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Summary Despite the possibility that tumour hypoxia may limit radiotherapeutic response, the underlying mechanisms remain poorly understood.
A new methodology has been developed in which information from several sophisticated techniques is combined and analysed at a microregional
level. First, tumour oxygen availability is spatially defined by measuring intravascular blood oxygen saturations (HbO2) cryospectrophotometrically
in frozen tumour blocks. Second, hypoxic development is quantified in adjacent sections using immunohistochemical detection of a fluorescently
conjugated monoclonal antibody (ELK3-51) to a nitroheterocyclic hypoxia marker (EF5), thereby providing information relating to both the oxygen
consumption rates and the effective oxygen diffusion distances. Third, a combination of fluorescent (Hoechst 33342 or DiOC7(3)) and
immunohistological (PECAM-1/CD31) stains is used to define the anatomical vascular densities and the fraction of blood vessels containing flow.
Using a computer-interfaced microscope stage, image analysis software and a 3-CCD colour video camera, multiple images are digitized,
combined to form a photo-montage and revisited after each of the three staining protocols. By applying image registration techniques, the spatial
distribution of HbO2 saturations is matched to corresponding hypoxic marker intensities in adjacent sections. This permits vascular configuration to
be related to oxygen availability and allows the hypoxic marker intensities to be quantitated in situ.
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Injection of fluorescent stains and EF5 hypoxic marker
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  
      
        
  
  
  

      
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
        
         


  

 
   

          
a

   

 
         
         
      
         b

 

     
 

   


Tumour freezing and sectioning

 
        

         
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 


Immunohistochemistry


        
°


         
 


    κ  
°



      
 
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   µ     
 µ °
          
    




Imaging equipment and procedures

       
 
 ×   ×   
       
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Figure 1 An enlarged portion of the Hoechst 33342-stained montage.
Vessels open to flow at the time of tumour freezing are identified by brightly
blue stained cells around the vessel lumens. Bar = 100 µm

Figure 2 EF5/Cy3-stained section corresponding to the area shown in
Figure 1. The most hypoxic regions are identified by the most brightly stained
red regions at the right, and correspond to the regions of Figure 1 in which no
open blood vessels are located. Bar = 100 µm

Figure 3 PECAM-1/CD31-stained section corresponding to the areas
shown in Figures 1 and 2. This stain preferentially marks endothelial cells
and therefore highlights all blood vessels, whether open or closed to flow.
Although blood vessels are present in the hypoxic regions highlighted in
Figure 2, these vessels are generally not open to flow. Bar = 100 µm

Figure 4 Haematoxylin and eosin-stained section corresponding to Figures
1–3. This slide illustrates that the increased EF5 staining in Figure 2 does not
correspond to regions of necrosis. Bar = 100 µm
     
       
         

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

        
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A

B

Figure 6 Enhanced image of the Hoechst 33342 staining shown in Figure
1, showing that perfused blood vessels (shown as white areas) are generally
absent in the brightest stained regions of hypoxia (superimposed over the
EF5/Cy3 image). See text for details

Figure 8 (A) An enlarged portion of the DiOC7(3) stained montage. Vessels
open to flow at the time of tumour freezing are identified by brightly green-
stained cells around the vessel lumens. (B) Enhanced image of this same
field

Figure 7 Image resulting from a logical ‘AND’ operation on Figure 5 and 6
(superimposed over the EF5/cy3 image). As Hoechst 33342 staining does
not precisely delineate vascular dimensions, this enhanced image illustrates
which of the PECAM-1/CD31-stained vessels are open to flow (perfused
vessel density = 95 vessels mm–2). Regions lacking both EF5/Cy3 staining
and perfused blood vessels may also correspond to intermittently closed
vessels (see text for details)

Figure 5 Enhanced image of the PECAM-1/CD31 staining shown in Figure
3 (superimposed over the EF5/Cy3 image), showing that blood vessels
(shown as white areas) are located in the brightest stained hypoxic regions
(total vessel density = 189 vessels mm–2). See text for details
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       

 µ 
 µ





H33342 image enhancement
 
        
   
        







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DiOC7(3) image enhancement

       


          ×
×

     
         

        
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Figure 9 Enlarged comparison of DiOC7(3) staining (on left) and H33342 staining (on right). The H33342 stain diffuses much further from the vessels than the
DiOC7(3) stain, thus staining a large number of the surrounding tumour cells and producing a less precise delineation of perfused blood vessels. The two
sections compare vessels of similar size, but are from different tumours. Bar = 50 µm

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       
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Registration of EF5 and HbO2 images
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
  ×  ×
 
     
× 
    
       
          
        

          
         
          
  

 


          


µ µ 
         

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Closest-individual method
        

         
       
       
         

   µ     
         
   
  
 


       

     
      
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 
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Figure 10 Cumulative frequency distributions vs distance to the nearest
blood vessel, for PECAM-1/CD31 (circles), H33342 (open triangles) and
DiOC7(3) (filled triangles) staining (mean ± s.e.). Filled circles are the
PECAM-1/CD31 measurements from the tumours injected with DiOC7(3),
while open circles are the PECAM-1/CD31 measurements from tumours
injected with the H33342. The H33342 curves are based on 21
photomontages from seven tumours, and the DiOC7(3) curves are based on
16 photomontages taken from six tumours. See text for details
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
 µ   
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Figure 11 Mesh plot of EF5 intensity vs distance to the nearest vessel vs intravas
combined in this plot. HbO2 saturations are measured in the tumour block adjacent
tumour. Overall, hypoxia tends to increase with decreasing HbO2 saturation and inc
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cular HbO2 saturation. Data obtained from six untreated KHT tumours are
 to the EF5/Cy3 section, and peaks correspond to hypoxic regions in the
reasing distance to the nearest vessel (see text for details)
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