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
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
 

 
 












 
 


•   


•            

          


 


 
 

























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







   
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

 
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



 

 
 












 
 


•   


•            

          


 


 
 



































 










   





         
            
            
            
             
             
 
             





  
              




             










               
    




              











           
            












 

 

 






 

 

 




  
  

 




  
  
  

  
  
  
  
  

  
  

  
  

 
 
 
 
 
 
 
 

  
 
 
 
 
 

  
 
 
 
 
 



   

 
 

  

  
  
  

  
  
  
  
  

  
  
  
  
  
  

  
  

  
  
  
  
  

 




 

 

        




 

  
  
  

  
  
  

  
  
  

  

  

  

  



   

 


        
        
        




  

  
  
  
  
  
  
  

  
  
  
  

  
  
  
  
  
 




  
  

 

 

 

 

  

  

  

  

  

 




  
  
  

  



   

  
  

  
  
  

  
  
  

  
  
  

  
  

  
  
  

 
 

  
  
  
  

 

  

  
  

  
  
  

  
 




 




  
  
  
  

  
  

  
 





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
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             



          





          



   



       





           





     





     

     



            





 





        

          



             

  

               



   


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                

      

             

           

   

           

  





•  

           



• 

            

         







           

            





 

                





        



• 




• 


• 




• 
• 


• 
• 
•         




• 




• 


• 
• 







• 
• 






• 
• 
• 



   

 



 









 

              

               





           







 







 





         

    



 

      



          





   

  



              

 



        

             

                   

 

               

  







 



 


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         

          

    





 

             

          



-            





   

- 





- 

o              







o        









- 



               



           





              

              

 

    
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        δδδδ    

ΔΔΔΔγγγγ : 

γγγγδδδδΔΔΔΔδδδδ







   

 








             





- 

- 

- 





      

    

            

           



µ

         





             

  







 

           

       



     

               



   





            



                







          

              













 

 ±

 ±

 ±

 ±

 ±

 ±

 ±

 ±

 ±

 ±

 ±





   









             

    





          

             
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        







  



  

           



             



   

           

           







   



   

  



    

     

  

   

    

   

   







      

   

  

     







 

 







       



            

         





            

          



          
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          





    









          





                 
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






























   



                

                

     

             







        ⊥       

  
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      ⊥      


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


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


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   




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














 


















































   

 

        

         



       

                

    



           





         

      

 

 

            

           

      



          



              


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














   

  





     



-               



-         



- 

             

   

             

           

 







   

        



     




































- 
- 




 

  



 














   

 

            

          

         



            

    

 

           
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           

          





   



            



- 

- 

- 

            









  

            

             



             

         





 

 



             

        





             



     

             
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

           

       








- 


- 
- 


- 
- 
- 


- 
- 


- 
- 
- 


- 
- 


- 
- 


- 
- 
- 
- 





   

















   



             

             



         



       

          

           

           

 

              








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           

            







   





























   

        







  

          





   

               

          

              

         







            

             



            

        







•      

               

               



• 

   



   





•           

        



o            

           

         



o 

    









   



           









           





 
• 

• 

o 



o 



   

o            



o 

o 

o 



 
•         

  



• 

•        



• 



 

 

             



• 

• 

• 

















   

 



• 

           

            

    

          



            

           



• 



 



• 

            





•                

   

     



•            

                







   

 



          

              



    

         





 

• 





• 



• 





 

• 





• 





• 







   

 

 

• 



• 

• 

• 



 

               



           

          





 

• 

• 



 
 




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   

          

          







 

 

            







            

            

          



      



• 



• 



• 



• 





• 





• 







   



• 







           



















•  





     



             











 



   



                   





           





              

























   



 

 



  

             

                

              

                 











   







 



          





               







   













 

 



 



 



 



 

 



 



 

 



 



 





   

 



• 





• 



 















 

  

             

            

              





• 



•              



• 

            

     





              



   



            



                





    

 







             

             





























           

           

            









 



   





        







•              

          



•             





         

         

           













 



              

            

            

          

            



               







   







- 





-   



    

            



- 





 



               









 



           

             



   





              

  





             

           


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  

           

           
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














 
































                

                

                
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                

                

                

                

                

                

                

                
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              
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         



          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          








 






 













   
 












 













   
 












 













   
 












 













   
 










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

























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                  
                  
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
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








        

        
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


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   




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   

   

   






   





 

 

 


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

 
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             
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         



            



            



•               

              
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• 
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

• 



       

        


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

         







           





   

 

               
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







                 

                 

       



                

                 







   







                







   

    

             













 

            

            

            

           







   

 





               


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


   
 












 













   
 












 













   
 














 

 



 





             







              







 



    

   

   

   

   


   

   
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               



         





          





 



28 A /1 







    





 

28 A /2 











   

28 A /3 

 



   





28 B /1 





28 B /2 











   











28 B /2 



   



28 B /3 



   





















29 C /1 

   



    







 



29 C /2 



 







 



29 C /3 





 








































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



                   


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 

 

 

               





           

               



               

          

           

            







              







              

              

              

             

              


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



   

         









   





           

   

             




            


             
        


   



  

   



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





           


              
    

           
           


             

             


         

         

    


      






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ABSTRACT 

Erythropoietin (Epo) is an endogenous cytokine that regulates hematopoiesis and is 

widely used to treat anemia. In addition, it has recently aroused interest in the neurosciences 

since the new concept of Epo as a neuroprotective agent has emerged. Therefore, the potential 

protective effect of human recombinant Epo (r-hu-Epo) on a hypoxic-ischemic (HI) pup rat 

model was studied. Cerebral HI was obtained by permanent left carotid artery ligature of pups 

followed by a 2h hypoxia. Three hours after carotid occlusion, brain lesions were assessed by 

MR-diffusion weighted imaging. Intraperitoneal administration of r-hu-Epo (30U/g-dose) 

limited both the HI-induced brain lesion surface and the decrease in apparent diffusion 

coefficient (ADC) in the lesion. To identify potential mechanisms underlying the effects of 

Epo, immunohistochemical detection of caspase-3 and water channel protein aquaporin-4 

(AQP4) was performed. No early apoptosis was detected, but up-regulation of AQP4 

expression was observed in HI-pups that received r-hu-Epo compared to HI-animals without 

treatment. 

This study demonstrates an early neuroprotective effect of Epo with regard to brain 

lesion surface and ADC values. One possible mechanism for limiting brain edema could be a 

better clearance of excess water in brain tissue back to the blood flow, a process possibly 

mediated by aquaporin-4. 

 

RUNNING TITLE: Epo’s effect in HI rat neonates by DWI 

 

KEY-WORDS: DWI, MRI, neonate, hypoxia-ischemia, erythropoietin, aquaporin-4. 

 

Page 2 of 31Journal of Neurochemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

J Neurochem 
 

3 

INTRODUCTION 

Severe neurological impairment or death related to perinatal asphyxia concerns 0.2 to 

1.3/1000 live clinical births in developed countries. Neurological protection in this condition 

remains a challenge and treatment outcomes have been rather poor until now (Perlman 2006). 

Several neonatal animal models have been developed to study perinatal asphyxia and its 

associated physiopathology. These models include transient or persistent ischemia with or 

without hypoxia in pup rats (Rice et al. 1981; Hagberg et al. 1997; Vannucci and Vannucci 

1997) and they have been used to explore brain damage as well as potential therapeutic 

approaches (for review, see Gonzalez et al. (Gonzalez and Ferriero 2008).  

 Magnetic resonance imaging (MRI), including diffusion-weighted imaging (DWI), is 

a method of choice to explore the brain since it offers a non-invasive way to probe 

microscopic structural information on brain in vivo (Le Bihan 2007). Fractional anisotropy 

(FA) and the apparent diffusion coefficient (ADC) are known to reflect local microstructural 

properties. DWI provides excellent contrast visualization of hypoxia-ischemia induced brain 

lesions, in which ADC measurements show early restricted water diffusion, a common feature 

of cerebral tissue abnormalities in relation with cytotoxic edema (Chalela et al. 2001; 

Guadagno et al. 2006; Ward et al. 2006).  

Over the past decade, various candidate molecules for neuroprotection have been 

studied in neonatal rat models, including minocyclin (Fan et al. 2006; Carty et al. 2008; Buller 

et al. 2009), allopurinol (Benders et al. 2006; Chaudhari and McGuire 2008), deferoxamine 

(Shadid et al. 1998), and magnesium sulfate (Khashaba et al. 2006; Spandou et al. 2007; 

Pazaiti et al. 2009). Erythropoietin (Epo), a hemopoietic growth factor, has emerged as one of 

the most interesting neuroprotective agents (Sakanaka et al. 1998; Kumral et al. 2003; 

Spandou et al. 2004; Sola et al. 2005; Gonzalez et al. 2007; van der Kooij et al. 2008). Epo 

was originally used in patients suffering from anemia to stimulate red blood cell proliferation, 
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particularly in premature babies (Shannon et al. 1995). Its humoral mediating role in the 

maturation and proliferation of erythroid progenitor cells has been known since 1906 (van der 

Kooij et al. 2008). In addition, the neuroprotective properties of Epo have been known for 

several years, even if its underlying mechanisms remain unclear (for recent review, see Rabie 

and Marti (Rabie and Marti 2008).  Epo can cross the blood-brain barrier and its receptors are 

abundantly expressed in the mammalian brain (Chin et al. 2000). However, experiments 

addressing the effect of Epo on HI have mostly been done with histological methods and only 

a few used an in vivo imaging approach (Ehrenreich et al. 2002; Chang et al. 2005; 

Miskowiak et al. 2007; Verdonck et al. 2007).  

The aim of our study was to evaluate the potential early neuroprotective effect of Epo 

with DWI performed 3 hours after an HI insult in the neonate rat. We measured infarct size, 

FA and ADC values in the lesion. Since Epo is known to modulate water permeability 

(Gunnarson et al. 2009), we also performed immunohistochemistry to detect early apoptosis 

induction with caspase-3 antibodies and expression of the water channel protein aquaporin-4 

(AQP4). 
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MATERIAL AND METHODS 

Animal model  

Rats of postnatal day (P) 7 or 8, weighing 19.8 ± 2.7g, were divided into three groups: 

Group I: control group (sham, n = 5); Group II: HI group (ischemia + 2h-hypoxia, n = 16); 

Group III: HI-Epo group (ischemia + intraperitoneal injection of Epo + 2h-hypoxia, n = 17). 

Pups were subjected to the surgical procedure described by Rice and al. (Rice et al. 

1981). Briefly, seven and eight day-old Wistar rats were anesthetized with isoflurane (4% 

induction, 1.5% maintenance). After a midline neck incision under local anesthesia 

(bupivacaine 0.5%), the left common carotid artery was isolated then permanently ligatured 

(Vicryl ® 7/0). Total duration of surgery never exceeded 20 minutes, after which animals 

were allowed to recover (half an hour) on a heated mattress to maintain body temperature. 

Pups were then placed in a hypoxic chamber and exposed to hypoxia under an 8% oxygen – 

92% nitrogen atmosphere for 2 hours. Hypoxic level was monitored by an oximeter (Airox 

BioMS®, Pau, France) and maintained between 7.9 and 8.1% of oxygen. Hypoxic box volume 

was around 840 cm3 (15 x 7 x 8 cm). Chamber temperature was maintained at 31 - 33°C and 

humidity > 80%. After hypoxic exposure, rat pups were returned to their heated mattress until 

magnetic resonance imaging (MRI), which was performed 30 min later (three hours after the 

end of the ligature). For MRI, pups were anesthetized with isoflurane (4% induction, 1.4% 

maintenance) and respiration was monitored by a ventral electrode. Warmed water circulating 

in the gradient coil system was used to maintain body temperature. Fifteen pups were 

sacrificed by decapitation immediately after MRI (Group I, n = 4; Group II, n = 6 and Group 

III, n = 5). Brains were rapidly removed, rinsed in phosphate-buffered saline (PBS), 

immersion-fixed in 4% paraformaldehyde in PBS (over night). Before being frozen, fixed 

brains were rinsed in PBS-glucose (10%). 
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Drug and dose 

 Epo (r-hu-Epo, Eprex®, 4000UI/0.4 ml, Janssen-Cilag, Issy-les-Moulineaux, France) 

was administered intraperitoneally immediately after carotid ligature and before hypoxia at a 

dose of 30,000UI/kg, corresponding to 600UI/20g. This dose is known to achieve the most 

successful neuroprotective response (Kellert et al. 2007).  

 

Magnetic Resonance Imaging  

Each pup was studied 3 h after carotid ligature on a horizontal 4.7T Biospec 47/50 

system (Bruker, Ettlingen, Germany) equipped with a 6-cm BG6 gradient system capable of 

950mT/m maximum strength. Measurements were performed with a birdcage resonator (35-

mm diameter and 80-mm length) tuned to 200.3MHz. Coronal T2-weighted images of the 

brain were obtained using a RARE sequence, 3 slices, 2mm thick, FOV 2.5×2.5cm, TE 

100ms, TR 5000ms, rare factor 8, matrix 128×128. DWI was performed 3h after ischemic 

insult with a pulsed gradient spin echo sequence derived from the Stejskal-Tanner relationship 

(Stejskal and Tanner 1965) using the following parameters: one coronal slice, localized at the 

level of the caudate nucleus, 2mm thick, FOV 2.5×2.5cm, TE 20ms, TR 1800ms, matrix 

128×128,  5ms,  8.598ms, 12 directions, b values 0-400-1000s/mm2. Duration of DWI 

acquisition was 96 min.  

 

Data processing 

 DW images and ADC cartographies were exported on a personal computer and post-

processed by using CCHIPS® software under Linux®. Stroke area surface was plotted by a 

computer mouse and calculated by the software as a number of pixels. At the same time, the 

mean and the median values of ADC (mm²/s) and FA in the selected area were obtained. 

CCHIPS software gave the ADC results in cm²/s (Figure 1). For clarity and comparison, we 
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decided to express all the results concerning ADC in mm²/s. Intra-observer variability was 

calculated after three measurements each separated by one month for the first 10 rats. Inter-

observer variability was also calculated after three measurements done by two observers at 

three different times for the first 10 rats. No statistical difference was found within and 

between observers. 

 

Immunohistochemistry 

Twenty micrometer-thick coronal brain slices were cut on a cryostat from 1 mm 

anterior to the bregma to 1 mm posterior to this anatomical landmark and processed for 

immunohistochemical detection of cysteinyl aspartate-specific proteinase-3 (caspase-3) and 

aquaporin-4 (AQP4), using the streptavidin-biotin-immunoperoxidase technique, as 

previously described (Konsman et al., 1999). Briefly, sections were post-fixed in 4 % PFA in 

PBS for 10 minutes at 4°C, followed by two rinses in PBS for 10 minutes and two washes in 

PBS, 2% gelatin, 0.25% triton for 10 minutes. Slices were then incubated overnight at room 

temperature with the primary rabbit antibody raised against AQP4 and caspase-3 (diluted 

1:500, Sigma-Aldrich, Germany), in PBS-2% normal donkey serum. After two rinses in the 

same buffer, sections were treated for 30 min with 0.3% hydrogen peroxide and again washed 

in PBS. Sections were subsequently incubated 90 minutes with biotinylated donkey anti-

rabbit immunoglobulins (diluted 1:200, Jackson Immunoresearch Laboratories INC) and 

90 minutes with a streptavidin-biotin-peroxidase complex (diluted 1:1000, Vector 

Laboratories, USA) with intermittent washes. Afterwards, slices were immersed in Tris-

buffered saline (0.05 M) for 10 minutes and in sodium acetate (0.1 M; pH=6) for 10 minutes. 

Sections were then stained using diaminobenzidine as a chromogen in the presence of nickel 

ions. Finally, sections were air-dried, dehydrated in graded ethanol solutions, defatted in 
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xylene and coverslipped in Depex® mounting medium (VMR International Ltd, Poole, 

England). 

Stained sections were examined through a 10× objective mounted on a transmitted 

light microscope (Nikon® Eclipse E400, Champigny sur Marne, France). Images were 

captured using a high resolution CCD video camera (Nikon® DMX1200, Champigny sur 

Marne, France) and fed into a personal computer. Image processing was performed using a 

PC version of NIH imaging software, Scion Image® (Scion, Frederick, MD, USA) on grey 

images by defining brightness and surface above which labeling had to be taken into account. 

Once established, these parameters remained unchanged. The image was then converted to a 

binary image and the caspase-3 and AQP-4 immunostaining areas were measured specifically 

in the somatosensory cortex. Photomicrographs for illustrations were taken with the same 

setup, and Adobe Photoshop® CS2 (Adobe Systems Incorporated, San Jose, CA, USA) was 

used to adjust contrast and brightness and to apply labels. 

 

Statistical analysis 

Results were expressed as means ± standard deviation or median as appropriate. For 

imaging analysis, comparison of stroke area, ADC and FA values between Groups II and III 

were performed by a Student t-test. For immunohistochemistry analysis, immunostaining area 

was expressed as percentage of total image surface. Mann-Whitney statistical tests were used 

to compare immunostaining areas between Groups II and III. P < 0.05 was considered 

significant. 
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RESULTS  

Animals 

Thirty-eight Wistar pups were used in the study; 5 in Group I (control, 2 P7 and 3 P8), 

16 in Group II (HI, 8 P7 and 8 P8) and 17 in Group III (HI-Epo, 8 P7 and 9 P8). No statistical 

difference was noted concerning body weight between groups (Group I: 20.9 ± 1.6g, Group 

II: 19.9 ± 2.6g; Group III: 19.4 ± 1.8g).  

Epo effect 

Stroke appeared as an easily identifiable hypointensity of signal area in comparison 

with the whole brain, allowing its limits to be plotted by a computer mouse (Figure 1). Stroke 

area surface was estimated as a number of pixels and at the same time the mean and the 

median values of ADC and FA in the selected area were obtained. Stroke surfaces, ADC and 

FA values were measured for each rat and are presented in Figure 2. The mean stroke area 

values in Groups II and III were 638.68 ± 348.76 pixels and 393.7 ± 270.5 pixels, respectively 

(p = 0.03), indicating a smaller brain lesion in HI pups treated with Epo (Figure 3). Brain 

lesion surfaces were significantly reduced by 40% when 30U/g of Epo were intraperitoneally 

injected between the carotid ligature and the 120-min hypoxia.  

The mean FA values in stroke area in Groups II and III were 0.305 ± 0.065 and 0.304 

± 0.06, respectively (p = 0.95). Therefore, no difference was observed in FA values between 

Groups II and III.  

The mean values of ADC in stroke area were 0.565×10-3 ± 0.086×10-3 mm2/s and 

0.695×10-3 ± 0.06×10-3 mm2/s, respectively in Groups II and III (p = 0.006). Compared to 

ADC values found in controls (0.99 +/- 0.09 10-3mm2/s) a 45% decrease was observed in 

Group II whereas only a 30% decrease was found in Group III, indicating that the decrease 

was lesser after Epo administration.  
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Immunohistochemistry 

In control brains no Caspase-3 immunostaining was observed, whereas only a few 

Caspase-3-positive cell bodies were found in Groups II and III. This relative lack of apoptosis 

markers may be due to the early time point at which animals were sacrificed after HI. 

In control animals, we observed weak AQP4 immunostaining in the choroid plexus, 

but with no significant contrast in the somatosensory cortex (Figure 4, A, B and C). In Groups 

II and III, positive AQP4 immunostaining was observed around small cerebral vessels located 

in both the white and grey matter. The intensity of AQP-4 immunostaining in the injured 

primary somatomotor area showed significant increases in group III compared to group II 

(median 4.5% vs. 0.5%, p=0.01). In contrast, no difference in AQP-4 immunostaining in the 

healthy contralateral cortex was found between Groups II and III. In group III, there was a 

significant ipsi/contralateral hemispheric difference in AQP-4 immunoreactivity with 

increased immunostaining in the injured cortex (medians 4.5% vs. 0.6%, p=0.028). No left-

right hemispheric difference in AQP-4 immunoreactivity was found in group II.  
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DISCUSSION 

Methodological considerations  

Late DWI exploration (>24h after brain injury) in neonatal HI rats has been previously 

reported (Wang et al. 2006; Ashwal et al. 2007; Wang et al. 2007; Yang and Wu 2007). We 

chose to explore neonatal HI rats shortly after carotid ligation. Early DWI explorations after 

neonatal rat brain injury have been reported in the literature (Fau et al. 2007; van der Zijden et 

al. 2008; Wendland et al. 2008). . In 1995, Rumpel et al. used DWI and histology to explore 

neonatal rat brain after an HI insult in order to evaluate short- and long-term consequences 

(Rumpel et al. 1995). They showed that unilateral carotid ligature-induced ischemia lasting 

more than 30 minutes causes an unequivocal cytotoxic edema, followed by a more extensive 

vasogenic edema 12 to 24 hours preceding histological markers of cerebral infarction. In 

addition, they confirmed that a unilateral carotid ligature alone does not lead to brain 

abnormalities that can be detected by DWI. The accuracy of DWI for detecting hypoxic 

ischemic lesion in neonatal rat brain shortly after injury was well documented in the paper by 

Fau et al. (Fau et al. 2007). However, to our knowledge, no publication has yet reported early 

DWI evaluation of the neuroprotective Epo effects in the neonatal HI rat model. 

 

Epo administration and stroke area 

 Many studies have reported histological or immunohistochemical results after Epo in 

HI rat pups (Rumpel et al. 1995; Kumral et al. 2003; Demers et al. 2005; Sun et al. 2005; 

Kumral et al. 2006; Meng et al. 2006; Pacary et al. 2006; Kellert et al. 2007; Kumral et al. 

2007; McPherson et al. 2007; Statler et al. 2007; Kim et al. 2008; van der Kooij et al. 2008; 

Yis et al. 2008) but no study have yet compared in vivo imaging in HI between rat pups 

treated or not with Epo. In adult rats, Epo injection (5U/g) before and up to three hours after 

focal brain ischemia reduced injury by approximately 60 to 55%, respectively (Brines et al. 
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2000). In a histological study conducted by Wang et al. on P7 pups, infarct volumes were 

reduced by 50% after Epo injection 4 hours prior to carotid ligature and hypoxia (50 min) 

(Wang et al. 2004). In this study, 10U/g was injected but when the same total dose of Epo was 

administered at two times (5U/g 24h and 4 h prior to HI), the treatment was ineffective. This 

indicates that a high dose of Epo is required to obtain a therapeutic effect in neonates. This 

was confirmed by Kellert et al. who determined the optimal Epo dose after HI insult in P7 rats 

(Kellert et al. 2007). They showed that the neuroprotective effect of Epo was dose-dependent 

and that the greatest effect was found with a 30U/g dose. These data justified our choice to 

use a unique dose of 30U/g of Epo as it achieves the most successful neuroprotective 

response. However, even if high doses of Epo have been reported to be safe (Kellert et al. 

2007; Statler et al. 2007), we acknowledge that this dosage may not be compatible with 

administration in humans. 

 

Epo administration and fractional anisotropy in stroke 

 No difference was observed in FA values between Groups II and III. By measuring FA 

in the developing rat brain, Huang et al. showed a progressive decrease in cortical areas in 

healthy neonatal rats at 0, 3, 7, 11 and 19 days of life (Huang et al. 2008), thus providing a 

standard allowing the detection of abnormalities in cortical development in neonatal animal 

models. Normal FA values in healthy neonatal P7 rat brain in this study were 0.3 to 0.4. Sotak 

et al. (Sotak 2002) found that in the early stage of brain injury in human, FA values were not 

different from those of controls. This absence of difference might be due to the time of 

examination (DWI), which was early after the insult. Our results are in accordance with this 

theory since in the stroke area 3 hours after the carotid ligature, the mean FA values in Groups 

II and III were similar and equal to 0.3, i.e. the value found by Huang (Huang et al. 2008). A 

decrease in FA values did occur but  later (24h after the insult). A recent paper by Wang et al. 
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(Wang et al. 2008) explored white matter injury at D1 in an HI neonatal rat model by DTI and 

showed that DTI parameters represented by FA, trace, parallel and perpendicular are useful 

in characterizing WM injury (in terms of severity of damage); I and  in particular may 

make it possible to differentiate the axonal structure breakdown due to axonal swelling, 

axonal transport dysfunction or irreversible histological damage.  

 

Epo administration and Apparent Diffusion Coefficient measurement in stroke 

 The kinetics of ADC variations in neonatal HI rat are well understood (Derugin et al. 

2000; Meng et al. 2005; Meng et al. 2006). In injured cerebral cortex in the neonatal HI rat 

model, ADC values decrease early (from one hour post-HI) with a statistical difference 

between lesion and controleral hemisphere or control (Meng et al. 2005). In the present study, 

the same difference was observed 24 hours post-HI. In a recent paper (Wang et al. 2008), 

Wang explored the best ADC threshold in the injured hemisphere in comparison with the 

controlateral hemisphere to predict as best as possible the final size of stroke in the neonatal 

HI rat model. They concluded that injured areas with an 80%-ADC decrease compared to the 

controlateral hemisphere (1 to 2 hours post-HI) should be considered to define the final stroke 

size. 

 A few days to a few weeks after injury, ADC values pseudonormalize in the lesion, a 

phenomenon which indicates the destruction of tissue organization resulting in an increased 

isotropy (Meng et al. 2006; van der Zijden et al. 2008). In our study, rats underwent DWI 

examination 3 hours after HI injury. Our data concerning ADC values for HI rats are in 

accordance with the literature: the mean ADC value in stroke was significantly lower than in 

the controlateral hemisphere (respectively 0.565±0.086 x 10-3 and 0.98±0.08 x 10-3 p >10-6) 

(van der Zijden et al. 2008; Wang et al. 2008).  
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Immunohistochemistry: caspase 3 and aquaporin-4 expression in the neonatal brain 

 Epo had an effect not only on brain surface lesions but also on ADC values. The 

mechanism of Epo on water diffusion remains uncertain. Since the control of water 

homeostasis is modulated by specific water channel proteins called aquaporin (AQP), we 

decided to look for the presence of aquaporin-4 by immunohistochemistry. Aquaporin is a 

transmembrane protein (MW around 30,000 D) involved in the passage of water through the 

plasma membrane and across the blood brain barrier. AQP4 is mainly expressed in 

pericapillary astrocytic endfeet and is the major water channel in the brain (Nielsen et al. 

1997; Badaut et al. 2002; Fu et al. 2007; Tait et al. 2008; Gunnarson et al. 2009; Hirt et al. 

2009).  

 The expression of AQP-4 thus increased in and around the damaged cortical area as 

soon as 3h after carotid occlusion in treated rats. Several studies have already shown the 

important function of AQP-4 in cytotoxic and vasogenic brain edemas, glial cell migration 

and neural signal transduction (Verkman et al. 2006). A recent study by Tourdias et al. 

hypothesized that up-regulation of AQP-4 in brain, in response to hydrocephalus, may 

participate in clearance of excess fluid to the blood stream (Tourdias et al. 2009). That study 

was one of the first to correlate HI-induced changes in ADC in the periventricular edema to 

the spatial and temporal expression of AQP-4. Interestingly, its authors observed that the 

higher the ADC values were in this zone, the higher was the AQP-4 expression. Our present 

results indicate a similar association between ADC in stroke and AQP-4 expression in the 

brain. Indeed, high ADC values in the stroke area in Epo-treated rat pups correspond to a high 

level of brain AQP-4 expression.  

 It would be interesting to explore Epo receptor (Epo-R) expression in HI newborn rats 

treated by Epo to see whether Epo-R upregulates in the HI hemisphere in correlation with 

increasing AQP-4 expression. Expression of Epo and Epo-R can be modulated by hypoxia in 
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immature and mature brain. An increase in Epo and Epo-R mRNA has been reported in 

rodent and human brain after ischemia but with a different pattern (Spandou et al. 2004). 

Brain Epo-R mRNA expression increases dramatically in injured rat brain hemisphere 

immediately and 24 hours after HI, whereas it is undetectable in controls. The opposite was 

found for Epo mRNA levels for which a significant difference appeared one day after the HI 

insult compared to controls.  

 In view of these data, Epo-R may be rapidly up-regulated by HI whereas endogenous 

Epo protein expression increases only 24h after, thus yielding a time lag in the response. 

Therefore, the administration of r-hu-Epo immediately after carotid ligature and just before 

hypoxia could compensate for this delay between Epo-R and endogenous Epo expression, 

leading to an early response and thus accounting for its neuroprotective action in the ischemic 

brain. 

 

 Limits of the study 

 Owing to technical limitations, it was not possible to explore more than one slice in 

our study. Thus we could not explore the spatial FA and ADC distribution. Measurements for 

ADC and FA in the injured hemisphere were performed only in the stroke area because it was 

not possible to create reproducible masks to compare these parameters in the caudate nucleus, 

for example. It would have been interesting to measure ADC and FA in regions without any 

apparent abnormality.  

 

Conclusion 

We conclude that Epo has a protective effect in HI, possibly through an early up-

regulation of aquaporin-4 expression. This effect seems to be immediate, in contrast to the 

classic “late” neuroprotective effects of Epo that are known to depend upon gene activation. 
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One possible mechanism for the limited brain edema observed in the HI-Epo group could be a 

better clearance of water excess from brain tissues to blood by aquaporin-4. The next step will 

be to perform DWI (ADC and FA measurements) and immunohistochemical (aquaporin-4) 

longitudinal studies on this neonatal HI rat model after Epo treatment in order to observe the 

possible long-term effect of this neuroprotective molecule.  
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LEGENDS 

Figure 1: Post-treatment of DTI in P7/8 Wistar rats. On the right side, the ADC map with 

the delineated stroke ROI. On the left side, measurements obtained in the ROI (stroke area: 

549 pixels; Mean ADC value in the stroke: 4.96x10-6 cm²/s) 

 

Figure 2: Comparison between stroke area (A), ADC (B) and FA (C) values in stroke in 

pups treated or not treated with Epo. Statistical differences were observed in stroke area 

and ADC value (* p < 0.05) but not for FA values (NS: no significant).  

 

Figure 3: Stroke area (in number of pixels) between a Group II (left) and a Group III 

(right) pup. Statistical difference was observed between Group II (638.68 ± 348.76 points) 

and Group III (393.7 ± 270.5 points), p = 0.006. 

 

Figure 4: AQP 4 immunohistochemistry. Micrographs of AQP-4 immunostained sections 

from the left primary somatomotor cortex of a rat from group II (A magnification x2, B x10, 

C x40) and group III (D magnification x2, E x10, F x40), shown in the inset at higher 

magnification (scale bar 100 µm in 10x magnification) in the immunostaining observed 

predominantly around small cerebral vessels. 
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Efficiency of Fractional Anisotropy and Apparent
Coefficient of Diffusion on Diffusion Tensor
Imaging in Prognosis of Neonates with Hypoxic-
Ischemic Encephalopathy. A Methodologic
Prospective Pilot Study

O. Brissaud
M. Amirault

F. Villega
O. Periot

J.F. Chateil
M. Allard

BACKGROUND AND PURPOSE: The DTI parameters (FA and ADC) reflect the properties of the brain
microstructure. Decreased anisotropy is a common feature of cerebral tissue abnormalities. Our study
investigates the neurologic prognostic efficiency of these parameters in white (PLIC, CP) and gray
matter (PP) in the first days of life in term neonates with HIE. We hypothesize that lesions in related
brain areas could be part of a physiopathologic substratum supporting neurologic deficiencies in this
population.

MATERIALS AND METHODS: A total of 22 neonates included (13 girls; mean gestational age, 40
weeks ! 9 days; birth weight, 3203 ! 584 g) underwent brain MR imaging between day 1 and day 6
after birth; 6 noncollinear direction DTI was performed. FA and ADC were measured on specific brain
areas. Amiel-Tison score was performed on day 8.5 ! 4 (group A, favorable outcome [n " 16]; group
B, unfavorable outcome [n " 6]).

RESULTS: Intraobserver and interobserver comparison in DTI parameter measurements showed a
coefficient of variability of less than 5%. In PLIC and PP, the ADC values were lower in group B
compared with group A (P " .000027), whereas in PLIC and CP, the FA values were lower in group B
compared with group A (P # .02).

CONCLUSIONS: These findings indicate that a poor early neurologic outcome in neonates with HIE is
associated with lower FA or ADC values in specific areas of white or gray matter. The difference in
ADC/FA changes in the different brain areas explored may support possibly different pathologic
processes.

ABBREVIATIONS: ADC " apparent diffusion coefficient; AS " Apgar score at birth/5 minutes;
BW " birth weight; CA " cardiac arrest; CP " cerebral peduncles; CS " cesarean section; CV "
coefficient of variability; D " delivery; DTI " diffusion tensor imaging; DWI " diffusion-weighted
imaging; E " epinephrine; FA, fractional anisotropy; FHRA " fetal heart rate abnormalities; FOV "
field of view; GA " gestational age; HIE " hypoxic-ischemic encephalopathy; IE " instrumental
extraction; IUGR " intrauterine growth retardation; MSL " meconium-stained liquor; Nl " normal;
NC " nuchal cord; ND " not done; PLIC, posterior limb of internal capsule; PP " putamen/pallidum;
S " seizures; SE " status epilepticus; SS " Sarnat Score.

Severe neurologic impairment or death in relationship to
perinatal asphyxia in developed countries concerns 0.2 to

1.3 of 1000 live births.1-6 Clinical anamnesis, Apgar score, Sar-
nat classification, Amiel-Tison neurologic assessment,7,8 bio-
logic and electrical examinations, and cranial sonography are
efficient tools for evaluation of cerebral integrity in neonates.
MR imaging, including DWI, contributes to highlighting
brain abnormalities.9,10 Clinical evaluation and conventional
MR imaging parameters are efficient to distinguish severe to
minor HIE, but it remains discussed regarding long-term out-
come for infants with moderate HIE. DTI measures the diffu-
sion of water in cerebral tissue11-13 and quantitative parame-
ters such as FA and ADC reflect the microstructure properties

in local areas. Decreased anisotropy is a common feature of
cerebral tissue abnormalities.13,14 Normal and pathologic data
for FA and ADC of the neonatal brain structures are avail-
able,10,12,13,15-19 and some authors suggest that early FA values
could be an early prognostic factor for functional outcome in
infants with HIE.12 The aim of our study was to compare,
in full-term neonates suspected to have HIE, the ADC and
FA values in specific areas in white matter (PLIC and CP) and
in gray matter (PP) with the early neurologic outcome at the
end of the first week of life, by using the Amiel-Tison score.7

We hypothesize that lesions in related brain areas could be
part of a physiopathologic substratum supporting neurologic
deficiencies in neonates with HIE.

Materials and Methods

Patients
During 1 year, we prospectively enrolled 22 consecutives neonates (13
girls, 9 boys; mean gestational age, 40 weeks ! 9 days; median, 40
weeks plus 2 days, and birth weight 3203 ! 584 g). The inclusion
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criteria were gestational age of older than 37 weeks, an Apgar score at

5 minutes of 5 or less, late deceleration on fetal monitoring, bradycar-

dia lower than 80 bpm at 5 minutes, cardiac arrest, and/or the need for

intratracheal or intravenous administration of epinephrine. All neo-

nates with chromosomal disease, cardiac or central nervous system

malformations, congenital infection, or inborn metabolic errors were

excluded (immediately or secondarily).

The local Human Ethics Committee approved the study, and we

obtained parental informed consent.

Clinical Data Collection
Antenatal history, birth conditions, birth weight, sex, gestational age
at birth, Apgar score, Sarnat classification8 in the first hours of life,
and the day of the MR imaging examination were recorded. Apgar
score at 5 minutes was considered good if the score was more than 5 (9
infants) and poor if 5 or less (10 infants).

Early Neurologic Outcome
During the first week of life, or as soon as possible after tracheal tube
removal and drug decrease, the neonates underwent neurologic ex-
amination (ie, early neurologic outcome) by a pediatrician specialized
in neurology (F.V.), blinded to the MR imaging data. We identified 2
groups according to the Amiel-Tison neurologic assessment at term7:
no disability, minor disability, or moderate disability (group A) and
severe disability or death (group B).

MR Imaging and Postprocessing
All patients were intubated during MR imaging examination (be-
tween day 1 and day 6). All neonates were carried to the MR imaging
unit in a transport incubator accompanied by an intensivist experi-
enced in neonatology who remained in attendance throughout the
scanning process. No neonate was too unstable to support medical
transport. Temperature, blood pressure, heart rate, and all vital signs
were monitored during transport. Sedation was adapted to optimize
data acquisition (intravenous opioids and/or midazolam). Ventila-
tion was done manually during the MR imaging examinations. Pulse
oximetry and electrocardiogram (Maglife, Brucker, France) were
monitored throughout the procedure. All Infants wore ear protec-
tions (Natus MiniMuffs; Natus Medical, San Carlos, California).

We collected all MR imaging data using a 1.5 magnet (Gyroscan
Intera system; Philips, Best, the Netherlands) equipped of 20mT/m
gradients.

MR Imaging methods. Acquisition was performed with a sensi-
tivity-encoding standard head coil, with the following sequences:

● T1-weighted spin-echo sagittal sections (TR, 479 ms; TE, 17 ms);
● T1-weighted inversion-recovery axial sections (TR, 2097 ms; TI,

850 ms; TE, 14 ms);
● T2-weighted turbo spin-echo axial (TR, 4409 ms; TE, 135 ms) and

coronal (TR, 4258 ms; TE, 130 ms) sections; and
● DWI with single shot echo-planar imaging (TR, 2367 ms; TE, 88

ms; 16 sections; NSA, 2; b-value, 0/800 s/mm2; section thickness, 5
mm; FOV: 250 ! 250; matrix, 112 ! 90).

● DTI with pulsed field gradients in 16 (6 noncollinear) directions
with single shot echo-planar imaging (TR, 7000 ms; TE, 81 ms; 40
sections; NSA, 3; b-value, 0/700 s/mm2; section thickness, 2.2 mm;
FOV, 176 ! 176; matrix, 80 ! 80; DTI time acquisition, 6 minutes;
total scanning time ! 1 hour).

Postprocessing and MR Imaging Data Analysis
Conventional MR images and DWI. Images were analyzed by a

senior radiologist well experienced in interpreting neonatal brain
MR imaging scans (J.F.C.), blinded to clinical ratings and DTI find-
ings and who established an imaging severity score. This score (from
0 –22) was generated according to consensual literature reports on
MR imaging and DWI abnormalities in neonates with HIE.9,20 The
higher the MR imaging score, the worse the prognosis for the infants.

DTI postprocessing. DTI data were postprocessed (quantifica-
tion of the ADC and FA), by use of the PRIDE fiber-tracking tool
software (Philips Research Integrated Development Environment,
Best, the Netherlands). DTI-based color maps were created from the
FA values. Diffusion encoded FA-weighted images were calculated
according to the method proposed by Pajevic and Pierpaoli.21 For all
region-of-interest analyses, voxels were selected from the FA maps in
native space, as describe previously22 by 2 co-investigators (O.B.,
M.A.) blinded to the subject’s clinical and outcome status, according
to anatomic landmarks as follows:

● PLIC: Map at the level of the basal ganglia, where the angle between
anterior and PLIC was the most acute (Fig 1).

● PP: At the same section level as PLIC. Voxels were selected on the
putamen and the pallidum (Fig 1).

● CP: We first chose on an anatomic map, the level where the cere-
bral peduncles were the most visible. We selected the section lo-
cated between the superior and inferior colliculi. Voxels were then
positioned on the FA map (Fig 2).

FA and ADC measurements by PRIDE were performed for each re-
gion of interest at the left and right side. DTI voxel regions were
selected in relationship to their greater vulnerability in term neonates
with HIE.

Statistical Analyses
Comparison between qualitative data was performed with the Fisher
exact test (Apgar score at 5 minutes vs early neurologic assessment).

Intraobserver and interobserver comparison: Both manual (PLIC,
PP) and single-point (CP) methods were used for region-of-interest
positioning on the FA maps. The size of the region of interest varied
according to the individual anatomy of the patients. Interobserver
and intraobserver error concerning FA and ADC values were ex-

Fig 1. PP and PLIC (white squares) region-of-interest positioning on native tensor diffusion
map. The 3 vector elements were assigned to red (x element, left-right), green (y,
anteroposterior), and blue (z, superior-inferior) with a proportional intensity scale according
to the FA values.
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pressed by calculating the CV (CV ! SD/mean) after repeating mea-
surements chosen at random, for 8 neonates. For intraobserver repro-
ducibility, measurements were done 3 times for each neonate.

We performed group comparison using the Wilcoxon signed-
rank test for paired sample (comparison of left side vs the right side for
each patient) and analysis of variance or the Kruskal-Wallis Multiple-
Comparison Z-Value test for nonpaired data (Sarnat score vs MR
imaging score, Sarnat score vs FA or ADC values) as appropriate.
Comparison between quantitative data and early neurologic outcome
was done with use of the Mann-Whitney nonparametric test. All sta-
tistical analyses were done on NCSS software (Jerry Hintze; NCSS,
Utah). Differences were considered significant if P " .05. For the
Kruskal-Wallis multiple-comparison Z-value test, differences in me-
dians were considered significant if the z-value is more than 2.39
(Bonferroni correction).

Results

Descriptive Clinical Data
(On-line Table 1) Complete analysis was performed in 22 ne-
onates. The median Apgar score was 2 (22 infants) at birth and
5 (19 infants) at 5 minutes. Seven neonates had had cardiac
arrest at birth. Eight neonates required epinephrine. The Sar-
nat score was 3 in 13 children, 2 in 7 children, and 1 in 2
children. The median Sarnat score was 3. Thirteen neonates
presented seizures in the first 2 days of life; Amiel-Tison score
was obtained for all live neonates and performed on 8.5 # 4
days (median, 8 days). Group A included 16 infants (6 with
moderate and 10 with no or minor neurologic abnormalities),
and group B included 6 infants (5 deaths).

Conventional MR Imaging and DWI Data Analysis
All neonates underwent MR imaging in the first 6 days of life
(median, 4 days; mean, 4 # 1.65 days).

Descriptive analysis. Results are reported in on-line tables
2 and 3. Lack of hyperintensity of the PLIC on T1WI (17 in-
fants) and white matter abnormalities on DWI (15 infants)
were the most often observed abnormalities. Brain swell-
ing and petechial abnormalities of white matter (3 infants
each) were unusual. Seven infants had brain stem abnormali-
ties. Mean MR imaging score was 6.36 # 4.5 (range, 1–18;
median, 6).

Correlation between initial perinatal clinical examina-
tion and MR imaging score. We found no correlation be-
tween MR imaging score and Apgar score at 5 minutes or
Sarnat score. Median MR imaging score was 4 in group A and
10 in group B (P ! .02).

DTI Data Analysis
Descriptive analysis. Results are reported in on-line Table

4 (DTI data). Intraobserver comparison in FA and ADC mea-
surements did not reveal statistical difference (CV " 3%). For
interobserver measurements, CV was less than 4% for the
PLIC, less than 5% for the CP, and less than 4% for the PP. The
median number of voxels on the left PLIC was 16 (range, 12–
24) and on the right PLIC was 18 (range, 11–33). The median
number of voxels on the left PP was 80 (range, 46 –110) and on
the right PP was 76 (range, 48 –101). Both for the left and the
right side, the median number of voxels on the CP was 9 (left
range, 4 –15; right range, 5–14). Whatever the region of inter-
est (ie, PLIC, PP, or CP), there was no significant difference
between left and right FA or ADC values.

Correlation between perinatal clinical data and DTI mea-
surements. The group with a poor Apgar score at 5 minutes
had significant lower ADC values on PLIC and PP (right PLIC,
P ! .05; left PLIC, P ! .002; right PP, P ! .05; left PP, P ! .01)
but not on CP. No statistical correlation was observed between
the Sarnat score and DTI parameters measurements.

Correlation between DTI parameters measurements and
early neurologic outcome. Results are summarized in Table
1. In white matter areas (PLIC and CP), FA was significantly
decreased in group B vs group A. In the opposite, only ADC
was significantly decreased in PP, in group B vs group A. In
addition, we also observed a significant decrease of ADC val-
ues in PLIC in group B vs group A.

Discussion
The main result of this pilot study is that DTI values measured
in specific brain areas during the first 6 days of life correlated
significantly with early neurologic outcome in infants with
conditions likely to lead to HIE. With selective region-of-in-
terest analysis, lower ADC values in PLIC and PP and lower FA
values in PLIC and CP bilaterally correlated significantly with
poor early neurologic outcome. These results suggest that DTI
measurement could be efficient in the determination of early
prognosis and that pathologic processes underlying adverse
neurologic outcome are quite different in PLIC and PP com-
pared with CP.

Methodologic Considerations
We report clinical data and MR imaging parameters in a ho-
mogeneous cohort of 22 full-term neonates that fulfilled strict
conditions with potential HIE. As ADC and FA values might
change during the first weeks of life, specifically in HI condi-
tions, the delay between the insult and MR imaging acquisi-
tion remains open to discussion. In our study, because of
the risk for ADC pseudonormalization from the end of the
first week,23 we decided to perform the MR imaging studies
between D1 and D6. We developed anatomic well-defined
boundary points (identified separately in each patient) that
depict the variation in DTI indices as a function of position
within the brain. Manual region-of-interest selection allows

Fig 2. The CP region-of-interest positioning (purple squares) on native tensor diffusion map.
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measurements on native space, without image transforma-
tion, and is more efficient for individual clinical analysis,
whereas voxel-based method requires normalization of data,
which induces loss of anatomic precision.24 However, an a
priori hypothesis concerning a few selected structures to be
assessed is required. In our study, we selected PLIC and PP
because of their known HI sensitivity. CP region of interest
was chosen because 1) it mediates the communication of neu-
ronal networks including telencephala, rhombencephala, and
spinal cord (corticospinal tract); and 2) in adult cohorts, CP
alteration has been described in patients with poor neurologic
outcome in traumatic brain injury, in spinocerebellar ataxia
types 1 and 2, and in stroke.25-27 In each case, anatomic land-
marks for selected regions of interest were positioned accord-
ing to Wakana et al.22 However, regions of interest drawn on
DTI may have low resolution, but the strong high interrater
and intrarater reliability demonstrates the reproducibility of
the method.

Early Neurologic Outcome and Imaging Parameters
As previously shown,9,20,28 MR imaging score including con-
ventional MR imaging and DWI data correlate significantly
with early neurologic outcome of neonates with HIE condi-
tions. The recent publication of Liauw et al28 supports the use
of this type of score according to reference standard injury
patterns in HIE.

In our study, we showed that ADC values alone in the PP
and PLIC, but not in CP, during the first days following HI
brain injury appear as a sensitive marker to evaluate infants’
early neurologic outcome as appreciated by the Amiel-Tison
score. The lower the ADC value in those regions between day 1
and day 6, the worse the early neurologic outcome. Our results
are consistent with the literature. Hunt et al29 in 28 neonates
with HIE found that the ADC value in the PLIC was signifi-
cantly greater for those who survived compared with those
who died. Barkovich et al (10 neonates with HIE)11 and Wolf
et al (13 neonates with HIE)30 reported an early high reduction
of water diffusion in injured patients (up to 60% compared
with control subjects) in specific brain areas (corticospinal
tracts, thalami). Vermeulen et al31 confirmed the interest of
early ADC measurement, particularly on the PLIC, to predict
the prognosis of neonates with HI at 2 years. Some authors
have suggested that an ADC value lower than 0.85 ! 10"3

mm2/s on PLIC is associated with a poor outcome. In our
study, all of the neonates with a mean ADC value lower than

0.8 ! 10"3 mm2/s on the PLIC and 0.9 ! 10"3 mm2/s on the
PP had a severe early neurologic outcome or died. Recently,
Liauw et al32 in 24 neonates showed the strong interest of ADC
measurement, particularly in regions with no visual abnor-
mality on conventional MR imaging and DWI. The authors
hypothesize that brain tissue may be disrupted despite normal
MR imaging appearance, particularly in the basal ganglia and
brain stem.

Bartha et al15 explored DTI data (ADC and FA) in white
matter (optic radiation, corticospinal tracts, posterior white
matter, frontal white mater) and gray matter (basal ganglia,
thalami, calcarine cortex) of 14 healthy infants at term, giving
reference values. However, FA measurement in a specific area
in neonates with HI to predict outcome is poorly reported in
the literature. Ward et al13 in 20 neonates with HI observed
that FA remained decreased, whereas ADC pseudonormalized
with time. In the same time, the authors reported that FA
decreased in only some severe basal ganglia and white matter
injury but decreased in all moderate basil ganglia and white
matter injury. The authors’ conclusion was that FA might rep-
resent an interesting marker in neonates, particularly in mod-
erate HI and also when results of ADC values are normal. We
could not observe such results in our study because we did
not make chronologic comparisons in our predictive factors
(ADC and FA).

Malik et al12 on 17 mild to moderate neonates with HI
reported the FA changes with time, showing an increase of this
parameter between the 1st and 12th weeks of life. In our study,
whereas FA values in PP did not correlate with early neuro-
logic outcome, FA values in CP and PLIC areas correlated with
early neurologic outcome, both on the right and left sides (ie,
the lower the FA values in CP and PLIC, the worse the infants’
early neurologic outcome). In our study, FA alteration on
CP correlated with poor early neurologic outcome, whereas
not concerning ADC values on this area. In adult studies, a
decrease of FA value on the CP in the first 2 weeks after isch-
emic stroke correlated with motor deficit at the time of imag-
ing and 3 months later, whereas no pathologic findings have
been observed with T1-weighted and T2-weighted images
and ADC maps in these areas.26,27 These results in adult pa-
tients highlight the potentially strong interest in FA measure-
ment regardng brain injury conditions, particularly on CP.
Groenendaal et al33 explored the prewallerian degeneration of
the CP in 39 neonates (term and near-term) with HI condi-
tions. The authors showed the high positive predictive value of

Comparison between ADC and FA values on the left and right sides with early neurologic outcome

Group A Group B P
PLIC Right ADC (mean #median$ % SD) (mm²/s) 1.101 (1.115) % 0.071 0.676 (0.692) % 0.079 .000027

Left ADC (mean #median$ % SD) (mm²/s) 1.074 (1.082) % 0.068 0.665 (0.706) % 0.093 .000027
Right FA (mean #median$ % SD) 0.461 (0.458) % 0.057 0.391 (0.413) % 0.057 .006
Left FA (mean #median$ % SD) 0.457 (0.455) % 0.047 0.369 (0.378) % 0.091 .02

PP Right ADC (mean #median$ % SD) 1.177 (1.162) % 0.077 0.74 (0.763) % 0.14 .000027
Left ADC (mean #median$ % SD) 1.163 (1.153) % 0.08 0.722 (0.749) % 0.14 .000027
Right FA (mean #median$ % SD) 0.151 (0.149) % 0.019 0.148 (0.134) % 0.32 .49
Left FA (mean #median$ % SD) 0.155 (0.150) % 0.021 0.154 (0.156) % 0.035 .74

CP Right ADC (mean #median$ % SD) 1.391 (1.369) % 0.265 1.370 (1.376) % 0.565 .91
Left ADC (mean #median$ % SD) 1.4 (1.367) % 0.26 1.3 (1.5) % 0.339 .85
Right FA (mean #median$ % SD) 0.382 (0.383) % 0.033 0.312 (0.316) % 0.058 .006
Left FA (mean #median$ % SD) 0.385 (0.381) % 0.043 0.3 (0.3) % 0.05 .003
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the association of PLIC and CP abnormal signal intensity on
DWI for delayed neurodevelopment outcome. Moreover, in
this study, 14 of the 15 neonates with prewallerian degenera-
tion had a poor neurologic outcome. More recently, Domi et
al34 reported the DWI changes in descending corticospinal
tracts in CP in 14 neonates with acute arterial ischemic stroke.
These authors showed that all children without signal intensity
abnormality on descending corticospinal tracts had normal
results on standardized neurologic examination after 1 year of
life. FA and ADC values, imaging markers commonly used to
study microstructural white or gray matter abnormalities,13,14

provide limited information for determination of specific
pathologic processes at a cellular level. Moreover, the differ-
ential alteration in FA and ADC values we found here may
reflect differences in pathologic processes, either in PLIC and
PP or in CP areas. Low FA could reflect an early loss of struc-
tural integrity of fiber tracts that might explain our results on
PLIC and CP, whereas ADC after an early phase of decrease in
severe brain injury usually pseudonormalize. Thus, the lower-
ing of both FA and ADC in PLIC can reflect the severity of the
injury in those infants. The hypothesis for only lowering FA
(not ADC) in CP in infants with a poor early neurologic out-
come may be the occurrence of a prewallerian degeneration in
the descending corticospinal tracts as it has been suggested in
neonatal and adult brain injury.26,33,34

Further studies are required to better understand physio-
pathologic processes leading to cerebral impairment in HIE.
From a functional point of view, the DTI values probably rep-
resent part of the anatomic support behind the clinical pertur-
bations observed in infants with HIE. Moreover, their corre-
lation with early neurologic outcome suggests that these
parameters could be robust prognostic factors for a long-term
outcome with infants with moderate disability.

Limits of the Study
Although encouraging, our results should be interpreted with
caution because of the small size of our sample. For ethical
reasons, there was no control group. In addition, region-of-
interest positioning may be difficult in some small areas, such
as the CP. This finding invites us to be prudent in analyzing the
results.

Conclusions
In our study, we showed that DTI parameters in specific brain
areas had strong correlations with early neurologic outcome in
infants with HIE, reflecting differences in damaged tissue
mechanisms in the PLIC and PP or in the CP areas. Indeed, we
can hypothesize that these indices could represent robust pa-
rameters to predict long-term outcome in HIE. Taking into
account these results, studies are now needed to evaluate 1) the
long-term prognostic value of DTI parameters (FA and ADC)
in neonates with moderate injury; and 2) to discriminate
among no disability, mild disability, and moderate disability.
This could lead to the evaluation of protective treatments for a
relatively short term.
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On-line Table 1: Clinical data concerning the 22 patients included in the study

Patients

MRI
Date
(day) Sex

BW
(g)

GA
(weeks
! days) History D A.S CA E S SS

Day of
Examination Amiel-Tison Score

Outcome
Group

1 6 F 3050 41!2 MSL Nl 1/5 No No Yes 3 8 Death day 19 B
2 5 F 3000 41!3 FHRA Nl 1/1 No Yes Yes 3 8 Death day 12 B
3 4 F 3730 40!2 FHRA, MSL CS 3/10 No No Yes 2 17 Moderate abnormalities A
4 3 F 3070 40 Head retention, NC Nl ! IE 1/3 No No No 2 8 None or minor abnormalities A
5 5 F 3040 40!5 FHRA, MSL Nl ! IE 2/9 No No Yes SE 3 12 Moderate abnormalities A
6 2 F 4000 39 NC Nl 0/ND Yes Yes No 3 10 None or minor abnormalities A
7 4 M 2380 38 FHRA, IUGR CS 6/7 No N Yes 2 17 Moderate abnormalities A
8 3 M 3620 41 None Nl 2/8 Yes No Yes 1 13 None or minor abnormalities A
9 4 M 3760 40 Dystocia ! MSL Nl 1/3 No No Yes 3 7 Moderate abnormalities A
10 4 M 3510 40 FHRA CS 0/ND No Yes Yes 3 13 Severe abnormalities B
11 5 M 2800 39 FHRA CS 5/8 No No No 1 9 Moderate abnormalities A
12 6 F 3700 41 Major FHRA Nl 3/3 No No Gasps 3 4 Death day 6 B
13 5 M 3450 39!2 NC Nl 1/5 No No Yes 2 6 Moderate abnormalities A
14 4 F 2575 37!4 NONE Nl 0/ND Y Y No 3 6 None or minor abnormalities A
15 3 F 2570 37 FHRA C 2/6 No No No 3 3 None or minor abnormalities A
16 3 M 4480 40!4 None C 1/4 No No No 3 4 None or minor abnormalities A
17 1 F 3100 40!2 FHRA C 0/0 Y Y No 3 ND Death day 2 B
18 1 F 3000 38 NC FHRA C 1/1 Y Y No 3 ND Death day 2 B
19 1 M 3570 38!1 FHRA Nl 2/10 Y Y Y 2 5 Moderate abnormalities A
20 6 F 2560 41!3 FHRA Nl 5/7 Y Y No 2 5 None or minor abnormalities A
21 3 M 3450 38!2 None C 1/2 No No Y 3 6 None or minor abnormalities A
22 1 F 2050 38 IUGR C 2/6 No No No 2 7 None or minor abnormalities A

On-line Table 2: Codifications for MRI score

A Brain swelling: 0 none; 2 yes
B Grey/white matter differentiation: 0 Present; 1 absent in one

localization; 2 absent in more than one localization
C High signal in the PLIC on T1-W: 0 Normal; 1 mild decrease; 2 absent
D Hyperintensity on T1-W sequences on PP and T: 0 None; 1 one

localization; 2 more than 1 localization
E Hyperintensity on T2 sequences on PP and T: 0 None; 1 one

localization; 2 more than one localization
F Brain stem abnormalities on T1-W and/or T2-W sequences: 0 None; 1

yes
G Cortex abnormalities on T1 and/or T2 sequences: 0 None; 1 one

localization; 2 more than one localization
H White-matter petechial abnormalities: 0 None; 1 one localization; 2

more than one localization
I Subarachnoid hemorrhages: 0 None; 1 yes
J White-matter abnormalities in DWI: 0 None; 1 one localization; 2 more

than one localization
K Basal ganglia abnormalities in DWI: 0 None; 1 one localization; 2 more

than one localization
L Cerebral cortex abnormalities in DWI: 0 None; 1 one localization; 2

more than one localization

On-line Table 3: MRI score results for the 22 neonates

Case A B C D E F G H I J K L Total Outcome
1 2 2 2 1 0 1 2 0 0 2 0 0 12 B
2 0 0 1 0 0 0 1 0 0 0 2 0 4 B
3 0 0 1 0 0 0 0 0 0 0 0 0 1 A
4 0 0 1 0 2 0 0 0 0 0 0 0 3 A
5 0 1 0 0 0 0 1 0 0 2 1 2 7 A
6 0 0 1 0 1 0 0 0 0 0 0 0 2 A
7 0 0 1 0 0 0 0 0 0 0 0 0 1 A
8 0 0 1 0 0 0 1 0 1 0 0 1 4 A
9 0 0 1 0 2 1 0 0 1 2 0 0 7 A
10 2 0 2 0 2 1 2 0 1 2 2 2 16 B
11 0 0 0 1 1 1 0 2 0 2 0 0 7 A
12 2 2 2 0 2 1 2 0 1 2 2 2 18 B
13 0 0 1 0 0 1 0 1 0 1 0 0 4 A
14 0 0 2 2 0 0 0 2 1 2 0 0 9 A
15 0 0 2 2 0 0 0 0 0 2 0 0 6 A
16 0 0 0 0 0 0 0 0 1 0 0 0 1 A
17 0 0 2 0 0 0 0 0 0 2 2 0 6 B
18 0 1 0 0 2 0 1 0 0 2 2 0 8 B
19 0 1 1 1 0 0 1 0 1 2 0 1 8 A
20 0 0 1 1 0 0 0 0 0 2 0 0 4 A
21 0 0 0 2 2 1 0 0 0 2 2 0 9 A
22 0 0 1 0 0 0 0 0 0 2 0 0 3 A
Note:—The abnormalities listed in table 2a are summed in table 2b for each case to
generate a score (total).
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On-line Table 4: Diffusion tensor imaging results in the 22 patients (ADC: ! 10"3 mm/s²)
PLIC PP CP

Right Left Mean Right Left Mean Right Left Mean

Patients FA ADC FA ADC FA ADC FA ADC FA ADC FA ADC FA ADC FA ADC FA ADC
1a 0,282 0,673 0,21 0,715 0,246 0,694 0,139 0,729 0,113 0,713 0,126 0,721 0,211 2,219 0,265 1,495 0,238 1,857
2a 0,378 0,774 0,356 0,745 0,367 0,76 0,127 0,797 0,123 0,785 0,125 0,791 0,334 1,445 0,24 1,521 0,287 1,483
3 0,399 1,137 0,442 1,098 0,421 1,117 0,12 1,139 0,127 1,155 0,123 1,147 0,333 1,802 0,39 1,502 0,361 1,652
4 0,466 1,096 0,413 1,061 0,44 1,078 0,175 1,143 0,133 1,13 0,154 1,136 0,387 1,465 0,327 1,421 0,357 1,443
5 0,331 1,069 0,446 1,003 0,389 1,036 0,145 1,107 0,144 1,056 0,144 1,082 0,366 1,457 0,374 1,074 0,37 1,265
6 0,449 1,19 0,371 1,131 0,41 1,161 0,151 1,286 0,156 1,279 0,153 1,282 0,383 1,666 0,355 1,319 0,369 1,493
7 0,443 1,152 0,418 1,121 0,43 1,136 0,123 1,203 0,127 1,195 0,125 1,199 0,382 1,931 0,386 1,313 0,384 1,622
8 0,468 1,163 0,496 1,099 0,483 1,131 0,191 1,153 0,199 1,132 0,195 1,142 0,413 1,257 0,392 2,028 0,402 1,643
9 0,447 1,058 0,509 1,035 0,478 1,047 0,151 1,142 0,157 1,11 0,154 1,126 0,427 1,264 0,444 1,08 0,436 1,172
10a 0,406 0,734 0,459 0,697 0,433 0,716 0,131 0,875 0,181 0,838 0,156 0,856 0,305 1,711 0,32 1,505 0,312 1,608
11 0,422 1,142 0,488 1,124 0,455 1,133 0,167 1,285 0,188 1,254 0,178 1,270 0,405 1,365 0,469 1,141 0,437 1,253
12a 0,424 0,6 0,45 0,538 0,437 0,569 0,211 0,594 0,195 0,561 0,203 0,577 0,307 0,644 0,293 0,718 0,3 0,681
13 0,549 1,08 0,528 1,071 0,539 1,076 0,152 1,167 0,171 1,153 0,162 1,160 0,417 1,517 0,376 1,389 0,396 1,453
14 0,472 1,154 0,467 1,135 0,47 1,144 0,137 1,264 0,146 1,277 0,141 1,270 0,384 1,59 0,358 1,788 0,371 1,59
15 0,483 1,133 0,463 1,104 0,474 1,119 0,151 1,264 0,15 1,282 0,150 1,273 0,35 1,159 0,366 1,2 0,358 1,18
16 0,508 1,098 0,433 1,067 0,471 1,082 0,141 1,218 0,152 1,163 0,146 1,190 0,44 1,374 0,446 1,346 0,443 1,36
17a 0,436 0,568 0,341 0,555 0,389 0,562 0,156 0,544 0,181 0,541 0,169 0,542 0,327 0,895 0,385 1,067 0,356 0,981
18a 0,421 0,712 0,401 0,74 0,411 0,726 0,125 0,9 0,132 0,896 0,128 0,899 0,392 1,308 0,315 1,531 0,353 1,42
19 0,574 1,055 0,478 1,089 0,527 1,072 0,183 1,191 0,155 1,179 0,169 1,185 0,399 1,028 0,408 1,51 0,403 1,269
20 0,44 1,066 0,448 1,076 0,445 1,071 0,149 1,158 0,144 1,141 0,147 1,149 0,339 1,177 0,361 1,595 0,35 1,386
21 0,426 1,143 0,378 1,067 0,402 1,105 0,139 1,147 0,19 1,127 0,165 1,137 0,333 1,216 0,304 1,54 0,319 1,378
22 0,498 0,882 0,527 0,854 0,513 0,868 0,146 0,981 0,15 0,99 0,148 0,986 0,356 0,997 0,404 1,155 0,38 1,076
Mean 0,442 0,985 0,433 0,96 0,438 0,973 0,150 1,059 0,155 1,043 0,153 1,051 0,363 1,386 0,363 1,375 0,363 1,376
SD 0,064 0,206 0,072 0,199 0,062 0,202 0,023 0,222 0,025 0,224 0,022 0,223 0,051 0,356 0,058 0,279 0,05 0,26
a indicates ●●●.
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   

           

 
         
           
           
         
             
    



    

          


  




             
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