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Abstract

Background: Intratumoral hypoxia plays an important role with regard to tumor biology 
and susceptibility to radio- and chemotherapy. For further investigation of hypoxia-related 
changes, areas of certain hypoxia must be reliably detected within cancer tissues. Pimonidazole, 
a 2-nitroimindazole, accumulates in hypoxic tissue and can be easily visualized using 
immunohistochemistry. Materials and Methods: To improve detection of highly hypoxic 
versus normoxic areas in prostate cancer, immunoreactivity of pimonidazole and a combination 
of known hypoxia-related proteins was used to create computational oxygen supply maps of 
prostate cancer. Pimonidazole was intravenously administered before radical prostatectomy 
in n = 15 patients, using the da Vinci robot-assisted surgical system. Prostatectomy 
specimens were immediately transferred into buffered formaldehyde, fixed overnight, 
and completely embedded in paraffin. Pimonidazole accumulation and hypoxia‑related 
protein expression were visualized by immunohistochemistry. Oxygen supply maps were 
created using the normalized information from pimonidazole and hypoxia-related proteins. 
Results: Based on pimonidazole staining and other hypoxia-related proteins (osteopontin, 
hypoxia-inducible factor 1-alpha, and glucose transporter member 1) oxygen supply maps 
in prostate cancer were created. Overall, oxygen supply maps consisting of information 
from all hypoxia-related proteins showed high correlation and mutual information to the 
golden standard of pimonidazole. Here, we describe an 
improved computer-based ex vivo model for an accurate 
detection of oxygen supply in human prostate cancer 
tissue. Conclusions: This platform can be used for 
precise colocalization of novel candidate hypoxia-related 
proteins in a representative number of prostate cancer 
cases, and improve issues of single marker correlations. 
Furthermore, this study provides a source for further in 
situ tests and biochemical investigations
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INTRODUCTION

Tumor hypoxia has been shown to drive malignant 
progression,[1] induce genetic instability,[2] and 
gene amplification,[3] as well as impair DNA repair 
mechanisms.[4] In particular, in prostate cancer, hypoxia 
was identified in vivo[5] and showed a significant 
association with advanced tumor stage[6] and aggressive 
disease.[7] Other studies showed an increased 
resistance to androgen deprivation and radio‑ and 
chemotherapy[8‑10] of tumors with large hypoxic 
regions. To create optical oxygen supply maps, we 
used a human ex vivo model, based on the compound 
pimonidazole.[11] Pimonidazole (hypoxyprobe™ ‑1; 
Chemicon International, Inc., Billerica, MA, USA), 
a 2‑nitroimidazole, accumulates in vivo in hypoxic 
tissue (pO

2
  ≤  10  mmHg  at  37°C)  and  can  be 

easily visualized in surgical specimens (ex vivo) by 
immunohistochemical analysis.[12] Pimonidazole is 
generally used in animal models, pimonidazole‑based 
hypoxia labeling in human tissue samples is rarely 
performed because of ethical, pharmacological, and legal 
restrictions. To overcome these limitations, correlations 
between pimonidazole labeling and superimpositions 
with other known hypoxia‑related proteins, including 
osteopontin (OPN),[13,14] hypoxia‑inducible factor 
1‑alpha (HIF1A),[15,16] and glucose transporter member 
1 (GLUT1),[17,18] were investigated. Here, we describe 
a new method to reliably detect hypoxic tumor regions 

that does not employ invasive techniques, to further 
investigate hypoxia and hypoxia‑related markers in 
prostatectomy specimens.

PROCEDURE

To verify that pimonidazole serves as a robust marker for 
hypoxia in prostate cancer cells, we incubated LNCaP 
cells (American Type Culture Collection, Manassas, VA, 
USA) under normoxic and hypoxic conditions, with or 
without pimonidazole. In accordance with the findings 
of previous studies,[11,12] we confirmed pimonidazole 
as a direct marker for hypoxia. Immunocytochemical 
staining of pimonidazole revealed a clear positivity 
in LNCaP cells under hypoxic conditions while cells 
cultured under normoxic conditions were negative for 
pimonidazole [Figure 1a].

After in vivo administration of pimonidazole, following 
radical prostatectomy, a total of 15 prostatectomy specimens 
[for cohort information see Supplementary Table 1] 
were subjected to immunohistochemical staining for 
pimonidazole, OPN, GLUT1, and HIF1A [Figure 1b]. 
Pimonidazole, GLUT1, and OPN showed a medium to 
strong cytoplasmic overall staining intensity, particularly 
of cancer tissues. Qualitative analysis of pimonidazole 
staining showed partial spatial overlapping of all hypoxia 
markers. A study in advanced head and neck squamous 
cell carcinoma described the rationale for colocalization 

Figure 1: (a) In vitro validation of the anti‑pimonidazole antibody by immunocytochemical staining using LNCaP prostate cancer cells. 
(b) Immunohistochemical staining for pimonidazole, osteopontin (O), hypoxia‑inducible factor 1‑alpha (H), and glucose transporter 
member 1 (G), scale bars 2 mm and 100 μm. (c) Generation of oxygen supply maps. (d) Dot‑wise comparisons of both oxygen supply maps 
(OHG vs. P) in one representative case. (e and f) Box plots with Spearman correlation coefficients and mutual information comparing 
pimonidazole with osteopontin (O), hypoxia‑inducible factor 1‑alpha (H), glucose transporter member 1 (G), and combinatory overlays 
for 15 patients
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of different hypoxia‑related proteins with pimonidazole:[19] 
Individual hypoxia markers were higher expressed in 
pimonidazole‑positive areas. However, the overall single 
correlation was poor. To this end, we targeted this issue 
by pooling all available information from hypoxia‑related 
proteins to construct oxygen supply maps.

The staining images for the known hypoxia‑related 
proteins OPN (O), GLUT1 (G), and HIF1A (H) of 
each case were automatically color corrected, aligned, 
superimposed, and normalized for the generation of a 
pseudo‑colored oxygen supply map [Figure 1c, OHG]. 
First, the original images were white‑balanced to remove 
the grayish background. Second, the tissue regions 
were automatically identified and rotated, translated, 
cropped, and rescaled for rough alignment of the tissues 
to the middle slice. The background was then deleted 
to remove background artifacts which could disturb 
the following alignment process. Third, for pixel‑wise 
matching and to conform to morphological changes 
of the tissues in consecutive slices, we incorporated a 
nonlinear SIFT flow algorithm[20] (see online methods 
for detailed description of all steps). Furthermore, an 
analogous oxygen supply map based on pimonidazole 
staining was created [Figure 1c, pimonidazole]. These 
maps were then normalized by histogram equalization 
and compared for each case using a dot‑wise correlation 
of both images, which yielded high Spearman correlation 
coefficients [Figure 1e and Supplementary Figure 1a‑o] 
and mutual information (MI) [Figure 1f]. MI 
between two images X and Y has been calculated 

as MI log( , ) , *
( , )
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 where P(x) 

is the probability of intensity x in the normalized 
histogram of X and P(x,y) is the probability of x and y 
in the normalized joint histogram of X and Y. All image 
processing steps were implemented in MATLAB 2014a, 
automatically performed and visually approved. A most 
simple combinatorial information of O, H, and G overlay 
maps were generated as the mean of individual intensity 
maps (more sophisticated combinations have not been 
considered in this study). Pimonidazole compared with 
an overlay of all three hypoxia markers (OHG) was highly 
correlative [Spearman correlation coefficient, r = 0.93, 
MI = 2.45; Figure 1d]. Comparison of pimonidazole 
with single markers (O, H, G) and combinatory 
overlays (OH, OG, HG) also showed high correlation 
coefficients [Figure 1e]. Only two cases revealed 
lower correlation coefficients [Supplementary Table 2; 
B12‑4671, B12‑6064] because of crush artifacts. MI 
increases significantly in overlay images when combined 
with two or three markers [Figure 1f]. As previously 
shown,[11] scant correlations with microvessel density 
and pimonidazole could be observed in representative 
overlays of pimonidazole with CD34 immunoreactivity 
(n = 2, data not shown).

CONCLUSION

Here, we introduce a computer‑assisted approach to 
detect oxygen gradients in human prostate cancer 
tissues by colocalization of the expression of validated 
hypoxia‑related markers compared to intravenously 
administered pimonidazole. The generated oxygen 
supply maps can be used to precisely colocalize 
potential hypoxia‑related proteins in a quantitative and 
pictorial manner and will render compounds, such as 
pimonidazole, unnecessary in human patients.
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Supplementary Figure 1: (a‑o) Spearman correlation matrices of O, H, G and combinations thereof. Oxygen supply maps based on 
pimonidazole staining and overlay images (OHG) for each of the 15 prostatectomy specimens are provided
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Table 1: Clinico‑pathological data

No. Specimen Age Gleason‑score pT‑status pN‑status

1 B2010.56819 63 4+5=9 3b 1

2 B2011.1715 73 3+4=7 2c n.a.

3 B2011.3301 63 3+3=6 2c n.a.

4 B2011.11148 66 4+5=9 3b 0

5 B2011.12352 62 3+4=7 2c 0

6 B2011.16032 64 4+3=7 2c 0

7 B2011.31427 69 4+3 (5)=7 3a 0

8 B2011.32991 47 4+3=7 2c n.a.

9 B2011.38027 65 4+3=7 2c n.a.

10 B2011.41387 57 4+4=8 2c 0

11 B2011.46731 66 5+4=9 2c 0

12 B2011.56960 63 4+3=7 2c 0

13 B2012.4671 65 3+4=7 2c 0

14 B2012.6064 67 3+4=7 2c 0

15 B2012.7443 70 4+3=7 3a 0

n.a.: Not available.

Table 2: Spearman correlation coefficients with pimonidazole

Specimen O H G OH OG HG OHG

B2010.56819 0.7034 0.5282 0.6522 0.7357 0.7750 0.6710 0.7769

B2011.11148 0.5579 0.4876 0.2912 0.6285 0.4955 0.4917 0.5451

B2011.12352 0.6037 0.6056 0.4424 0.7132 0.6414 0.6721 0.7296

B2011.16032 0.5840 0.6674 0.6265 0.7804 0.6650 0.7934 0.7927

B2011.1715 0.7470 0.8144 0.8515 0.8985 0.9045 0.9006 0.9291

B2011.31427 0.7923 0.7216 0.6828 0.8324 0.7978 0.8030 0.8332

B2011.32991 0.7480 0.6899 0.5339 0.8345 0.7542 0.7721 0.8215

B2011.3301 0.7881 0.8137 0.7449 0.8719 0.8570 0.8335 0.8742

B2011.38027 0.5014 0.5950 0.7632 0.7233 0.7243 0.8094 0.8189

B2011.41387 0.3948 0.6300 0.4568 0.6953 0.5338 0.7522 0.7204

B2011.46731 0.6734 0.7012 0.4881 0.8169 0.6774 0.7438 0.7683

B2011.56960 0.5382 0.6138 0.3210 0.7009 0.5221 0.6098 0.6522

B2012.4671 0.5075 0.5436 0.3846 0.5848 0.4585 0.5354 0.5289

B2012.6064 0.5716 0.3435 0.2279 0.5995 0.5355 0.3890 0.5668

B2012.7443 0.4276 0.5621 0.4383 0.6698 0.5696 0.6380 0.6780

Bold face, highest spearman correlation with pimonidazole staining
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