treatment 
has to be characterized.

Several methods exist to measure hypoxia 
directly or indirectly [3]. So far, the “gold stan-
dard” uses polarographic electrode needles 
that allow direct measure of the partial oxygen 
pressure (pO2). Nordsmark et al. used polaro-
graphic needles and demonstrated, that local 
tumor control and patient survival in head- and 
neck-tumors, were significantly correlated with 
the presence of hypoxia [4, 5]. This method, 
however, is invasive and can only be used in 
superficial tumors, does not distinguish 
between necrotic and viable tissue [6] and in 
some cases even gives values below zero [7]. 
Molecular imaging techniques have therefore 
become of increasing interest as they are non-
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invasive and allow repeated three-dimensional 
(3D) measurements of biological processes in 
vivo [8]. Especially, Positron Emission Tomo- 
graphy (PET) may be used to measure hypoxia 
using highly specific tracers, that bind to hypox-
ic regions of the tumor together with the possi-
bility of 3D-images. Among these radiotracers, 
Fluoromisonidazole (1-(2-nitroimidazolyl)-2-hy-
droxy-3-fluoropropane) (18F-FMISO) has been 
most widely studied in clinical and preclinical 
settings [9-15]. FMISO diffuses passively into 
the tissue and it is firstly reduced by nitroreduc-
tases. In absence of oxygen, further reactions 
take place, leading to more reactive products 
that bind to the cell [16]. The detection of 
FMISO in tumors, has been performed with 
static and dynamic PET measurements. In the 
static case, the characterization is based on 
the SUV, while dynamic measurements use a 
two-tissue compartment model [17]. The latter 
apply mathematical modeling to determine 
pharmacokinetic parameters from the time 
activity curves (TACs) [18] and some of the 
resulting parameters are expected to reflect 
hypoxia. Up to now, however, no correlation 
between these parameters and pO2 values in 
tissue has been found [19].

Prostate tumors can be hypoxic [20-22]. 
However, only very few clinical studies on the 
impact of hypoxia in human prostate carcino-
mas by means of PET, are available [23, 24]. 
Since the PET-methodology for hypoxia mea-
surements is not yet established for clinical 
use, preclinical studies are required.

In this study, three sublines (AT1, HI and H) of 
the rat prostate adenocarcinoma Dunning 
R3327 have been used to compare different 
methods for the assessment of their hypoxic 
status. Although previous studies investigated 
the hypoxic condition of the anaplastic tumor 
AT using PET [25-27], this is the first compara-
tive study for three Dunning R3327 sublines. 
The sublines differ in histology, volume dou-
bling time (VDT), androgen sensitivity, and pro-
gression status [28, 29], and thus reflect the 
heterogeneous nature of clinical prostate 
tumors. This preclinical study with the varying 
differentiation status of the sublines, therefore 
might provide a helpful strategy to further vali-
date the PET technique. To characterize the 
hypoxic status, we performed static as well as 
dynamic FMISO-PET evaluations with the use of 
a two-tissue compartment model. In addition, 
we used pimonidazole, CD31 and Hoechst 

33342 immunofluorescence stainings to quan-
titatively determine the hypoxic fraction (HF), 
the perfused vessel density and the mean ves-
sel size.

Materials and methods

Tumor model

Fresh tumor fragments of three different sub-
lines (AT1, HI and H) of the Dunning R3327 rat 
prostate adenocarcinoma [28-30] were sub- 
cutaneously implanted in the distal thigh of 
young adult male Copenhagen rats (weight, 
340.5±55.5 g; age, 9-14 weeks). The AT1-
subline was the first anaplastic tumor (AT) that 
spontaneously arose in rats. It is fast-growing 
with VDT ~4.8 days. The HI-subline is moder-
ately fast-growing (VDT ~9 days), well differenti-
ated and hormone independent. Finally, the 
H-subline is slow-growing (VDT ~20 days [31]), 
well differentiated and hormone-sensitive. The 
tumor fragments were obtained from a frozen 
stock, that is maintained as a first passage of 
the original tumor tissue kindly supplied by Dr. 
J. Isaacs (John Hopkins University, Baltimore, 
MD). During PET-measurements, animals were 
kept under anesthesia with a mixture of 
Sevoflurane (3%) and air (0.5 l/min). All experi-
ments were approved by the governmental 
review committee on animal care and the ani-
mals were kept under standard laboratory con-
ditions at the German Cancer Research Center.

PET-measurements

In total, 30 tumors (10 AT1, 12 HI, 8 H) were 
measured by dynamic PET after injection of 
15-53 MBq of 18F-FMISO into the tail vein. 
Measurements were performed at two tumor 
volumes for all tumors, except of 8 HI that were 
measured only when tumors were large. The 
average volume of the small tumors was 
0.8±0.5 cm3 (range 0.1-1.6 cm3) and 4.4±2.8 
cm3 (range 0.7-16.4 cm3) for the larger ones. 
Images were recorded over 60 min using a 
28-frame protocol (4 frames of 5 sec, 4 frames 
of 10 sec, 4 frames of 20 sec, 4 frames of 60 
sec, 4 frames of 120 sec, 6 frames of 300 sec 
and 2 frames of 470 sec). Two rats were imaged 
simultaneously with a PET-CT (BiographTM mCT, 
128 S; Siemens, Erlangen, Germany) operated 
in 3-dimensional mode and using an axial field 
of view of 216 mm. A low-dose computed 
tomography (80 kV, 30 mA) was used to correct 
the PET measurement for attenuation. Images 
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of 400×400 pixels (pixel size 1.565 mm, slice 
thickness 0.6 mm) were obtained from an  
iterative image reconstruction, based on the 
ordered subset expectation maximization algo-
rithm (OSEM) with 6 iterations and 12 subsets. 
Signal intensities were converted to SUV [32] 
using a dedicated software (PMOD Technologies 
Ltd., Zürich, Switzerland).

Data analysis

Tracer uptake in the tumor was measured in a 
volume of interest (VOI), that was drawn around 
the maximum SUV using a 75% isocontour. For 
static data analysis, the maximum SUV in the 
last frame at 60 min was used.

For pharmacokinetic data analysis, a two-tis-
sue compartment model [33] was fitted to the 
TAC of the mean SUV in the VOI using PMOD in 
combination with a modified machine-learning 
algorithm [34-36]. The arterial input function 
was obtained from the descending aorta using 
regions of interest (ROIs) of at least 7 consecu-
tive images [37]. While the first compartment is 
considered as purely diffusive, the signal in the 
second compartment reflects the amount of 
tracer metabolized by hypoxic cells (binding 
compartment). The corresponding rate con-
stants K1 (ml/(g⋅min)) and k2 (1/min) describe 
the transport between plasma and the first 
compartment, while k3 (1/min) and k4 (1/min) 
describe the exchange between the first and 
the second compartments. In case of hypoxia, 
k3 is expected to increase [17]. In addition, the 

global influx K
k k
K k

i
2 3
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additional and more stable indicator for hypox-
ia [38]. This parameter corresponds to an 
effective transport of the tracer from the plas-
ma into the binding compartment.

In the first step, the differences in SUVs and 
pharmacokinetic parameters were compared 
between different tumor sublines. In the sec-
ond step, we additionally classified the tumors 
of each subline according to the shape of the 
TAC, which also provides information about 
tumor perfusion. For this, we defined three 
types of TAC: (i) “Decrease” (curves with a per-
fusion-related peak and a subsequent de- 
crease), (ii) “Increase I” (curves with a small 
peak and a positive slope at later times), and 
(iii) “Increase II” (barely noticeable initial peak 
and increasing uptake thereafter).

Histological preparation

Directly after the second PET-measure- 
ment, pimonidazole hydrochloride (60 mg/kg, 
Hypoxyprobe, Inc., Burlington, MA, USA) was 
injected into the tail vein. One hour after injec-
tion, and 30 seconds before sacrificing the ani-
mals, Hoechst 33342 dye (15 mg/kg, Merck 
KGaA, Darmstadt, Germany) was injected in 
the right ventricle of the heart. Subsequently, 
tumors were excised, frozen in isopentane  
and kept at -80°C until sectioning for 
immunostaining.

Cryostat sections were immersed in a mixture 
of methanol/acetone and stored at -20°C. 
Consecutive slices were stained with H&E, 
pimonidazole and CD31. The procedure for 
H&E staining was as follows: sections were 
stained with Hämatoxylin (Hämalaun, Mayer) 
for 5 minutes, then washed with flowing water 
during 10 minutes. Afterwards they were 
immersed for 1 minute in Eosin (0.5% aqueous 
solution) and rinsed with distilled water to final-
ly being mounted with Fluoromount-G (Southern 
Biotech, Birmingham, Alabama, USA).

For pimonidazole staining, sections were 
blocked against unspecific staining (DAKO, 
Glostrup, Denmark), then incubated at 4°C 
overnight with the first MAb1 anti-pimonidazole 
antibody (1:100, HPI, Inc., USA) in a humid con-
tainer. The secondary detection was performed 
using goat anti-mouse Alexa488 IgG antibody 
(1:2000, Invitrogen Molecular Probes, USA). 
Cell nuclei were stained with DAPI (Invitrogen 
Molecular Probes, USA) and washed sections 
were finally mounted with Fluoromount-G.

For microvessel staining, slices were incubated 
with mouse anti-rat CD31 antibody (1:500, 
Merck KGaA, Darmstadt, Germany) for 1 hour, 
after the blocking against unspecific staining 
with DAKO. The secondary goat anti-mouse 
Alexa555 antibody (1:3000, Invitrogen Mole- 
cular Probes, USA) was applied to slices and 
incubated for 30 min. After this time period, 
slices were washed in phosphate buffered 
saline (PBS) followed by distilled water and 
finally mounted with Fluoromount-G.

Quantitative histological image analysis

Sections were imaged at 20× magnification 
using a Zeiss Axio Observer.Z1 microscope in 
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combination with a Mono Axiocam 506 camera 
(2752 horizontal pixels ×2208 vertical pixels) 
and the software Zen pro 2012. Images had a 
field of view of 604.68×485.15 μm². To obtain 
representative samples of the tumor, images 
separated by 1 mm were evaluated along two 
orthogonal lines across the sections. Tumor 
borders were excluded from the analysis. 
Images for CD31 and Hoechst 33342 were 
consecutively acquired using exposure times of 
662 ms with a red and 189 ms with a blue filter, 
respectively. Pimonidazole and DAPI stainings 
were acquired with exposure times of 131 ms 
with a green filter and 87 ms with a blue filter. 
This procedure was performed for all investi-
gated AT1-tumors. In the case of HI- and 

H-tumors, some poor quality tissue samples 
had to be excluded.

Quantitative image analysis of the histological 
sections was performed with the image pro-
cessing software Image J (National Institute of 
Health [39]). For pimonidazole, the background 
was determined from two contributions: (i) the 
average signal intensity in controls (n=2 per 
subline), which did not receive pimonidazole, 
and (ii) the average signal intensity of the indi-
vidual tumors, which received pimonidazole, in 
regions of the section without tissue. This total 
background was then subtracted from the ana-
lyzed images, and the remaining signal was 
considered as pimonidazole positive. Hypoxic 
fraction (HF) was measured as the area of posi-

Figure 1. Tumor morphology exhibited in H&E stainings. (A-C) Typical morphology of AT1, HI and H tumors. (D) AT1 
with a considerable amount of necrosis (lighter colored).
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tive pimonidazole staining divided by the tissue 
area of the analyzed image section, excluding 
the vacuoles.

Vessel density was calculated by the manually 
counted number of CD31-stained vessels after 
background subtraction divided by the evaluat-
ed tissue area. Vessels were identified when 
the staining was continuous along a straight 
(vessel in plane) or circular (vessel across 
plane) line. Background was estimated as the 
average signal of CD31 negative areas of the 
analyzed image and was subtracted from the 
entire image. To estimate the size of each ves-
sel (in μm²), an automatic counting was per-
formed using the “analyze particles”-command 
in ImageJ and setting the minimum particle size 
to 20 μm². Finally, the number of perfused ves-
sels was calculated by manually counting 
Hoechst 33342-positive vessels.

Statistics

Statistical significance was tested pairwise 
using the two-sided Mann-Whitney U test for 
independent samples in the software R [40]. A 

P-value below 0.05 was considered as statisti-
cally significant.

Results

The different morphological architecture of the 
3 sublines is documented by H&E-stainings. 
Figure 1A-C reveal the typical morphology of 
the three sublines. For the AT1, some of the 
tumors were characterized by a high amount of 
necrosis mainly in the central region (Figure 
1D).

Figure 2 shows the TACs used as basis for the 
static and dynamic PET-analysis. Within the 
TACs, we found a large heterogeneity even with-
in one subline. While the AT1-subline showed all 
three different kind of TAC shapes, the 
HI-subline exhibited only the types “Decrease” 
and “Increase I” and the H-subline depicted 
only the “Decrease” type.

PET-measurements analyzed by tumor sub-
lines

Two animals (one AT1- and one HI-tumor) of the 
first measurement series containing tumors of 

Figure 2. Heterogeneity between and within tumor sublines. Time activity curves (TACs) classified according to their 
shape. Each curve corresponds to an individual tumor.
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small volume were excluded from the evalua-
tion due to problems with the tracer injection. 
The remaining animals did not show significant 
uptake in the tumors (mean SUV of 0.64±0.36, 
0.55±0.10 and 0.45±0.08 for AT1, HI and H 
sublines, respectively). Another three animals 
(one AT1- and two HI-tumors) of the second 
measurement with tumors of larger volumes 
were also excluded due to injection problems. 
The SUVs are shown in Figure 3A and the mean 
SUVs were 1.33±0.52 (AT1), 1.12±0.83 (HI) 
and 0.63±0.16 (H). The difference between the 
AT1- and the H-sublines was significant.

The values of the fitted kinetic parameters k3 
and Ki differed significantly between all sub-
lines (Figure 3B). However AT1- and H-tumors 
had smaller and less dispersed values than 
HI-tumors.

Histological images analyzed by tumor sub-
lines

Figure 4A-C show representative images of 
pimonidazole and DAPI stainings for each tumor 
subline. The hypoxic fraction estimated for all 
sublines ranged from 0 to 0.97 (Figure 4D). 
One AT1-tumor was excluded from the analysis 
because of technical problems. The AT1-subline 
was found to be the most hypoxic (mean hypox-
ic fraction: 0.62±0.23), while the other sublines 

showed smaller values of 0.54±0.24 (HI) and 
0.07±0.10 (H). The difference between all sub-
lines was statistically significant. The H-subline 
was the most homogeneous in terms of hypoxia 
(range 0-0.42), while the AT1- and HI-sublines 
had a very large spread (0-0.97 and 0-0.94, 
respectively). The hypoxic fraction (HF) was 
also analyzed along the tumor profile from the 
periphery to the center, and no differences 
were found in HI- and H-sublines, however, AT1-
images exhibited a nearly significant (P=0.052) 
higher HF in the center of the tumor in compari-
son to the periphery (Figure 4e).

Figure 5A-C displays representative images of 
CD31 and Hoechst 33342 stainings for the 
three tumor sublines. When calculating the per-
centage of perfused vessels, we found an aver-
age fraction of 71% for the AT1, while the HI- 
and H-tumors were characterized by higher 
values of 94% and 92%, respectively. The per-
fused vessel density varied for all sublines. 
Especially for the AT1-tumor, a range from 0 to 
451 vessels/mm² was seen, however most of 
the images contained less than 50 vessels/
mm². In average, 101±131, 71±67 and 174±69 
vessels/mm² were recorded for AT1-, HI- and 
H-tumors, respectively (Figure 5D). The relative 
number of images containing only non-per-
fused vessels (first bin for AT1 and HI in Figure 

Figure 3. PET hypoxia parameters. (A) Maximum SUV for the three tumor sublines. The two outliers of the AT1 
showed significant amount of necrosis, where tracer is not bound. (B) Kinetic parameters (k3 and Ki) according to 
the subline. All sublines differ significantly. One AT1 outlier (k3=0.66 and Ki=0.10) is not shown. Solid line: median, 
dashed line: mean, box: 25/75 percentile, upper whisker: extends from the upper hinge to the highest value within 
1.5×IQR (inter quartile range), lower whisker: extends from the lower hinge to the lowest value within 1.5×IQR, dots: 
outliers, *P<0.05, **P<0.01, ***P<0.001 and n corresponds to the number of tumors per subline.
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5D) is shown according to their position within 
the tumor (Figure 5e), with 0 and 1 referring to 
the periphery and 0.5 to the center of the tumor 
respectively. Only the AT1-subline revealed an 
increased number of non-perfused images 
from the periphery to the center of the tumor 
(correlation coefficient of 0.93 and -0.77 for the 
ranges 0 to 0.5 and 0.5 to 1.0, respectively).

H-tumors had a mean vessel size of 140.0±54.2 
μm². In contrast AT1- and HI-sublines had 
smaller vessels with an average of 90.5±59.4 

and 109.0±85.4 μm², respectively. HI-tumors 
were found to be the most heterogeneous sub-
line with a range of 33.14-722.0 μm², while the 
AT1- and H-sublines ranged from 21.4 to 480.8 
and 39.5 to 288.0 μm² respectively (Figure 
5F).

PET-measurements analyzed by TAC-shapes

Figure 6 shows the analysis of the PET related 
parameters (SUV, k3 and Ki) according to the 
TAC-shape. Compared to the “Decrease” type, 

Figure 4. Histological results for pimonidazole staining. (A-C) Representative images with pimonidazole (green) and 
DAPI (blue) stainings. (D) Hypoxic fraction per image, estimated from pimonidazole staining for the three tumor 
sublines. (E) Hypoxic fraction per image, according to the image position in the tumor for each subline. nt and ni are 
the number of analyzed tumors and images, respectively. **P<0.01 and ****P<0.0001.
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Figure 5. Histological results for CD31 and Hoechst stainings. (A-C) Representative images with CD31 (red) and 
Hoechst 33342 (blue) stainings. (D) Number of perfused vessels per image for each tumor subline, obtained with 
CD31 and Hoechst 33342. (E) Relative frequency of images without perfused vessels, organized according to 
their position in the tumor (0 and 1 refer to the tumor edges and 0.5 to the center) and fitted with a second order 
polynomial. Correlation coefficients from position 0 to 0.5 and from 0.5 to 1 are shown in the left and right legend, 
respectively. (F) Average vessel size per image for each subline. (Histograms show normalized frequency/bin size. 
*P<0.05, **P<0.01, ****P<0.0001 and nt and ni are the number of analyzed tumors and images, respectively).
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AT1- and HI-sublines categorized as “Increase I 
and II” and “Increase I” respectively, exhibited 
higher SUVs. In the case of AT1, the maximum 
SUV was found in the “Increase II” type (Figure 
6A). Regarding the kinetic parameters (Figure 
6B and 6C), AT1- and HI-sublines showed the 
highest average of Ki values in “Increase II” and 
“Increase I” types, respectively.

Histological images analyzed by TAC-shapes

The histological parameters were also classi-
fied according to the TAC shapes (Figure 7). No 
differences in hypoxic fractions between these, 
were found for the AT1-subline. Its average was 
62±21% in the “Decrease” group, 59±23% in 
the “Increase I” and 64±24% in the “Increase 
II” group, respectively. In the HI-subline on the 
other hand, a significant increase of the hypoxic 
fraction from 48±25% in the “Decrease” group 

to 66±20% in the “Increase I” group was 
detected. When comparing the three different 
sublines, AT1-tumors were characterized by the 
largest hypoxic fraction in the “Decrease” group 
(Figure 7A).

For AT1-tumors also the number of perfused 
vessels varied according to TAC shapes with 
36±76 vessels/mm² (mean ± SD) in the 
“Decrease” group, 259±112 in “Increase I” and 
84±117 vessels/mm² in the “Increase II” type. 
In contrast, HI-subline, showed a nearly con-
stant perfused vessel density (69±72 and 
65±56 vessels/mm² in “Decrease” and 
“Increase I” groups) (Figure 7B).

Correlation between PET and histology

While no correlation between hypoxic fraction 
and SUV was found for the AT1-subline, a mod-

Figure 6. PET parameters separated according to tumor TAC-shape for all sublines. (A) SUV and the kinetic param-
eters (B) k3 and (C) Ki.
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erate correlation was seen for the HI- (r=0.64) 
and H-sublines (r=0.67). Likewise, pimonida-
zole mean intensity and SUV were not correlat-
ed in AT1-tumors but moderately correlated in 
HI- (r=0.64) and stronger in H-tumors (0.76). 
This similar result is partly explained by the 
strong correlation found between pimonidazole 
intensity and hypoxic fraction (Figure 8) for AT1- 
and H-sublines (r=0.78 and 0.89) and a moder-
ate correlation for HI (r=0.59). Finally, hypoxic 
fraction and kinetic parameters k3 and Ki were 
either weakly or not at all correlated. Nonethe- 
less, the mean values related to hypoxia for 
static PET and histology (SUV and HF), showed 
the same tendency, when normalized to the 
mean values of AT1 (table 1), with the H-subline 

being least and the AT1-subline being most 
hypoxic.

Discussion

In this study, we characterized the hypoxic  
status of the AT1-, HI- and H-sublines of the 
Dunning R3327 rat prostate adenocarcinoma 
which differ in volume doubling time (VDT), 
androgen sensitivity, and progression status, 
using static and dynamic FMISO-PET-CT mea-
surements as well as immunohistochemical 
stainings. Prostate tumors are assumed to 
exhibit significant levels of hypoxia [20-22] but 
only few clinical and preclinical in vivo studies 
with PET are available [23-27]. Therefore this 

Figure 7. Histological parameters separated according to the respective tumor TAC-shape. (A) Hypoxic fraction and 
(B) number of perfused vessels (Solid line: median, dashed line: mean, box: 25/75 percentile, upper whisker: ex-
tends from the upper hinge to the highest value within 1.5×IQR, lower whisker: extends from the lower hinge to the 
lowest value within 1.5×IQR, dots: outliers, **P<0.01, ****P<0.0001 and nt and ni are the number of tumors and 
images analyzed, respectively).
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study might be helpful to further validate the 
PET technique with prostatic tumor sublines.

PET-measurements analyzed by tumor sub-
lines

In our study, AT1- and HI-sublines showed a sig-
nificant FMISO-uptake for the large but not for 
the small tumors. This indicates that hypoxia is 
related to volume, which has been reported 
previously [41, 42]. We also found that the 
mean values of the SUV and HF for the large 
AT1-tumors were significantly higher than for 
the large H-tumors. While the H-subline can be 
then considered as well oxygenated, the AT1-
subline is strongly hypoxic. This is also con-
firmed by the dynamic PET-analysis, which 
showed larger values of the hypoxia-related 
parameters k3 and Ki for the AT1- in comparison 
to the H-subline. On the other hand, the 
HI-subline demonstrated a highly heterogene-
ous behavior with respect to the hypoxia-relat-
ed parameters in the dynamic analysis.

Yeh et al., measured the oxygen concentration 
of AT- and H-sublines using polarographic nee-
dles and in agreement with our results, they 
found that H-subline was significantly less 
hypoxic than the anaplastic tumor AT [43]. Zhao 
et al., studied the hypoxic status of AT1- and 
H-sublines using the MRI-FREDOM technique 
(Fluorocarbon Relaxometry Using Echo Planar 
Imaging for Dynamic Oxygen Mapping) after 
injecting the reporter molecule Hexafluoro- 
benzene into the tumor. As a result, the HF for 
the AT1- was larger than for the H-subline [44]. 

In another study, the same authors compared 
the hypoxic levels of the sublines HI and MAT-Lu 
[45], and the values of HF for HI were also lower 
than those they obtained for the AT1-subline in 
the AT1 and H study [44].

Although the HI-tumors showed a lower SUV 
than AT1-tumors, k3 and Ki were higher and 
more dispersed. This finding might be explained 
by the fact that the fitting of the TAC was gener-
ally not as good for the HI- as compared to the 
AT1- and H-sublines. In accordance with this, 
we found significantly reduced k3-values for the 
HI-tumors, when we repeated the fitting of the 
TAC and additionally constrained k4 to zero 
(data not shown). This would not be expected, if 
FMISO is irreversibly bound to hypoxic cells 
[26], and suggests that the two-tissue com-
partment model, might have some limitations 
when applied to the HI-subline. In agreement to 
our findings, Busk et al., concluded that a two-
compartment model might be inappropriate in 
some tumor models [46].

Histological images analyzed by tumor sub-
lines

For the AT1-subline, the HF and number of 
images without perfused vessels increased 
towards the center of the tumors, whereas this 
was not the case for the other two sublines. 
This suggests that hypoxia in the AT1-subline is 
related to a decreased perfusion although it 
has to be considered that the Hoechst 33342 
dye was administered only 30 s before sacrific-
ing the animal and thus impact of a limited dif-
fusion time cannot be ruled-out. On the other 
hand, in the H-subline, non-perfused vessels 
were not observed at all and the size of vessels 
was the largest of all sublines, suggesting the 
presence of oxic conditions in this tumor.

Zhao et al. estimated the hypoxic fractions with 
pimonidazole and found 18% and 5% for the 
AT1- and H-sublines, respectively. These val-
ues, however, were significantly lower than 
those measured with the MRI-FREDOM tech-
nique (65% and 31% for pO2<5 Torr), which sug-
gests a dependence on the detection method. 
Using pimonidazole, we found HF of 62% for the 
AT1 and 7% for the H, which confirms that AT1 
is the most hypoxic subline. In addition, Zhao et 
al. measured vascular densities for the AT1- 
and H-subline, however, they did not differenti-
ate whether the vessels were perfused or not, 
and in another study with the HI-subline, they 

Figure 8. Correlation of mean signal intensity of pi-
monidazole and hypoxic fraction for each tumor sub-
line.
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only considered a qualitative comparison 
between total and perfused vessel density, 
which may explain the large differences to our 
study [44, 47]. The radial distribution of the HF 
for AT1-tumors showed that this subline devel-
ops a hypoxic core. This finding demonstrates 
spatial heterogeneity within a single tumor.

PET-measurements analyzed by TAC-shapes

According to Thorwarth et al. [48], TAC shapes 
provide important information on the perfusion 
and hypoxia level of the tumors. While the 
beginning of the curve is related to perfusion, 
the end of the curve describes the uptake, 
which in case of FMISO is related to hypoxia. In 
the dynamic PET-analysis, we found different 
TAC-shapes not only between but also within 
the sublines. Especially the AT1-subline showed 
3 different TAC-shapes, suggesting 3 different 
levels of perfusion and hypoxia. This intra sub-
line heterogeneity, however, is not a general 
finding in all tumors as shown by our results in 
the H-subline as well as by measurements of 
Sørensen et al., who found different types of 
TAC-shapes only between two tumor types 
(C3H mammary carcinoma and squamous cell 
carcinoma SCCVII) [49].

Due to the heterogeneity observed within the 
AT1- and HI-sublines in the PET-analysis, we 
classified the tumors according to their TAC-
shape and repeated the PET-analysis. As a 
result, we found for the AT1- and HI-sublines 
that SUV and Ki increase from TAC-shape type 
“Decrease”, “Increase I” to “Increase II”. This 
suggests that in “Increase II”-type AT1-tumors 
are most hypoxic.

With respect to the pharmacokinetic parame-
ters, the global influx (Ki) seemed to be a more 
sensitive and robust measure for hypoxia. This 
is in accordance to Busk et al., who reported for 
FAZA-PET measurements that Ki displayed less 
variability and correlated strongly with late time 
retention in 3 squamous cell carcinoma (SCC) 
tumor models [46].

Correlation between PET and histology

The measured differences between the sub-
lines in our PET-study agree well with the results 
of published studies. However, in contrast to 
Dubois et al., who described a strong correla-
tion (r=0.9) between the hypoxic volume of 
FMISO-uptake and pimo-positive volume for 
rhabdomyosarcoma (R1) [50], we found no cor-
relation between PET-SUV and kinetic parame-
ters with the HF measured on the histological 
level (pimonidazole staining) for AT1-subline 
and only a moderate correlation for the HI- and 
H-sublines. This can also be seen in Figure 7A 
where HF and TAC-shape reveal no clear depen-
dence for AT1-tumors, while the HI-tumors 
showed an increased HF when moving from the 
“Decrease” to the “Increase I” TAC-shape. The 
lack of correlation for AT1 might be explained 
by intertumoral heterogeneity, as large differ-
ences can be seen in the perfused vessel den-
sities in this subline (Figure 7B). The HI-tumors 
on the other hand, demonstrated a rather con-
stant perfused vessel density. While FMISO-
uptake requires hypoxia as well as perfused 
vessels, that can deliver the tracer into the 
tumor, no-uptake can be a result of either oxic 
conditions or a low perfused vessel density. 
Perfusion differences may thus significantly 
impact PET and histology measurements. An 
additional limitation of our study is the lack of a 
spatial correlation between PET and histology, 
which also differ in resolution and sensitivity.

More homogeneously distributed tumor vol-
umes and longer PET measuring times which 
may result in higher SUVs and thus in an 
improved signal to noise ratio, are possible 
improvements for future studies. However, no 
major changes in the TAC are expected for long-
er measuring times, as showed by O’Donogue 
et al. in AT-tumors [25]. Despite the limitations 
mentioned above, PET and histology indepen-
dently showed the different hypoxic status of 
the three sublines. Furthermore, a comparison 
between hypoxic fraction and pimonidazole 
mean signal intensities for each subline, which 

table 1. Mean values (±1SD) of the hypoxic parameters normalized to those of the AT1
Tumor subline Number of animals Hypoxic fraction SUV (PET) k3 (1/min) Ki (1/min)
AT1 8 (9 for SUV) 1.00±0.21 1.00±0.55 1.00±0.80 1.00±0.73
HI 10 0.87±0.23 0.84±0.71 5.49±4.69 3.73±2.88
H 8 0.11±0.11 0.47±0.22 0.05±0.06 0.08±0.09
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are both based on histological analysis, led to 
moderate and strong correlations (Figure 8).

Conclusions

Static PET and histological techniques were 
able to discriminate different hypoxic condi-
tions of the AT1-, HI- and H-sublines of the 
Dunning R3327 rat prostate adenocarcinoma. 
In accordance with published data, the AT1 was 
the most hypoxic subline and exhibited the 
highest HF and the least perfusion in the center 
of the tumor. In contrast, the H-subline proved 
to be the most homogeneous one and provided 
oxic conditions. The HI-subline presented inter-
mediate conditions and showed the largest 
inter-tumoral heterogeneity in the PET hypoxia-
related parameters. Additional information on 
heterogeneity within each subline was obtained 
from dynamic PET-analysis by classifying the 
tumors according to their TAC-shape. The 
results demonstrate impact and limitations of 
static and dynamic PET-CT measurements to 
assess hypoxia non-invasively and in vivo.
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