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Abstract 
LƻƴƛȊƛƴƎ ǊŀŘƛŀǝƻƴ Ǉƭŀȅǎ ŀ ŎǊǳŎƛŀƭ ǊƻƭŜ ƛƴ ōƻǘƘ ǘƘŜǊŀǇŜǳǝŎ ŀƴŘ ŘƛŀƎƴƻǎǝŎ ŀǇǇƭƛŎŀǝƻƴǎ ƛƴ ƳƻŘŜǊƴ 

ƳŜŘƛŎƛƴŜΣ ǎƛƎƴƛŬŎŀƴǘƭȅ ŜƴƘŀƴŎƛƴƎ ǘƘŜ ŀōƛƭƛǘȅ ǘƻ ŘŜǘŜŎǘ ŀƴŘ ǘǊŜŀǘ ǾŀǊƛƻǳǎ ƘŜŀƭǘƘ ŎƻƴŘƛǝƻƴǎΦ Lƴ 

ǘƘŜǊŀǇŜǳǝŎ ǎŜǩƴƎǎΣ ǇŀǊǝŎǳƭŀǊƭȅ ƛƴ ŎŀƴŎŜǊ ǘǊŜŀǘƳŜƴǘΣ ǘŜŎƘƴƛǉǳŜǎ ǎǳŎƘ ŀǎ ŜȄǘŜǊƴŀƭ ōŜŀƳ 

ǊŀŘƛŀǝƻƴ ǘƘŜǊŀǇȅ ό9.w¢ύ ŀƴŘ ōǊŀŎƘȅǘƘŜǊŀǇȅ ǘŀǊƎŜǘ ƳŀƭƛƎƴŀƴǘ ŎŜƭƭǎ ǿƘƛƭŜ ǇǊƻǘŜŎǝƴƎ ŀŘƧŀŎŜƴǘ 

ƘŜŀƭǘƘȅ ǝǎǎǳŜǎΦ tǊƻǘƻƴ ǘƘŜǊŀǇȅ Ƙŀǎ ŜƳŜǊƎŜŘ ŀǎ ŀ ƴƻǘŀōƭŜ ŀŘǾŀƴŎŜƳŜƴǘΣ ƭŜǾŜǊŀƎƛƴƎ ǘƘŜ ǳƴƛǉǳŜ 

ǇƘȅǎƛŎŀƭ ǇǊƻǇŜǊǝŜǎ ƻŦ ǇǊƻǘƻƴǎ ǘƻ ǇǊŜŎƛǎŜƭȅ ǘŀǊƎŜǘ ǘǳƳƻǊǎ ŀƴŘ ǎǇŀǊŜ ŎǊƛǝŎŀƭ ǎǘǊǳŎǘǳǊŜǎΣ ƳŀƪƛƴƎ 

ƛǘ ŜǎǇŜŎƛŀƭƭȅ ōŜƴŜŬŎƛŀƭ ŦƻǊ ǘǊŜŀǝƴƎ ƳŀƭƛƎƴŀƴŎƛŜǎ ƴŜŀǊ Ǿƛǘŀƭ ƻǊƎŀƴǎΦ IƻǿŜǾŜǊΣ ŎƘŀƭƭŜƴƎŜǎ ǇŜǊǎƛǎǘ 

ǊŜƎŀǊŘƛƴƎ ǘƘŜ ǊŜƭŀǝǾŜ ōƛƻƭƻƎƛŎŀƭ ŜũŜŎǝǾŜƴŜǎǎ όw.9ύ ƻŦ ǇǊƻǘƻƴ ǘƘŜǊŀǇȅ ŀƴŘ ǘƘŜ ŎƻƳǇƭŜȄƛǘȅ ƻŦ 

5b! ŘŀƳŀƎŜ ƛƴŘǳŎŜŘΣ ǇŀǊǝŎǳƭŀǊƭȅ ƛƴ ƘƛƎƘ ƭƛƴŜŀǊ ŜƴŜǊƎȅ ǘǊŀƴǎŦŜǊ ό[9¢ύ ǊŜƎƛƻƴǎΦ wŜǎŜŀǊŎƘ 

ƛƴŘƛŎŀǘŜǎ ǘƘŀǘ ǇǊƻǘƻƴ ǘƘŜǊŀǇȅ ǊŜǎǳƭǘǎ ƛƴ ŀ ƘƛƎƘŜǊ ƛƴŎƛŘŜƴŎŜ ƻŦ ŎƻƳǇƭŜȄ 5b! ƭŜǎƛƻƴǎ ŎƻƳǇŀǊŜŘ 

ǘƻ ŎƻƴǾŜƴǝƻƴŀƭ ǇƘƻǘƻƴ ƛǊǊŀŘƛŀǝƻƴΣ ŎƻƳǇƭƛŎŀǝƴƎ ŎŜƭƭǳƭŀǊ ǊŜǇŀƛǊ ǇǊƻŎŜǎǎŜǎ ŀƴŘ ǇƻǘŜƴǝŀƭƭȅ 

ŀũŜŎǝƴƎ ǘǊŜŀǘƳŜƴǘ ŜŶŎŀŎȅΦ 

Lƴ ŀŘŘƛǝƻƴ ǘƻ ƛǘǎ ǘƘŜǊŀǇŜǳǝŎ ŀǇǇƭƛŎŀǝƻƴǎΣ ƛƻƴƛȊƛƴƎ ǊŀŘƛŀǝƻƴ ƛǎ ƛƴǘŜƎǊŀƭ ǘƻ ƳŜŘƛŎŀƭ ŘƛŀƎƴƻǎǝŎǎΣ 

ŜǎǇŜŎƛŀƭƭȅ ƛƴ ƛƳŀƎƛƴƎ ǘŜŎƘƴƛǉǳŜǎ ǘƘŀǘ ƎǳƛŘŜ ŎƭƛƴƛŎŀƭ ŘŜŎƛǎƛƻƴπƳŀƪƛƴƎΦ wŜǇŜŀǘŜŘ ŜȄǇƻǎǳǊŜ ǘƻ ƭƻǿ 

ŘƻǎŜǎ ƻŦ ǊŀŘƛŀǝƻƴ ŘǳǊƛƴƎ ǇǊƻŎŜŘǳǊŜǎ ǎǳŎƘ ŀǎ ŎŀǊŘƛŀŎ ŎŀǘƘŜǘŜǊƛȊŀǝƻƴΣ ǇŀǊǝŎǳƭŀǊƭȅ ƛƴ ǇŜŘƛŀǘǊƛŎ 

ǇŀǝŜƴǘǎΣ ǊŀƛǎŜǎ ŎƻƴŎŜǊƴǎ ŀōƻǳǘ ƭƻƴƎπǘŜǊƳ ƘŜŀƭǘƘ ǊƛǎƪǎΣ ƛƴŎƭǳŘƛƴƎ ǘƘŜ ǇƻǘŜƴǝŀƭ ŦƻǊ ǊŀŘƛŀǝƻƴπ

ƛƴŘǳŎŜŘ ƳŀƭƛƎƴŀƴŎƛŜǎΦ /ƘƛƭŘǊŜƴ ŀǊŜ ǇŀǊǝŎǳƭŀǊƭȅ ǾǳƭƴŜǊŀōƭŜ ŘǳŜ ǘƻ ǘƘŜƛǊ ŘŜǾŜƭƻǇƛƴƎ ǝǎǎǳŜǎ ŀƴŘ 

ƭƻƴƎŜǊ ƭƛŦŜ ŜȄǇŜŎǘŀƴŎȅΣ ǿƘƛŎƘ ƛƴŎǊŜŀǎŜǎ ǘƘŜ ǿƛƴŘƻǿ ŦƻǊ ƳŀƴƛŦŜǎǝƴƎ ǊŀŘƛŀǝƻƴπǊŜƭŀǘŜŘ ŜũŜŎǘǎΦ  

¢Ƙƛǎ ǎǘǳŘȅ ŀƛƳǎ ǘƻ ǉǳŀƴǝŦȅ ŀƴŘ ƛƴǾŜǎǝƎŀǘŜ ǘƘŜ ŜũŜŎǘǎ ƻŦ ƭƻǿπ[9¢ ǊŀŘƛŀǝƻƴ ƻƴ 5b! ŘŀƳŀƎŜ ƛƴ 

ǾŀǊƛƻǳǎ ǎȅǎǘŜƳǎ ŀƴŘ ŎƻƳǇǊƛǎŜǎ ǘǿƻ ŘƛǎǝƴŎǘ ōǳǘ ŎƻƳǇƭŜƳŜƴǘŀǊȅ ǇǊƻƧŜŎǘǎΦ ¢ƘŜ ŬǊǎǘ ǇǊƻƧŜŎǘ 

ŦƻŎǳǎŜǎ ƻƴ ǘƘŜ ǇǊƛƳŀǊȅ ǊŀŘƛŀǝƻƴ ŜũŜŎǘǎ ƻŦ ǇǊƻǘƻƴ ǘƘŜǊŀǇŜǳǝŎ ōŜŀƳǎ ƛƴ ǾƛǘǊƻ ǿƛǘƘ ǘƘŜ ŀƛƳ ǘƻ 

ŜƭǳŎƛŘŀǘŜ ǘƘŜ ŘŀƳŀƎŜ ƳŜŎƘŀƴƛǎƳǎ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ǇǊƻǘƻƴ ǘƘŜǊŀǇȅΣ ǇǊƻǾƛŘƛƴƎ ƛƴǎƛƎƘǘǎ ƛƴǘƻ ǘƘŜ 

ǎǇŜŎƛŬŎ ǘȅǇŜǎ ƻŦ ƭŜǎƛƻƴǎ ƛƴŘǳŎŜŘ ŀƴŘ ǘƘŜƛǊ ƛƳǇƭƛŎŀǝƻƴǎ ŦƻǊ ǘǊŜŀǘƳŜƴǘ ŜŶŎŀŎȅΦ  

¢ƘŜ ǎŜŎƻƴŘ ǇǊƻƧŜŎǘ ŜȄŀƳƛƴŜǎ ǘƘŜ ōƛƻƭƻƎƛŎŀƭ ŜũŜŎǘǎ ƻŦ ƭƻǿπ[9¢ ƛƻƴƛȊƛƴƎ ǊŀŘƛŀǝƻƴ ƻƴ ǇŀǝŜƴǘǎ 

ǳƴŘŜǊƎƻƛƴƎ ŎŀǊŘƛŀŎ ŎŀǘƘŜǘŜǊƛȊŀǝƻƴΣ ǳǝƭƛȊƛƴƎ ǘƘŜ πɹIн!· ōƛƻƳŀǊƪŜǊ ǘƻ ŀǎǎŜǎǎ 5b! ŘŀƳŀƎŜ ƛƴ 

ǇŜǊƛǇƘŜǊŀƭ ōƭƻƻŘ ƭȅƳǇƘƻŎȅǘŜǎ ƻŦ ōƻǘƘ ǇŜŘƛŀǘǊƛŎ ŀƴŘ ŀŘǳƭǘ ǇŀǝŜƴǘǎΦ .ȅ ŘŜǘŜŎǝƴƎ ŜŀǊƭȅ 

ōƛƻƭƻƎƛŎŀƭ ǊŜǎǇƻƴǎŜǎ ǘƻ ǊŀŘƛŀǝƻƴ ŜȄǇƻǎǳǊŜΣ ǘƘƛǎ ǇǊƻƧŜŎǘ ǎŜŜƪǎ ǘƻ ōŜǧŜǊ ǳƴŘŜǊǎǘŀƴŘ ǘƘŜ ŘƻǎŜπ

ǊŜǎǇƻƴǎŜ ǊŜƭŀǝƻƴǎƘƛǇ ƛƴ ƭƻǿπŘƻǎŜ ǎŎŜƴŀǊƛƻǎΣ ǘƘŜǊŜōȅ ŜƴƘŀƴŎƛƴƎ ǇŀǝŜƴǘ ǎŀŦŜǘȅ ŀƴŘ ƛƴŦƻǊƳƛƴƎ 

ŎƭƛƴƛŎŀƭ ǇǊŀŎǝŎŜǎΦ ¢ƻƎŜǘƘŜǊΣ ǘƘŜǎŜ ǇǊƻƧŜŎǘǎ ŀƛƳ ǘƻ ŀŘǾŀƴŎŜ ƻǳǊ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ƻŦ ǊŀŘƛŀǝƻƴ 

ŜũŜŎǘǎΣ ŎƻƴǘǊƛōǳǝƴƎ ǘƻ ƛƳǇǊƻǾŜŘ ƻǳǘŎƻƳŜǎ ŀƴŘ ƻǇǝƳƛȊŀǝƻƴ ƻŦ ǘǊŜŀǘƳŜƴǘ ǇǊƻǘƻŎƻƭǎ ƛƴ ōƻǘƘ 

ǘƘŜǊŀǇŜǳǝŎ ŀƴŘ ŘƛŀƎƴƻǎǝŎ ŎƻƴǘŜȄǘǎΦ 

Keywords  
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ό5{.ǎύΣ ʴɶнɮʋΣ ŜƭŜŎǘǊƻǇƘƻǊŜǎƛǎΣ ŀǘƻƳƛŎ ŦƻǊŎŜ ƳƛŎǊƻǎŎƻǇȅ ό!Caύ 
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ʃʶˊʾ˂ʹ˕ʹ 
ʁ ̔̔ˇ˄ʾy̱ ˇˎˋʶ ̩h ˁˍʽ˄ˇʲˇ˂ʾʶ ̩ɻ ʽʰʵˊʰ˃ʰˍʾʸˇˎ ˄ˁˊʾˋʽ˃ˇ ˊˈ˂ˇ ˍˈˋˇ ˋʶ ʻʶˊʰˉʶˎˍʽˁʷˌ ˈˋˇ ˁʰʽ ˋʶ 

ʵʽʰʴ˄˖ˋˍʽˁʷˌ ʶ˒ʰˊ˃ˇʴʷˌ ˋˍʹ ˋˏʴ˔ˊˇ˄ʹ ʽʰˍˊʽˁʺΣ ʶ˄ʽˋ˔ˏˇ˄ˍʰˌ ˋʹ˃ʰ˄ˍʽˁʱ ˍʹ˄ ʽˁʰ˄ˈˍʹˍʰ 

ʰ˄ʾ˔˄ʶˎˋʹˌ ˁʰʽ ʰ˄ˍʽ˃ʶˍ˗ˉʽˋʹˌ ʵʽʰ˒ˈˊ˖˄ ˉʰʻʺˋʶ˖˄Φ ʅˍʽˌ ʻʶˊʰˉʶˎˍʽˁʷˌ ʶ˒ʰˊ˃ˇʴʷˌΣ 
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YŀǇƻŘƛǎǘǊƛŀƴ ¦ƴƛǾŜǊǎƛǘȅ ƻŦ !ǘƘŜƴǎύΦ LƳŀƎŜ ŀƴŀƭȅǎƛǎ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ƛƴ ŎƻƭƭŀōƻǊŀǝƻƴ ǿƛǘƘ aǊΦ 

tŀƴŀƎƛƻǝǎ YƻǘŜ ŀƴŘ a/5{ ǎƛƳǳƭŀǝƻƴ ǊŜǎǳƭǘǎ ǿŜǊŜ ƎŜƴŜǊƻǳǎƭȅ ǇǊƻǾƛŘŜŘ ōȅ aǊΦ  ±ŀǎƛƭƛƻǎ wŀƎƪƻǎΣ 

ōƻǘƘ ǎǘǳŘŜƴǘǎ ŀǘ ǘƘŜ b¢¦!Φ L ǿƻǳƭŘ ƭƛƪŜ ǘƻ ŜȄǇǊŜǎǎ Ƴȅ ƘŜŀǊǜŜƭǘ ƎǊŀǝǘǳŘŜ ǘƻ ŜǾŜǊȅƻƴŜ ƛƴǾƻƭǾŜŘ 

ŦƻǊ ǘƘŜƛǊ ǎǳōǎǘŀƴǝŀƭ ŎƻƴǘǊƛōǳǝƻƴǎ ŀƴŘ ŎƻƭƭŀōƻǊŀǝƻƴΣ ǿƛǘƘƻǳǘ ǿƘƛŎƘ ǘƘƛǎ ǇǊƻƧŜŎǘ ǿƻǳƭŘ ƴƻǘ 

ƘŀǾŜ ōŜŜƴ ŎƻƳǇƭŜǘŜŘΦ {ǇŜŎƛŀƭ ǘƘŀƴƪǎ ǘƻ ǘƘŜ ƳŜƳōŜǊǎ ƻŦ ǘƘŜ ƴƻƴπŎƭƛƴƛŎŀƭ ǊŜǎŜŀǊŎƘ ŘŜǇŀǊǘƳŜƴǘ 

ŀǘ aŜŘ!ǎǘǊƻƴ ŦƻǊ ŀƭƭ ǘƘŜƛǊ ǎǳǇǇƻǊǘ ŀƴŘ ŎƻƭƭŀōƻǊŀǝƻƴΦ  

wŜƎŀǊŘƛƴƎ ǘƘŜ ƭȅƳǇƘƻŎȅǘŜ ǎǘǳŘȅΣ ŀŎŎŜǎǎ ǘƻ ǘƘŜ ŎƭƛƴƛŎŀƭ Řŀǘŀ ŀƴŘ ōƭƻƻŘ ǎŀƳǇƭŜǎ ǿŜǊŜ ǇǊƻǾƛŘŜŘ 

ōȅ 5ǊΦ {ǇȅǊƛŘƻƴ wŀƳƳƻǎ ό5ƛǊŜŎǘƻǊ ƻŦ tŜŘƛŀǘǊƛŎ /ŀǊŘƛƻƭƻƎȅ ŀƴŘ !Řǳƭǘ ǿƛǘƘ /ƻƴƎŜƴƛǘŀƭ IŜŀǊǘ 

5ƛǎŜŀǎŜ 5ŜǇŀǊǘƳŜƴǘΣ hƴŀǎǎƛǎ /ŀǊŘƛŀŎ {ǳǊƎŜǊȅ /ŜƴǘŜǊΣ !ǘƘŜƴǎΣ DǊŜŜŎŜύΦ ¢ƘŜ ƛǎƻƭŀǝƻƴ ƻŦ 

ƭȅƳǇƘƻŎȅǘŜǎ ŀƴŘ ƛƳƳǳƴƻƅǳƻǊŜǎŎŜƴŎŜ ǿŜǊŜ ŎŀǊǊƛŜŘ ƻǳǘ ŀǘ ǘƘŜ IŜŀƭǘƘ tƘȅǎƛŎǎΣ wŀŘƛƻōƛƻƭƻƎȅ ϧ 

/ȅǘƻƎŜƴŜǝŎǎ [ŀōƻǊŀǘƻǊȅ ƻŦ b/{w ά5ŜƳƻƪǊƛǘƻǎέΣ ǿƛǘƘ ǘƘŜ ƪƛƴŘ ǘǊŀƛƴƛƴƎΣ ƳŜƴǘƻǊƛƴƎ ŀƴŘ 

ƘƻǎǇƛǘŀƭƛǘȅ ƻŦ 5ǊΦ DŜƻǊƎƛŀ ¢ŜǊȊƻǳŘƛ ό5ƛǊŜŎǘƻǊ ƻŦ wŜǎŜŀǊŎƘ ŀǘ ǘƘŜ LƴǎǝǘǳǘŜ ƻŦ bǳŎƭŜŀǊ ŀƴŘ 

wŀŘƛƻƭƻƎƛŎŀƭ {ŎƛŜƴŎŜǎΣ ¢ŜŎƘƴƻƭƻƎȅΣ 9ƴŜǊƎȅ ϧ {ŀŦŜǘȅΣ b/{w ά5ŜƳƻƪǊƛǘƻǎέύΦ 5ƻǎŜ ŎŀƭŎǳƭŀǝƻƴǎ 

ǿŜǊŜ ǇŜǊŦƻǊƳŜŘ ōȅ !ƎŀǇƛ tƭƻǳǎƛΣ a{Ŏ όнƴŘ 5ŜǇŀǊǘƳŜƴǘ ƻŦ wŀŘƛƻƭƻƎȅΣ bŀǝƻƴŀƭ ŀƴŘ 

YŀǇƻŘƛǎǘǊƛŀƴ ¦ƴƛǾŜǊǎƛǘȅ ƻŦ !ǘƘŜƴǎύΦ DǳƛŘŀƴŎŜ ŀƴŘ ŜȄǇŜǊǝǎŜ ƻƴ ǘƘŜ ƛƳƳǳƴƻǎǘŀƛƴƛƴƎ ǇǊƻǘƻŎƻƭǎ 

ŀƴŘ ƳƛŎǊƻǎŎƻǇŜ ŀƴŀƭȅǎƛǎ ǿŜǊŜ ǇǊƻǾƛŘŜŘ ōȅ tǊƻŦΦ !ƭŜȄŀƴŘǊƻǎ DŜƻǊƎŀƪƛƭŀǎΣ ǿƛǘƘ ǘƘŜ ǎǳǇǇƻǊǘ ƻŦ 

5ǊΦ ½ŀŎƘŀǊŜƴƛŀ bƛƪƛǘŀƪƛΣ ŀƴŘ 5ǊΦ LŬƎŜƴƛŀ aŀǾǊŀƎŀƴƛΣ ǿƘƻǎŜ ǘǊŀƛƴƛƴƎ Ƙŀǎ ƎǊŜŀǘƭȅ ǎǳǇǇƻǊǘŜŘ ǘƘƛǎ 

ǿƻǊƪΦ LƳŀƎŜ ŀƴŀƭȅǎƛǎ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ƛƴ ŎƻƭƭŀōƻǊŀǝƻƴ ǿƛǘƘ aǊǎΦ ±ŀǎƛƭƛƪƛ {ǘŀƳƻǳ όǎǘǳŘŜƴǘ ŀǘ 

b¢¦!ύΦ ¢Ƙƛǎ ǊŜǎŜŀǊŎƘ ƛǎ ŎƻπŬƴŀƴŎŜŘ ōȅ DǊŜŜŎŜ ŀƴŘ ǘƘŜ 9ǳǊƻǇŜŀƴ ¦ƴƛƻƴ ό9ǳǊƻǇŜŀƴ {ƻŎƛŀƭ CǳƴŘπ

9{Cύ ǘƘǊƻǳƎƘ ǘƘŜ hǇŜǊŀǝƻƴŀƭ tǊƻƎǊŀƳƳŜ άIǳƳŀƴ wŜǎƻǳǊŎŜǎ 5ŜǾŜƭƻǇƳŜƴǘΣ 9ŘǳŎŀǝƻƴ ŀƴŘ 

[ƛŦŜƭƻƴƎ [ŜŀǊƴƛƴƎ нлмпπнлнлέ ǳƴŘŜǊ ǘƘŜ Ŏŀƭƭ ŦƻǊ ǇǊƻǇƻǎŀƭǎ ά{ǳǇǇƻǊǝƴƎ ǊŜǎŜŀǊŎƘŜǊǎ ǿƛǘƘ 

ŜƳǇƘŀǎƛǎ ƻƴ ƴŜǿ ǊŜǎŜŀǊŎƘŜǊǎέ ό95¦[[[ опύΣ ƛƴ ǘƘŜ ŎƻƴǘŜȄǘ ƻŦ ǘƘŜ ǇǊƻƧŜŎǘ άtŀǝŜƴǘπǎǇŜŎƛŬŎ 

ŘƻǎƛƳŜǘǊȅ ŦƻǊ ǇŀŜŘƛŀǘǊƛŎ ǇŀǝŜƴǘǎ ǳƴŘŜǊƎƻƛƴƎ ƛƴǘŜǊǾŜƴǝƻƴŀƭ ŎŀǊŘƛƻƭƻƎȅ ǇǊƻŎŜŘǳǊŜǎέ όунлуфπ

aL{ рллсорсύ ǳƴŘŜǊ ǘƘŜ ǎŎƛŜƴǝŬŎ ǎǳǇŜǊǾƛǎƛƻƴ ƻŦ tǊƻŦΦ {ŜƛƳŜƴƛǎΦ 5ǊΦ 9ƭƭŀǎ {ǇȅǊŀǘƻǳ ŀǎ ŀ ǇǊƻƧŜŎǘ 

ƳŀƴŀƎŜǊ ǎǳǇǇƻǊǘŜŘ ǘƘŜ ǇǊƻƧŜŎǘ ƛƴ ŜǾŜǊȅ ǿŀȅΦ {ǇŜŎƛŀƭ ǘƘŀƴƪǎ ǘƻ ǘƘŜ ƳŜƳōŜǊǎ ƻŦ ǘƘŜ 

5ŜǇŀǊǘƳŜƴǘ ƻŦ tƘȅǎƛŎǎ ŦƻǊ ŀƭƭ ǘƘŜƛǊ ǎǳǇǇƻǊǘ ŀƴŘ ŎƻƭƭŀōƻǊŀǝƻƴΦ 

L ǿƻǳƭŘ ƭƛƪŜ ǘƻ ŜȄǘŜƴŘ Ƴȅ ǎƛƴŎŜǊŜ ƎǊŀǝǘǳŘŜ ǘƻ ŀƭƭ ƻŦ ǘƘŜ ŀōƻǾŜ ŦƻǊ ǘƘŜƛǊ ǘǊǳǎǘ ŀƴŘ ǘƘŜ ǝƳŜ ǘƘŜȅ 

ŘŜŘƛŎŀǘŜŘ ǘƻ ƳŜΦ 

L ǿƻǳƭŘ ŀƭǎƻ ƭƛƪŜ ǘƻ ǘƘŀƴƪ ǘƘŜ ƳŜƳōŜǊǎ ƻŦ ǘƘŜ ŀŘǾƛǎƻǊȅ ŎƻƳƳƛǧŜŜΣ tǊƻŦΦ Lƻŀƴƴŀ ½ŜǊƎƛƻǝ ŀƴŘ 

5Ǌ 5ƛƳƛǘǊƛǎ YƭŜǘǎŀǎΣ ŦƻǊ ǘƘŜƛǊ ǎǳǇǇƻǊǘ ŀƴŘ ǘƘŜƛǊ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ǘƘǊƻǳƎƘƻǳǘ ǘƘƛǎ ǝƳŜ όL ǎƛƴŎŜǊŜƭȅ 

ŀǇǇǊŜŎƛŀǘŜ ȅƻǳǊ ŎƻƴǎƛǎǘŜƴǘƭȅ ǇǊƻƳǇǘ ŀƴŘ ǿƛƭƭƛƴƎ ǊŜǎǇƻƴǎŜǎ ǘƻ Ƴȅ ƭŀǎǘπƳƛƴǳǘŜ ŜƳŀƛƭǎύ ŀǎ ǿŜƭƭ 



ƕƚ 

 

ŀǎ ŦƻǊ ǘƘŜƛǊ ŎƻƳƳŜƴǘǎ ǿƘŜƴ ŎƻǊǊŜŎǝƴƎ ǘƘƛǎ ǘŜȄǘΦ aȅ ǎƛƴŎŜǊŜ ƎǊŀǝǘǳŘŜ ƎƻŜǎ ǘƻ tǊƻŦΦ [ŜƳōƛǘ 

{ƛƘǾŜǊ ŦƻǊ ƎǊŀƴǝƴƎ ƳŜ ǘƘŜ ƻǇǇƻǊǘǳƴƛǘȅ ǘƻ ǿƻǊƪ ŀǘ ŀ ŘȅƴŀƳƛŎΣ ƳǳƭǝŘƛǎŎƛǇƭƛƴŀǊȅΣ ƛƴǘŜǊƴŀǝƻƴŀƭ 

ŜƴǾƛǊƻƴƳŜƴǘ ƛƴ !ǳǎǘǊƛŀΦ 

L ǘŀƪŜ ǘƘŜ ƻǇǇƻǊǘǳƴƛǘȅ ǘƻ ŜȄǇǊŜǎǎ Ƴȅ ǿŀǊƳŜǎǘ ǘƘŀƴƪǎ ǘƻ ǘƘƻǎŜ ǿƘƻ ŀŎŎƻƳǇŀƴƛŜŘ ƳŜ ŀƭƻƴƎ ǘƘƛǎ 

ǇǳǊǎǳŜ ƻŦ ƪƴƻǿƭŜŘƎŜ ŀƴŘ ǎŜƭŦπƪƴƻǿƭŜŘƎŜΥ  

5ǊΦ !ƭŜȄŀƴŘǊƻǎ DŜƻǊƎŀƪƛƭŀǎΣ ǘƘŜ tǊƻŦŜǎǎƻǊΣ Ƴȅ ŀŘǾƛǎƻǊ ŀƴŘ ƳŜƴǘƻǊ ŦƻǊ ǘƘŜ ƭŀǎǘ ǘŜƴ ȅŜŀǊǎΥ ǘƘŀƴƪ 

ȅƻǳ ŦƻǊ ȅƻǳǊ ƛƴǾŀƭǳŀōƭŜ ƎǳƛŘŀƴŎŜΣ ǎǳǇǇƻǊǘΣ ŀƴŘ ŜƴŎƻǳǊŀƎŜƳŜƴǘ ǘƘǊƻǳƎƘƻǳǘ Ƴȅ tƘ5 ƧƻǳǊƴŜȅΦ 

¸ƻǳǊ ƛƴǎƛƎƘǘǎ ŀƴŘ ŘŜŘƛŎŀǝƻƴ ƘŀǾŜ ǎƘŀǇŜŘ Ƴȅ ǿƻǊƪ ŀƴŘ ƛƴǎǇƛǊŜŘ ƳŜ ǘƻ ǇǳǎƘ Ƴȅ ƭƛƳƛǘǎΦ L ŀƳ 

ŘŜŜǇƭȅ ƎǊŀǘŜŦǳƭ ŀƴŘ ƘƻƴƻǊŜŘ ƴƻǘ ƻƴƭȅ ŦƻǊ ǘƘŜ ƻǇǇƻǊǘǳƴƛǘȅ ǘƻ ƭŜŀǊƴ ŦǊƻƳ ȅƻǳ ŀƴŘ ŦƻǊ ǘƘŜ ǘǊǳǎǘ 

ȅƻǳϥǾŜ ǇƭŀŎŜŘ ƛƴ ƳŜΣ ōǳǘ ŀƭǎƻ ŦƻǊ ŎǊŜŀǝƴƎ ǎǳŎƘ ŀ ŦǊƛŜƴŘƭȅ ŀƴŘ ǿŜƭŎƻƳƛƴƎ ŀǘƳƻǎǇƘŜǊŜΦ ¸ƻǳǊ 

ƳŜƴǘƻǊǎƘƛǇ Ƙŀǎ ǘǊǳƭȅ ƳŀŘŜ ǘƘƛǎ ƧƻǳǊƴŜȅ ōƻǘƘ ŜƴǊƛŎƘƛƴƎ ŀƴŘ ŜƴƧƻȅŀōƭŜΦ  

!ƭŜȄD ǘŜŀƳ ό5ǊΦ Lƻŀƴƴŀ ¢ǊŜƳƛΣ 5ǊΦ ½ŀŎƘŀǊŜƴƛŀ bƛƪƛǘŀƪƛΣ 5ǊΦ LŬƎŜƴƛŀ aŀǾǊŀƎŀƴƛΣ 5ǊΦ {ǇȅǊƻǎ 

YŀƭƻǎǇȅǊƻǎ ŀƴŘ ŀƭƭ ƴŜǿŜǊ ŀƴŘ ŦƻǊƳŜǊ ƳŜƳōŜǊǎύ ŦƻǊ ǘƘŜ ƎǊŜŀǘ ŀƴŘ ǇƭŜŀǎŀƴǘ ŎƻƭƭŀōƻǊŀǝƻƴ ŀƴŘ 

ǘƘŜ ƎǊŜŀǘ ƳŜƳƻǊƛŜǎ ŀǊƻǳƴŘ 9ǳǊƻǇŜΤ b¢¦! 5ƛŜƭŜŎǘǊƛŎǎ DǊƻǳǇ όtŀƴŀƎƛƻǝǎΣ wƻǳƭŀύ ŀƴŘ [at 

DǊƻǳǇ όάǊƻƻƳ ммуέ ŀƴŘ άǇŜƻǇƭŜ ŦǊƻƳ ŘƻǿƴǎǘŀƛǊǎέΣ ŜǎǇŜŎƛŀƭƭȅ 5ǊΦ aŀǊƛƴŀ aŀƪǊȅƎƛŀƴƴƛ ŦƻǊ 

ŀƭǿŀȅǎ ŀǇǇŜŀǊƛƴƎ ƛƴ ŜǾŜǊȅ !CaπŎǊƛǎƛǎύΤ aȅ ǎǳǇǇƻǊǝǾŜ άǎŎƛŜƴǝŬŎ ƴŜƛƎƘōƻǊǎέ ƛƴ ǘƘŜ b¢¦! 

tƘȅǎƛŎǎ 5ŜǇŀǊǘƳŜƴǘ ŀƴŘ ά5ŜƳƻƪǊƛǘƻǎέ ό5ǊΦ Lƻŀƴƴƛǎ aŀŘŜǎƛǎΣ 5ǊΦ Yƻƴǎǘŀƴǝƴƻǎ 5ǊŜƪƛǎΣ 5ǊΦ 

DǊŜƎƻǊƛǎ tŀǘŜƭƛǎΣ 5ǊΦ DŜƻǊƎŜ aŀƴƻƭŀƪƻǎΣ 5ǊΦ DŜƻǊƎŜ /ƘŀǘȊƛŘŀƪƛǎΣ 5ǊΦ Lƻŀƴƴƛǎ aƛǘǎƻǳƭŀǎ ŀƴŘ 5ǊΦ 

{ǘŜƭƭŀ YƛƻǊǇŜƭƛŘƛύ ŦƻǊ ǎƘŀǊƛƴƎ ǘƘƻǳƎƘǘǎΣ ƭƛŦŜπƘŀŎƪǎ ŀƴŘ ŦǳƴΤ  

aȅ ŎƭƻǎŜǎǘ ŦǊƛŜƴŘǎ ŦƻǊ ŎƻƳǇǊƻƳƛǎƛƴƎ όƻǊ ƴƻǘΗύ ǿƛǘƘ Ƴȅ ŀŎŀŘŜƳƛŎ ƻōƭƛƎŀǝƻƴǎ ŀƴŘ ƘŀǾƛƴƎ 

ƛƳƳǳƴŜ ǘƻ ǿƘƛƴƛƴƎΥ 9ƭŜƴƛΣ DƛŀƴƴƛǎΣ bƛƪƛΣ aŀƴƻƭƛǎΣ !ƴƴŀΣ ±ŀǎƛƭƛŀΣ YƻǎǝǎΣ tŀǾƭƻǎΣ ¢ŀǎŀΣ !ƴǝƎƻƴƛΣ 

5ŜǎǇƛƴŀΣ ¢ƘŜƻŘƻǊŀΣ aŀǊƛŀΣ 9ƭǇƛŘŀΣ YȅǊƛŀƪƻǎΣ !ƴŘǊŜŀǎΣ !ǊŜǝΣ LǊƻΣ [ŜƊŜǊƛǎΣ /ƘǊƛǎǝƴŀΣ ±ŀǎƛƭƛǎΣ 9ƭƛƴŀΤ 

9ƛǊƛƴƛ ŀƴŘ DŜƻǊƎŜΣ ǘƘŀƴƪǎ ŦƻǊ ǘƘŜ aŀǘƭŀō ǾŀŎŀǝƻƴ ƛƴ aŀƴƛ ŀƴŘ !ƴŘǊŜŀǎΣ ŦƻǊ ǊŜǇŜŀǘŜŘƭȅ ǊŜǎŎǳƛƴƎ 

Ƴȅ ƭŀǇǘƻǇ ǿƘŜƴ L ƴŜŜŘŜŘ ƛǘ ƳƻǎǘΤ DŜƻǊƎŜΣ ŦƻǊ ǘƘŜ ƳƛƴŘǎŜǘΦ ¢Ƙŀƴƪ ȅƻǳ ŦƻǊ ȅƻǳǊ ǇŀǝŜƴŎŜ ŀǎ L 

ōŜŎŀƳŜ ŀ ƘŜǊƳƛǘ ŦǊƻƳ ǝƳŜ ǘƻ ǝƳŜ ƻǾŜǊ ǘƘŜ Ǉŀǎǘ ŦŜǿ ȅŜŀǊǎΦ ̧ƻǳ ƪŜǇǘ Ƴȅ ǎŀƴƛǘȅ ƛƴǘŀŎǘΧ ƻǊ ŀǘ 

ƭŜŀǎǘ ǘǊƛŜŘ ǘƻΗ 

aȅ ŦǊƛŜƴŘǎ ƛƴ ²ƛŜƴŜǊ bŜǳǎǘŀŘǘ ŀƴŘ ±ƛŜƴƴŀΥ aƛŎƘŀŜƭŀΣ !ƭŜȄƛŀΣ aŀǊƛŀΣ 9ǾǊƛǇƛŘƛǎΣ [ŀƳōǊƛƴƛ ŀƴŘ 

±ŀǎƛƭƛǎ π ŦƻǊ ƳŀƪƛƴƎ ƳŜ ŦŜŜƭ ŀǘ ƘƻƳŜ ƛƴ !ǳǎǘǊƛŀΤ YŀƭƭƛƻǇƛ ŦƻǊ ŀƭǿŀȅǎ ǇǳǎƘƛƴƎ ƳŜ ǘƻ ƳƻǾŜ ŦƻǊǿŀǊŘΤ 

aȅ ŎƻƭƭŜŀƎǳŜǎ ŦǊƻƳ I95bh ŦƻǊ ǘƘŜ ƳƻǝǾŀǝƻƴ ŀƴŘ ŜƴǘŜǊǘŀƛƴƳŜƴǘΤ  

CƛƴŀƭƭȅΣ Ƴȅ ŎƭƻǎŜǎǘ ǇŜƻǇƭŜΥ Ƴȅ ǇŀǊŜƴǘǎΣ tŀƴŀƎƛƻǝǎ {ƻǳƭƛǎ ŀƴŘ 9ǾŀƴƎŜƭƛŀ aŀƳŀƭƛΣ ŀƴŘ Ƴȅ ǎƛǎǘŜǊΣ 

5ƛƳƛǘǊŀΣ ŦƻǊ ǘƘŜƛǊ ŎƻƴǎǘŀƴǘΣ ǳƴŎƻƴŘƛǝƻƴŀƭ ƭƻǾŜ ŀƴŘ ǎǳǇǇƻǊǘΤ 5ƛƳƛǘǊƛǎ ŦƻǊ ōŜƛƴƎ ŀǊƻǳƴŘ ǿƘŜƴ L 

ŎƻǳƭŘƴΩǘΤ aȅ ŜȄǘŜƴŘŜŘ ŦŀƳƛƭȅ ǿƘƻ ŘŜǎǇŜǊŀǘŜƭȅ ƴŜŜŘŜŘ ŀ ŦƻǳǊǘƘ άŘǊ ǿƘƻ ƛǎ ƴƻǘ ŀ ŘƻŎǘƻǊέ ƛƴ ǘƘŜ 

άŘȅƴŀǎǘȅέΣ ŜǎǇŜŎƛŀƭƭȅ Ƴȅ ƳŜƴǘƻǊπŎƻǳǎƛƴ 5ǊΦ 5ƛƳƛǘǊŀ bƛƻƪƻǳΣ ǿƘƻ ŀƭǿŀȅǎ ōŜƭƛŜǾŜǎ ƛƴ ƳŜΦ   

Lǘ ǿƻǳƭŘ ōŜ ǳƴƧǳǎǘ ƴƻǘ ǘƻ Ǉŀȅ ŀ ǎǇŜŎƛŀƭ ǘǊƛōǳǘŜ ǘƻ ǘƘŜ ǊŜǎŜŀǊŎƘŜǊǎ ŀƴŘ ǎǘǳŘŜƴǘǎ ƻŦ ǘƘŜ 

5ŜǇŀǊǘƳŜƴǘ ƻŦ tƘȅǎƛŎǎ ǿƘƻƳ L ƘŀŘ ǘƘŜ ŦƻǊǘǳƴŜ ǘƻ ƳŜŜǘΣ ƛƴǘŜǊŀŎǘΣ ōŜŎƻƳŜ ŦǊƛŜƴŘǎ ŀƴŘ ŦŀƳƛƭȅ 
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1. Introduction 
 

LƻƴƛȊƛƴƎ ǊŀŘƛŀǝƻƴ Ǉƭŀȅǎ ŀ ŎǊǳŎƛŀƭ ǊƻƭŜ ƛƴ ōƻǘƘ ǘƘŜǊŀǇŜǳǝŎ ŀƴŘ ŘƛŀƎƴƻǎǝŎ ŀǇǇƭƛŎŀǝƻƴǎ ǿƛǘƘƛƴ 

ƳƻŘŜǊƴ ƳŜŘƛŎƛƴŜΣ ǎƛƎƴƛŬŎŀƴǘƭȅ ŜƴƘŀƴŎƛƴƎ ƻǳǊ ŀōƛƭƛǘȅ ǘƻ ŘŜǘŜŎǘ ŀƴŘ ǘǊŜŀǘ ǾŀǊƛƻǳǎ ƘŜŀƭǘƘ 

ŎƻƴŘƛǝƻƴǎΦ Lƴ ǘƘŜǊŀǇŜǳǝŎ ǎŜǩƴƎǎΣ ƛƻƴƛȊƛƴƎ ǊŀŘƛŀǝƻƴ ƛǎ ǇǊƛƳŀǊƛƭȅ ŜƳǇƭƻȅŜŘ ƛƴ ǘƘŜ ǘǊŜŀǘƳŜƴǘ 

ƻŦ ŎŀƴŎŜǊΣ ǿƘŜǊŜ ƛǘ ǎŜǊǾŜǎ ǘƻ ǘŀǊƎŜǘ ŀƴŘ ŘŜǎǘǊƻȅ ƳŀƭƛƎƴŀƴǘ ŎŜƭƭǎ ǿƘƛƭŜ ƳƛƴƛƳƛȊƛƴƎ ŘŀƳŀƎŜ ǘƻ 

ǎǳǊǊƻǳƴŘƛƴƎ ƘŜŀƭǘƘȅ ǝǎǎǳŜǎΦ wŀŘƛƻǘƘŜǊŀǇȅ ǘŜŎƘƴƛǉǳŜǎΣ ǎǳŎƘ ŀǎ ŜȄǘŜǊƴŀƭ ōŜŀƳ ǊŀŘƛŀǝƻƴ 

ǘƘŜǊŀǇȅ ό9.w¢ύ ŀƴŘ ōǊŀŎƘȅǘƘŜǊŀǇȅΣ ǳǝƭƛȊŜ ƘƛƎƘπŜƴŜǊƎȅ ǊŀŘƛŀǝƻƴ ǘƻ ŘƛǎǊǳǇǘ ǘƘŜ 5b! ƻŦ ŎŀƴŎŜǊ 

ŎŜƭƭǎΣ ƛƴƘƛōƛǝƴƎ ǘƘŜƛǊ ŀōƛƭƛǘȅ ǘƻ ǊŜǇƭƛŎŀǘŜ ŀƴŘ ǳƭǝƳŀǘŜƭȅ ƭŜŀŘƛƴƎ ǘƻ ŎŜƭƭ ŘŜŀǘƘΦ ¢ƘŜ ǇǊŜŎƛǎƛƻƴ ƻŦ 

ƛƻƴƛȊƛƴƎ ǊŀŘƛŀǝƻƴ ǘƘŜǊŀǇȅ Ƙŀǎ ōŜŜƴ ƛƳǇǊƻǾŜŘ ǘƘǊƻǳƎƘ ŀŘǾŀƴŎŜǎ ƛƴ ƛƳŀƎƛƴƎ ŀƴŘ ǘǊŜŀǘƳŜƴǘ 

ǇƭŀƴƴƛƴƎ ǘŜŎƘƴƻƭƻƎƛŜǎΣ ŀƭƭƻǿƛƴƎ ŦƻǊ ƳƻǊŜ ŀŎŎǳǊŀǘŜ ǘŀǊƎŜǝƴƎ ƻŦ ǘǳƳƻǊǎ ŀƴŘ ǊŜŘǳŎƛƴƎ ǘƘŜ ǎƛŘŜ 

ŜũŜŎǘǎ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ǊŀŘƛŀǝƻƴ ŜȄǇƻǎǳǊŜΦ ¢ŜŎƘƴƛǉǳŜǎ ƭƛƪŜ ǇǊƻǘƻƴ ǘƘŜǊŀǇȅΣ ǿƘƛŎƘ ƭŜǾŜǊŀƎŜǎ 

ǘƘŜ ǳƴƛǉǳŜ ǇƘȅǎƛŎŀƭ ǇǊƻǇŜǊǝŜǎ ƻŦ ǇǊƻǘƻƴǎΣ ƘŀǾŜ ŦǳǊǘƘŜǊ ƻǇǝƳƛȊŜŘ ŎŀƴŎŜǊ ǘǊŜŀǘƳŜƴǘ ōȅ 

ŘŜƭƛǾŜǊƛƴƎ ŘƻǎŜ ǘƻ ǘǳƳƻǊǎ ƛƴ ŀ ƘƛƎƘƭȅ ŎƻƴǘǊƻƭƭŜŘ ƳŀƴƴŜǊΣ ǊŜǎǳƭǝƴƎ ƛƴ ƛƳǇǊƻǾŜŘ ǇŀǝŜƴǘ 

ƻǳǘŎƻƳŜǎΦ 

tǊƻǘƻƴ ǘƘŜǊŀǇȅ Ƙŀǎ ŜƳŜǊƎŜŘ ŀǎ ŀ ǎƛƎƴƛŬŎŀƴǘ ŀŘǾŀƴŎŜƳŜƴǘ ƛƴ ǊŀŘƛŀǝƻƴ ƻƴŎƻƭƻƎȅΣ ƻũŜǊƛƴƎ 

ŘƛǎǝƴŎǘ ŀŘǾŀƴǘŀƎŜǎ ƻǾŜǊ ŎƻƴǾŜƴǝƻƴŀƭ ǇƘƻǘƻƴπōŀǎŜŘ ǊŀŘƛƻǘƘŜǊŀǇȅΦ .ȅ ǳǝƭƛȊƛƴƎ ǇǊƻǘƻƴǎ ƛƴǎǘŜŀŘ 

ƻŦ ·πǊŀȅǎΣ ǘƘƛǎ ǘŜŎƘƴƛǉǳŜ ŎŀǇƛǘŀƭƛȊŜǎ ƻƴ ǘƘŜ ǳƴƛǉǳŜ ǇƘȅǎƛŎŀƭ ǇǊƻǇŜǊǝŜǎ ƻŦ ǇǊƻǘƻƴǎΣ ǿƘƛŎƘ ŀƭƭƻǿ 

ŦƻǊ ǇǊŜŎƛǎŜ ǘǳƳƻǊ ǘŀǊƎŜǝƴƎ ǿƘƛƭŜ ƳƛƴƛƳƛȊƛƴƎ ǊŀŘƛŀǝƻƴ ŜȄǇƻǎǳǊŜ ǘƻ ǎǳǊǊƻǳƴŘƛƴƎ ƘŜŀƭǘƘȅ 

ǝǎǎǳŜǎΦ ¢ƘŜ ǘŀǊƎŜǘŜŘ ŀǇǇǊƻŀŎƘ ƛǎ ŦŀŎƛƭƛǘŀǘŜŘ ōȅ ǘƘŜ .ǊŀƎƎ ǇŜŀƪ ǇƘŜƴƻƳŜƴƻƴΣ ǿƘŜǊŜƛƴ ǇǊƻǘƻƴǎ 

ŘŜǇƻǎƛǘ ǘƘŜ ƳŀƧƻǊƛǘȅ ƻŦ ǘƘŜƛǊ ŜƴŜǊƎȅ ŀǘ ŀ ǎǇŜŎƛŬŎ ŘŜǇǘƘΣ ǊŜǎǳƭǝƴƎ ƛƴ ŀ ǎƘŀǊǇ ŘƻǎŜ Ŧŀƭƭπƻũ ōŜȅƻƴŘ 

ǘƘƛǎ ǇƻƛƴǘΦ ¢Ƙƛǎ ŎƘŀǊŀŎǘŜǊƛǎǝŎ ŜƴŀōƭŜǎ ŎƭƛƴƛŎƛŀƴǎ ǘƻ ŀŘƳƛƴƛǎǘŜǊ ƘƛƎƘŜǊ ŘƻǎŜǎ ŘƛǊŜŎǘƭȅ ǘƻ ǘǳƳƻǊǎ 

ǿƘƛƭŜ ǎǇŀǊƛƴƎ ŎǊƛǝŎŀƭ ǎǘǊǳŎǘǳǊŜǎΣ ƳŀƪƛƴƎ ǇǊƻǘƻƴ ǘƘŜǊŀǇȅ ǇŀǊǝŎǳƭŀǊƭȅ ōŜƴŜŬŎƛŀƭ ŦƻǊ ǘǊŜŀǝƴƎ 

ƳŀƭƛƎƴŀƴŎƛŜǎ ƭƻŎŀǘŜŘ ƴŜŀǊ Ǿƛǘŀƭ ƻǊƎŀƴǎΣ ǎǳŎƘ ŀǎ ǇŜŘƛŀǘǊƛŎ ŎŀƴŎŜǊǎΣ ōǊŀƛƴ ǘǳƳƻǊǎΣ ŀƴŘ ŎŜǊǘŀƛƴ 

ƘŜŀŘ ŀƴŘ ƴŜŎƪ ƳŀƭƛƎƴŀƴŎƛŜǎΦ 

¢ƘŜ ŎƭƛƴƛŎŀƭ ŀǇǇƭƛŎŀǝƻƴ ƻŦ ǇǊƻǘƻƴ ǘƘŜǊŀǇȅ Ƙŀǎ ƎǊƻǿƴ ǎƛƎƴƛŬŎŀƴǘƭȅ ƻǾŜǊ ǘƘŜ Ǉŀǎǘ ŦŜǿ ŘŜŎŀŘŜǎΣ 

ǿƛǘƘ ƴǳƳŜǊƻǳǎ ŦŀŎƛƭƛǝŜǎ ƻǇŜǊŀǝƴƎ ǿƻǊƭŘǿƛŘŜΦ wŜǇƻǊǘǎ ǎǳƎƎŜǎǘ ǘƘŀǘ ƳƻǊŜ ǘƘŀƴ мрлΣллл 

ǇŀǝŜƴǘǎ ƘŀǾŜ ǊŜŎŜƛǾŜŘ ǘǊŜŀǘƳŜƴǘΣ ŀƴŘ ǿƛǘƘ ƻƴƎƻƛƴƎ ŀŘǾŀƴŎŜƳŜƴǘǎ ƛƴ ǘŜŎƘƴƻƭƻƎȅΣ Ƴŀƴȅ ƳƻǊŜ 

ŎŜƴǘŜǊǎ ŀǊŜ ƛƴ ǘƘŜ ǇƭŀƴƴƛƴƎ ƻǊ ŎƻƴǎǘǊǳŎǝƻƴ ǇƘŀǎŜǎΦ 5ŜǎǇƛǘŜ ƛǘǎ ƛƴŎǊŜŀǎƛƴƎ ŀǾŀƛƭŀōƛƭƛǘȅΣ ǎŜǾŜǊŀƭ 

ŎƘŀƭƭŜƴƎŜǎ ŀƴŘ ǳƴŎŜǊǘŀƛƴǝŜǎ ǊŜƳŀƛƴ ǊŜƎŀǊŘƛƴƎ ƛǘǎ ŎƭƛƴƛŎŀƭ ŜŶŎŀŎȅΦ hƴŜ ƻŦ ǘƘŜ ǇǊƛƳŀǊȅ ŎƻƴŎŜǊƴǎ 

ƛǎ ǘƘŜ ǊŜƭŀǝǾŜ ōƛƻƭƻƎƛŎŀƭ ŜũŜŎǝǾŜƴŜǎǎ όw.9ύ ƻŦ ǇǊƻǘƻƴ ǘƘŜǊŀǇȅΣ ǿƘƛŎƘ ǾŀǊƛŜǎ ŘŜǇŜƴŘƛƴƎ ƻƴ 

ŦŀŎǘƻǊǎ ǎǳŎƘ ŀǎ ǇǊƻǘƻƴ ŜƴŜǊƎȅΣ ǝǎǎǳŜ ǘȅǇŜΣ ŀƴŘ ŘƻǎŜ ŘƛǎǘǊƛōǳǝƻƴΦ /ǳǊǊŜƴǘ ŎƭƛƴƛŎŀƭ ǇǊŀŎǝŎŜ 

ǘȅǇƛŎŀƭƭȅ ŀǎǎǳƳŜǎ ŀ Ŏƻƴǎǘŀƴǘ w.9 ƻŦ мΦм ŦƻǊ ǇǊƻǘƻƴ ǘƘŜǊŀǇȅΣ ŀ ǎƛƳǇƭƛŬŎŀǝƻƴ ǘƘŀǘ Ƴŀȅ ƴƻǘ 

ŀŘŜǉǳŀǘŜƭȅ ǊŜƅŜŎǘ ǘƘŜ ŎƻƳǇƭŜȄ ƛƴǘŜǊŀŎǝƻƴǎ ōŜǘǿŜŜƴ ǇǊƻǘƻƴǎ ŀƴŘ ōƛƻƭƻƎƛŎŀƭ ǝǎǎǳŜǎΦ ¢Ƙƛǎ Ŏŀƴ 

ƭŜŀŘ ǘƻ ǇƻǘŜƴǝŀƭ ǳƴŘŜǊŜǎǝƳŀǝƻƴǎ ƻǊ ƻǾŜǊŜǎǝƳŀǝƻƴǎ ƻŦ ǘƘŜ ǘƘŜǊŀǇŜǳǝŎ ŜũŜŎǘǎ ŀƴŘ Ǌƛǎƪǎ 

ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ǇǊƻǘƻƴ ǘƘŜǊŀǇȅΦ 

!ŘŘƛǝƻƴŀƭƭȅΣ ǿƘƛƭŜ ǇǊƻǘƻƴ ǘƘŜǊŀǇȅ ƛǎ ƎŜƴŜǊŀƭƭȅ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ŀ ǊŜŘǳŎǝƻƴ ƛƴ ƴƻǊƳŀƭ ǝǎǎǳŜ 

ǘƻȄƛŎƛǘȅΣ ǘƘŜ ƛƴŘǳŎǝƻƴ ƻŦ 5b! ŘŀƳŀƎŜ ǊŜƳŀƛƴǎ ŀ ŎǊƛǝŎŀƭ ŀǎǇŜŎǘ ƻŦ ƛǘǎ ōƛƻƭƻƎƛŎŀƭ ŜũŜŎǘǎΦ tǊƻǘƻƴ 

ǘƘŜǊŀǇȅ ƛǎ ƪƴƻǿƴ ǘƻ ǇǊƻŘǳŎŜ ŎƻƳǇƭŜȄ 5b! ŘŀƳŀƎŜΣ ƛƴŎƭǳŘƛƴƎ ŎƭǳǎǘŜǊŜŘ 5b! ƭŜǎƛƻƴǎΣ 

ǇŀǊǝŎǳƭŀǊƭȅ ƛƴ ƘƛƎƘ ƭƛƴŜŀǊ ŜƴŜǊƎȅ ǘǊŀƴǎŦŜǊ ό[9¢ύ ǊŜƎƛƻƴǎ ǎǳŎƘ ŀǎ ǘƘŜ Řƛǎǘŀƭ ŜŘƎŜ ƻŦ ǘƘŜ .ǊŀƎƎ 

ǇŜŀƪΦ ¢ƘŜ [9¢ ƻŦ ǊŀŘƛŀǝƻƴ ǊŜŦŜǊǎ ǘƻ ǘƘŜ ŜƴŜǊƎȅ ŘŜǇƻǎƛǘŜŘ ōȅ ƛƻƴƛȊƛƴƎ ǊŀŘƛŀǝƻƴ ǇŜǊ ǳƴƛǘ ƭŜƴƎǘƘ 

ƻŦ ǝǎǎǳŜΦ !ǎ ǇǊƻǘƻƴǎ ǎƭƻǿ Řƻǿƴ ŀƴŘ ƭƻǎŜ ŜƴŜǊƎȅΣ ǘƘŜƛǊ [9¢ ƛƴŎǊŜŀǎŜǎΣ ƭŜŀŘƛƴƎ ǘƻ ŀ ƘƛƎƘŜǊ 

ŘŜƴǎƛǘȅ ƻŦ ƛƻƴƛȊŀǝƻƴ ŜǾŜƴǘǎΦ ¢Ƙƛǎ ƛƴŎǊŜŀǎŜŘ ƛƻƴƛȊŀǝƻƴ ŘŜƴǎƛǘȅ ǊŜǎǳƭǘǎ ƛƴ ƳƻǊŜ ŜȄǘŜƴǎƛǾŜ ŀƴŘ 

ŎƻƳǇƭŜȄ ǘȅǇŜǎ ƻŦ 5b! ŘŀƳŀƎŜ ŎƻƳǇŀǊŜŘ ǘƻ ƭƻǿŜǊ [9¢ ǊŀŘƛŀǝƻƴΣ ǎǳŎƘ ŀǎ ǇƘƻǘƻƴǎΦ 



ƖƖ 

 

wŜǎŜŀǊŎƘ ƛƴŘƛŎŀǘŜǎ ǘƘŀǘ ǘƘŜ ǘȅǇŜ ŀƴŘ ŎƻƳǇƭŜȄƛǘȅ ƻŦ 5b! ŘŀƳŀƎŜ ƛƴŘǳŎŜŘ ōȅ ǇǊƻǘƻƴǎ Ƴŀȅ ŘƛũŜǊ 

ǎƛƎƴƛŬŎŀƴǘƭȅ ŦǊƻƳ ǘƘŀǘ ŎŀǳǎŜŘ ōȅ ŎƻƴǾŜƴǝƻƴŀƭ ǇƘƻǘƻƴ ƛǊǊŀŘƛŀǝƻƴΦ ²ƘƛƭŜ ŘƻǳōƭŜπǎǘǊŀƴŘ ōǊŜŀƪǎ 

ό5{.ǎύ ŀǊŜ ŀ ǿŜƭƭπŜǎǘŀōƭƛǎƘŜŘ ƭŜǘƘŀƭ ŦƻǊƳ ƻŦ 5b! ŘŀƳŀƎŜΣ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ŎƻƳǇƭŜȄ 5b! 

ŘŀƳŀƎŜ τ ǿƘƛŎƘ Ŏƻƴǎƛǎǘǎ ƻŦ ƳǳƭǝǇƭŜ ƭŜǎƛƻƴǎ ƛƴ ŎƭƻǎŜ ǇǊƻȄƛƳƛǘȅ ƻƴ ǘƘŜ 5b! ǎǘǊŀƴŘ τ Ƴŀȅ 

ŎƻƳǇƭƛŎŀǘŜ ǊŜǇŀƛǊ ǇǊƻŎŜǎǎŜǎΦ tǊƻǘƻƴ ǘƘŜǊŀǇȅ Ƙŀǎ ōŜŜƴ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ŀ ƘƛƎƘŜǊ ƛƴŎƛŘŜƴŎŜ ƻŦ 

ŘŀƳŀƎŜ ŎƻƳǇƭŜȄƛǘȅΣ ŜǎǇŜŎƛŀƭƭȅ ŀǘ ƘƛƎƘ [9¢ ǊŜƎƛƻƴǎΣ ǿƘƛŎƘ Ƴŀȅ ƴŜŎŜǎǎƛǘŀǘŜ ǘƘŜ ŀŎǝǾŀǝƻƴ ƻŦ 

ƳǳƭǝǇƭŜ ǊŜǇŀƛǊ ǇŀǘƘǿŀȅǎΦ ¢ƘŜ [9¢ ŘŜǇŜƴŘŜƴŎŜ ƻŦ 5b! ŘŀƳŀƎŜ ƘƛƎƘƭƛƎƘǘǎ ǘƘŀǘ ŀǎ ǘƘŜ [9¢ 

ƛƴŎǊŜŀǎŜǎΣ ǎƻ ŘƻŜǎ ǘƘŜ ŎƻƳǇƭŜȄƛǘȅ ƻŦ ǘƘŜ ŘŀƳŀƎŜΣ ƳŀƪƛƴƎ ƛǘ ƳƻǊŜ ŎƘŀƭƭŜƴƎƛƴƎ ŦƻǊ ŎŜƭƭǳƭŀǊ ǊŜǇŀƛǊ 

ƳŜŎƘŀƴƛǎƳǎ ǘƻ ǊŜǎƻƭǾŜ ǘƘŜǎŜ ƭŜǎƛƻƴǎ ŜũŜŎǝǾŜƭȅΦ 

Lƴ ǘƘŜ ŎƻƴǘŜȄǘ ƻŦ ǇǊƻǘƻƴ ǘƘŜǊŀǇȅΣ ƘƛƎƘŜǊ [9¢ ƛǎ ƻƊŜƴ ƻōǎŜǊǾŜŘ ŀǘ ǘƘŜ Řƛǎǘŀƭ ŜŘƎŜ ƻŦ ǘƘŜ .ǊŀƎƎ 

ǇŜŀƪΣ ǿƘŜǊŜ ǘƘŜ ŘƻǎŜ ŘƛǎǘǊƛōǳǝƻƴ ǎƘƛƊǎ ŀƴŘ ŀ ǎƛƎƴƛŬŎŀƴǘ ǇƻǊǝƻƴ ƻŦ ǘƘŜ ŜƴŜǊƎȅ ƛǎ ŘŜǇƻǎƛǘŜŘΦ 

¢Ƙƛǎ ƛƴŎǊŜŀǎŜŘ [9¢ ŎƻǊǊŜƭŀǘŜǎ ǿƛǘƘ ŀƴ ŜƭŜǾŀǝƻƴ ƛƴ ǘƘŜ ǎŜǾŜǊƛǘȅ ƻŦ 5b! ŘŀƳŀƎŜΣ ǊŜǎǳƭǝƴƎ ƛƴ ŀ 

ƎǊŜŀǘŜǊ ǇǊƻǇƻǊǝƻƴ ƻŦ ŎƻƳǇƭŜȄ ƭŜǎƛƻƴǎΦ {ǘǳŘƛŜǎ ƘŀǾŜ ŘŜƳƻƴǎǘǊŀǘŜŘ ǘƘŀǘ ŀǎ ǇǊƻǘƻƴǎ ƛƴǘŜǊŀŎǘ 

ǿƛǘƘ ŎŜƭƭǳƭŀǊ ŎƻƳǇƻƴŜƴǘǎΣ ǘƘŜȅ ƎŜƴŜǊŀǘŜ ƴƻǘ ƻƴƭȅ 5{.ǎ ōǳǘ ŀƭǎƻ ŀ ǎǇŜŎǘǊǳƳ ƻŦ ƴƻƴπ5{. 

ŎƭǳǎǘŜǊŜŘ ŘŀƳŀƎŜΣ ǿƘƛŎƘ ƛƴŎƭǳŘŜǎ ǎƛƴƎƭŜπǎǘǊŀƴŘ ōǊŜŀƪǎ ό{{.ǎύΣ ōŀǎŜ ŘŀƳŀƎŜǎΣ ŀƴŘ ŀōŀǎƛŎ ǎƛǘŜǎΦ 

¢ƘŜ ƛƴŘǳŎǝƻƴ ƻŦ ǘƘƛǎ ŎƻƳǇƭŜȄ 5b! ŘŀƳŀƎŜ Ŏŀƴ ƛƳǇŜŘŜ ǘƘŜ ŜũŜŎǝǾŜƴŜǎǎ ƻŦ ǘǊŀŘƛǝƻƴŀƭ ǊŜǇŀƛǊ 

ƳŜŎƘŀƴƛǎƳǎΣ ƭŜŀŘƛƴƎ ǘƻ ŜƴƘŀƴŎŜŘ ŎŜƭƭǳƭŀǊ ƭŜǘƘŀƭƛǘȅΦ 

!ǎ ǇǊƻǘƻƴ ǘƘŜǊŀǇȅ ŎƻƴǝƴǳŜǎ ǘƻ ŀŘǾŀƴŎŜΣ ǘƘŜ ƛƴǘŜƎǊŀǝƻƴ ƻŦ ǇǊŜŘƛŎǝǾŜ ƳƻŘŜƭƛƴƎ ǘƻƻƭǎ ƛƴǘƻ 

ǘǊŜŀǘƳŜƴǘ ǇƭŀƴƴƛƴƎ ƛǎ ōŜŎƻƳƛƴƎ ƛƴŎǊŜŀǎƛƴƎƭȅ ƛƳǇƻǊǘŀƴǘΦ .ȅ ƛƴŎƻǊǇƻǊŀǝƴƎ ǎƻǇƘƛǎǝŎŀǘŜŘ 

ŀƭƎƻǊƛǘƘƳǎ ǘƘŀǘ ǘŀƪŜ ƛƴǘƻ ŀŎŎƻǳƴǘ ǘƘŜ ǾŀǊȅƛƴƎ ōƛƻƭƻƎƛŎŀƭ ŜũŜŎǘǎ ƻŦ ǇǊƻǘƻƴǎ ōŀǎŜŘ ƻƴ [9¢Σ 

ŎƭƛƴƛŎƛŀƴǎ Ŏŀƴ ƻǇǝƳƛȊŜ ǘǊŜŀǘƳŜƴǘ Ǉƭŀƴǎ ǘƻ ƳŀȄƛƳƛȊŜ ǘǳƳƻǊ ŎƻƴǘǊƻƭ ǿƘƛƭŜ ƳƛƴƛƳƛȊƛƴƎ ŘŀƳŀƎŜ 

ǘƻ ǎǳǊǊƻǳƴŘƛƴƎ ƘŜŀƭǘƘȅ ǝǎǎǳŜǎΦ tǊŜŘƛŎǝǾŜ ƳƻŘŜƭǎ Ŏŀƴ ŀǎǎŜǎǎ ǘƘŜ ŀƴǝŎƛǇŀǘŜŘ ōƛƻƭƻƎƛŎŀƭ ƛƳǇŀŎǘ 

ƻŦ ǇǊƻǘƻƴ ǘƘŜǊŀǇȅ ŀƭƻƴƎ ǘƘŜ ǘǊŜŀǘƳŜƴǘ ǘǊŀƧŜŎǘƻǊȅΣ ǇǊƻǾƛŘƛƴƎ ƛƴǎƛƎƘǘǎ ƛƴǘƻ Ƙƻǿ ŘƛũŜǊŜƴǘ 

ŜƴŜǊƎƛŜǎ ŀƴŘ ŘƻǎŜ ŘƛǎǘǊƛōǳǝƻƴǎ ǿƛƭƭ ƛƴƅǳŜƴŎŜ ǘƘŜ ƻǾŜǊŀƭƭ ǘƘŜǊŀǇŜǳǝŎ ǊŜǎǇƻƴǎŜΦ 

!ŘŘƛǝƻƴŀƭƭȅΣ ŀŘǾŀƴŎŜƳŜƴǘǎ ƛƴ ƛƳŀƎƛƴƎ ŀƴŘ ǊŜŀƭπǝƳŜ ƳƻƴƛǘƻǊƛƴƎ ǘŜŎƘƴƻƭƻƎƛŜǎ ŀƭƭƻǿ ŦƻǊ ƳƻǊŜ 

ŀŎŎǳǊŀǘŜ ǘǊŀŎƪƛƴƎ ƻŦ ǘǳƳƻǊ ǊŜǎǇƻƴǎŜ ǘƘǊƻǳƎƘƻǳǘ ǘƘŜ ǘǊŜŀǘƳŜƴǘ ǇǊƻŎŜǎǎΦ .ȅ ŀƴŀƭȅȊƛƴƎ Ƙƻǿ 

ǘǳƳƻǊǎ ǊŜǎǇƻƴŘ ǘƻ ǇǊƻǘƻƴ ǘƘŜǊŀǇȅ ŀǘ ǾŀǊƛƻǳǎ ǎǘŀƎŜǎ ƻŦ ǘǊŜŀǘƳŜƴǘΣ ŎƭƛƴƛŎƛŀƴǎ Ŏŀƴ ƳŀƪŜ ƛƴŦƻǊƳŜŘ 

ŘŜŎƛǎƛƻƴǎ ŀōƻǳǘ ǇƻǘŜƴǝŀƭ ŀŘƧǳǎǘƳŜƴǘǎ ǘƻ ǘƘŜ ǘǊŜŀǘƳŜƴǘ ǇƭŀƴΣ ǎǳŎƘ ŀǎ ƳƻŘƛŦȅƛƴƎ ŘƻǎŜ 

ŘƛǎǘǊƛōǳǝƻƴǎ ƻǊ ǘǊŜŀǘƳŜƴǘ ŦǊŀŎǝƻƴǎΦ ¢Ƙƛǎ ŀŘŀǇǝǾŜ ŀǇǇǊƻŀŎƘ ƘŜƭǇǎ ƛƴ ǇǊŜŘƛŎǝƴƎ ƴƻǘ ƻƴƭȅ ǘƘŜ 

ƛƳƳŜŘƛŀǘŜ ŜũŜŎǘǎ ƻŦ ǇǊƻǘƻƴ ǘƘŜǊŀǇȅ ōǳǘ ŀƭǎƻ ƭƻƴƎπǘŜǊƳ ƻǳǘŎƻƳŜǎΣ ǳƭǝƳŀǘŜƭȅ ƭŜŀŘƛƴƎ ǘƻ ƳƻǊŜ 

ǇŜǊǎƻƴŀƭƛȊŜŘ ǘǊŜŀǘƳŜƴǘ ǎǘǊŀǘŜƎƛŜǎΦ 

¢ƘŜ ŎƻƳǇƭŜȄƛǘȅ ƻŦ ŎƻƳǇƭŜȄ 5b! ŘŀƳŀƎŜ ŦƻǊƳŀǝƻƴ ŀƴŘ ǘƘŜ ŘƛũŜǊŜƴǝŀƭ ƛƳǇŀŎǘ ƻŦ [9¢ ƻƴ 5b! 

ŘŀƳŀƎŜ ǊŜǎǇƻƴǎŜ ǇŀǘƘǿŀȅǎ ƴŜŎŜǎǎƛǘŀǘŜ ŦǳǊǘƘŜǊ ƛƴǾŜǎǝƎŀǝƻƴΦ ¦ƴŘŜǊǎǘŀƴŘƛƴƎ ǘƘŜ ƛƴǘǊƛŎŀŎƛŜǎ ƻŦ 

Ƙƻǿ ǇǊƻǘƻƴ ǘƘŜǊŀǇȅ ƛƴƅǳŜƴŎŜǎ 5b! ŀƴŘ ǎǳōǎŜǉǳŜƴǘ ŎŜƭƭǳƭŀǊ ǊŜǎǇƻƴǎŜǎ ƛǎ ŜǎǎŜƴǝŀƭ ŦƻǊ 

ƻǇǝƳƛȊƛƴƎ ǘǊŜŀǘƳŜƴǘ ǇǊƻǘƻŎƻƭǎ ŀƴŘ ƛƳǇǊƻǾƛƴƎ ǇŀǝŜƴǘ ƻǳǘŎƻƳŜǎΦ !ǎ ǊŜǎŜŀǊŎƘ ŎƻƴǝƴǳŜǎ ǘƻ 

ŜȄǇƭƻǊŜ ǘƘŜ ƴǳŀƴŎŜǎ ƻŦ [9¢ ŘŜǇŜƴŘŜƴŎŜΣ ƛǘ ōŜŎƻƳŜǎ ƛƴŎǊŜŀǎƛƴƎƭȅ ŎƭŜŀǊ ǘƘŀǘ ǘƘŜ ōƛƻƭƻƎƛŎŀƭ 

ŜũŜŎǘǎ ƻŦ ǇǊƻǘƻƴ ǘƘŜǊŀǇȅ ŀǊŜ ƳǳƭǝŦŀŎŜǘŜŘ ŀƴŘ ǊŜǉǳƛǊŜ ŀ ŎƻƳǇǊŜƘŜƴǎƛǾŜ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ǘƻ Ŧǳƭƭȅ 

ŜȄǇƭƻƛǘ ǘƘŜƛǊ ǘƘŜǊŀǇŜǳǝŎ ǇƻǘŜƴǝŀƭΦ 

²ƘƛƭŜ ƛƻƴƛȊƛƴƎ ǊŀŘƛŀǝƻƴ ƛǎ ǿƛŘŜƭȅ ǊŜŎƻƎƴƛȊŜŘ ŦƻǊ ƛǘǎ ǘƘŜǊŀǇŜǳǝŎ ŀǇǇƭƛŎŀǝƻƴǎ ƛƴ ǘǊŜŀǝƴƎ ǾŀǊƛƻǳǎ 

ŎƻƴŘƛǝƻƴǎΣ ƛǘ ŀƭǎƻ Ǉƭŀȅǎ ŀ ǇƛǾƻǘŀƭ ǊƻƭŜ ƛƴ ƳŜŘƛŎŀƭ ŘƛŀƎƴƻǎǝŎǎΣ ǇŀǊǝŎǳƭŀǊƭȅ ƛƴ ƛƳŀƎƛƴƎ ǘŜŎƘƴƛǉǳŜǎ 

ǘƘŀǘ ŀǊŜ ŎǊƛǝŎŀƭ ŦƻǊ ŀŎŎǳǊŀǘŜ ŘƛǎŜŀǎŜ ŘŜǘŜŎǝƻƴ ŀƴŘ ƳŀƴŀƎŜƳŜƴǘΦ /ƻƳƳƻƴ ƳƻŘŀƭƛǝŜǎ ǎǳŎƘ ŀǎ 

ŎƻƳǇǳǘŜŘ ǘƻƳƻƎǊŀǇƘȅ ό/¢ύ ŀƴŘ ƅǳƻǊƻǎŎƻǇȅ ǳǝƭƛȊŜ ·πǊŀȅǎ ǘƻ ŎǊŜŀǘŜ ŘŜǘŀƛƭŜŘ ƛƳŀƎŜǎ ƻŦ ǘƘŜ 

ōƻŘȅϥǎ ƛƴǘŜǊƴŀƭ ǎǘǊǳŎǘǳǊŜǎΣ ŀƭƭƻǿƛƴƎ ƘŜŀƭǘƘŎŀǊŜ ǇǊƻǾƛŘŜǊǎ ǘƻ ŘƛŀƎƴƻǎŜ ŎƻƴŘƛǝƻƴǎ ǊŀƴƎƛƴƎ ŦǊƻƳ 

ŦǊŀŎǘǳǊŜǎ ǘƻ ǘǳƳƻǊǎΦ ¢ƘŜǎŜ ƛƳŀƎƛƴƎ ǘŜŎƘƴƛǉǳŜǎ ŀǊŜ ƛƴǾŀƭǳŀōƭŜ ŦƻǊ ƎǳƛŘƛƴƎ ŎƭƛƴƛŎŀƭ ŘŜŎƛǎƛƻƴǎ ŀƴŘ 

ŦƻǊƳǳƭŀǝƴƎ ǘǊŜŀǘƳŜƴǘ ǇƭŀƴǎΦ ¢ƘŜ ŜƴƘŀƴŎŜŘ ŘƛŀƎƴƻǎǝŎ ŎŀǇŀōƛƭƛǝŜǎ ǇǊƻǾƛŘŜŘ ōȅ ƛƻƴƛȊƛƴƎ 



ƖƗ 

 

ǊŀŘƛŀǝƻƴ ŜƴŀōƭŜ ƳƻǊŜ ǇǊŜŎƛǎŜ ŜǾŀƭǳŀǝƻƴǎ ƻŦ ǾŀǊƛƻǳǎ ƳŜŘƛŎŀƭ ŎƻƴŘƛǝƻƴǎΣ ǳƭǝƳŀǘŜƭȅ 

ŎƻƴǘǊƛōǳǝƴƎ ǘƻ ƛƳǇǊƻǾŜŘ ǇŀǝŜƴǘ ƻǳǘŎƻƳŜǎ ŀƴŘ ƳƻǊŜ ŜũŜŎǝǾŜ ƳŀƴŀƎŜƳŜƴǘ ƻŦ ƘŜŀƭǘƘ ƛǎǎǳŜǎΦ 

/ŀǘƘŜǘŜǊƛȊŀǝƻƴ ǇǊƻŎŜŘǳǊŜǎ ŀǊŜ ƛƴŎǊŜŀǎƛƴƎƭȅ ǳǝƭƛȊŜŘ ŀǎ ŀƴ ŜǎǎŜƴǝŀƭ ǘƻƻƭ ŦƻǊ ǘǊŜŀǝƴƎ ŎƻƴƎŜƴƛǘŀƭ 

ƘŜŀǊǘ ŘƛǎŜŀǎŜΣ ƻũŜǊƛƴƎ ƳƛƴƛƳŀƭƭȅ ƛƴǾŀǎƛǾŜ ǎƻƭǳǝƻƴǎ ǘƻ ŎƻƳǇƭŜȄ ŎŀǊŘƛƻǾŀǎŎǳƭŀǊ ŎƻƴŘƛǝƻƴǎΦ 

IƻǿŜǾŜǊΣ ǘƘŜǎŜ ǇǊƻŎŜŘǳǊŜǎ ƻƊŜƴ ǊŜǉǳƛǊŜ ŜȄǘŜƴǎƛǾŜ ǳǎŜ ƻŦ ȄπǊŀȅǎΣ ƛƴŎƭǳŘƛƴƎ ƅǳƻǊƻǎŎƻǇȅ ŀƴŘ 

ŎƛƴŜ ƛƳŀƎƛƴƎΣ ǊŜǎǳƭǝƴƎ ƛƴ ǎƛƎƴƛŬŎŀƴǘ ǊŀŘƛŀǝƻƴ ŜȄǇƻǎǳǊŜΦ ¢Ƙƛǎ ƛǎǎǳŜ ƛǎ ǇŀǊǝŎǳƭŀǊƭȅ ŎƻƴŎŜǊƴƛƴƎ ƛƴ 

ǇŜŘƛŀǘǊƛŎ ǇŀǝŜƴǘǎτƛƴŦŀƴǘǎ ŀƴŘ ŎƘƛƭŘǊŜƴτŘǳŜ ǘƻ ǘƘŜƛǊ ƘŜƛƎƘǘŜƴŜŘ ǾǳƭƴŜǊŀōƛƭƛǘȅ ǘƻ ǘƘŜ ƭƻƴƎπ

ǘŜǊƳ ŜũŜŎǘǎ ƻŦ ƛƻƴƛȊƛƴƎ ǊŀŘƛŀǝƻƴΦ 

/ƘƛƭŘǊŜƴ ŀǊŜ ŀǇǇǊƻȄƛƳŀǘŜƭȅ ǘƘǊŜŜ ǝƳŜǎ ƳƻǊŜ ǎŜƴǎƛǝǾŜ ǘƻ ǊŀŘƛŀǝƻƴπƛƴŘǳŎŜŘ ƳŀƭƛƎƴŀƴŎƛŜǎ 

ŎƻƳǇŀǊŜŘ ǘƻ ŀŘǳƭǘǎΦ ¢ƘŜƛǊ ǝǎǎǳŜǎ ŀǊŜ ǎǝƭƭ ŘŜǾŜƭƻǇƛƴƎΣ ƳŀƪƛƴƎ ǘƘŜƳ ƳƻǊŜ ǎǳǎŎŜǇǝōƭŜ ǘƻ 5b! 

ŘŀƳŀƎŜ ŦǊƻƳ ǊŀŘƛŀǝƻƴΦ !ŘŘƛǝƻƴŀƭƭȅΣ ŘǳŜ ǘƻ ǘƘŜƛǊ ƭƻƴƎŜǊ ǊŜƳŀƛƴƛƴƎ ƭƛŦŜǎǇŀƴΣ ŎƘƛƭŘǊŜƴ ƘŀǾŜ ŀ 

ƎǊŜŀǘŜǊ ǿƛƴŘƻǿ ƻŦ ǝƳŜ ǘƻ ƳŀƴƛŦŜǎǘ ǊŀŘƛŀǝƻƴπƛƴŘǳŎŜŘ ƭŀǘŜ ŜũŜŎǘǎΣ ǎǳŎƘ ŀǎ ŎŀƴŎŜǊ ƻǊ ƻǘƘŜǊ 

ŎƘǊƻƴƛŎ ŎƻƴŘƛǝƻƴǎΦ  

! ǎƛƎƴƛŬŎŀƴǘ ŎƻƴŎŜǊƴ ƛƴ ǇŜŘƛŀǘǊƛŎ ŎŀǊŘƛƻƭƻƎȅ ƛǎ ǘƘŀǘ ŎŀǊŘƛŀŎ ŎŀǘƘŜǘŜǊƛȊŀǝƻƴ ǇǊƻŎŜŘǳǊŜǎ Ƴŀȅ 

ƴŜŜŘ ǘƻ ōŜ ǊŜǇŜŀǘŜŘ ƳǳƭǝǇƭŜ ǝƳŜǎ ƻǾŜǊ ǘƘŜ ŎƻǳǊǎŜ ƻŦ ŀ ŎƘƛƭŘΩǎ ǘǊŜŀǘƳŜƴǘΣ ŘŜǇŜƴŘƛƴƎ ƻƴ ǘƘŜ 

ŎƻƳǇƭŜȄƛǘȅ ƻŦ ǘƘŜƛǊ ƘŜŀǊǘ ŘŜŦŜŎǘΦ 9ŀŎƘ ǎŜǎǎƛƻƴ ƻŦ ȄπǊŀȅ ŜȄǇƻǎǳǊŜ ŀŘŘǎ ǘƻ ǘƘŜ ŎǳƳǳƭŀǝǾŜ ŘƻǎŜΣ 

ƛƴŎǊŜŀǎƛƴƎ ǘƘŜ ƭƻƴƎπǘŜǊƳ ǊƛǎƪǎΦ CǳǊǘƘŜǊƳƻǊŜΣ ƛƴ ƛƴŦŀƴǘǎΣ ŀ ƭŀǊƎŜ ŦǊŀŎǝƻƴ ƻŦ ǘƘŜƛǊ ǎƳŀƭƭ ōƻŘƛŜǎ ƛǎ 

ƛǊǊŀŘƛŀǘŜŘ ŘǳǊƛƴƎ ǘƘŜǎŜ ǇǊƻŎŜŘǳǊŜǎΣ ƳŜŀƴƛƴƎ ǘƘŀǘ ǊŀŘƛŀǝƻƴ ŀũŜŎǘǎ ƴƻǘ ƻƴƭȅ ǘƘŜ ƘŜŀǊǘ ōǳǘ ŀƭǎƻ 

ŀŘƧŀŎŜƴǘ ƻǊƎŀƴǎ ŀƴŘ ǝǎǎǳŜǎΣ ǇƻǘŜƴǝŀƭƭȅ ƭŜŀŘƛƴƎ ǘƻ ǿƛŘŜǊ ǎȅǎǘŜƳƛŎ ŎƻƴǎŜǉǳŜƴŎŜǎΦ  

wŜǇŜŀǘŜŘ ŜȄǇƻǎǳǊŜ ƻŦ ƛƴŘƛǾƛŘǳŀƭǎ ǘƻ ƛƻƴƛȊƛƴƎ ǊŀŘƛŀǝƻƴ Ƙŀǎ ōŜŜƴ ƭƛƴƪŜŘ ǘƻ ŀ ǊŀƴƎŜ ƻŦ ŎƘǊƻƴƛŎ 

ƘŜŀƭǘƘ ǇǊƻōƭŜƳǎΣ ƛƴŎƭǳŘƛƴƎ ƴƻǘ ƻƴƭȅ ǘƘŜ ƛƴŎǊŜŀǎŜŘ Ǌƛǎƪ ƻŦ ŘŜǾŜƭƻǇƛƴƎ ŎŀƴŎŜǊ ōǳǘ ŀƭǎƻ ǇƻǘŜƴǝŀƭ 

ƛƳǇŀŎǘǎ ƻƴ ƻǊƎŀƴ ŦǳƴŎǝƻƴ ŀƴŘ ƻǾŜǊŀƭƭ ƎǊƻǿǘƘΦ wŀŘƛŀǝƻƴ Ŏŀƴ ŘŀƳŀƎŜ ǊŀǇƛŘƭȅ ŘƛǾƛŘƛƴƎ ŎŜƭƭǎ 

όŀōǳƴŘŀƴǘ ƛƴ ŎƘƛƭŘǊŜƴύΣ ŀũŜŎǝƴƎ ǘƘŜ ŘŜǾŜƭƻǇƳŜƴǘ ƻŦ ƻǊƎŀƴǎ ƭƛƪŜ ǘƘŜ ƭǳƴƎǎΣ ƭƛǾŜǊΣ ƪƛŘƴŜȅǎΣ ŀƴŘ 

ōƻƴŜǎΦ Lƴ ǎƻƳŜ ŎŀǎŜǎΣ ǊŜǇŜŀǘŜŘ ǊŀŘƛŀǝƻƴ ŜȄǇƻǎǳǊŜ Ƙŀǎ ōŜŜƴ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ŎŀǊŘƛƻǾŀǎŎǳƭŀǊ 

ŘƛǎŜŀǎŜǎΣ ǊŀŘƛŀǝƻƴπƛƴŘǳŎŜŘ ŬōǊƻǎƛǎΣ ŀƴŘ ƘƻǊƳƻƴŜ ƛƳōŀƭŀƴŎŜǎΦ  

¢ƻ ōŜǧŜǊ ǳƴŘŜǊǎǘŀƴŘ ǘƘŜ ƛƳǇŀŎǘ ƻŦ ǊŀŘƛŀǝƻƴ ƛƴ ǇŜŘƛŀǘǊƛŎ ŎŀǊŘƛƻƭƻƎȅΣ ǊŜǎŜŀǊŎƘŜǊǎ ƘŀǾŜ ōŜƎǳƴ 

ǳǎƛƴƎ ōƛƻƳŀǊƪŜǊǎ ǘƘŀǘ ŘŜǘŜŎǘ ŜŀǊƭȅ ōƛƻƭƻƎƛŎŀƭ ŜũŜŎǘǎ ƻŦ ǊŀŘƛŀǝƻƴΣ ƭƻƴƎ ōŜŦƻǊŜ ŎƭƛƴƛŎŀƭ ǎȅƳǇǘƻƳǎ 

ŀǇǇŜŀǊΦ /ƘǊƻƳƻǎƻƳŀƭ ŀōŜǊǊŀǝƻƴǎ ŀƴŘ ƳƛŎǊƻƴǳŎƭŜƛ ƛƴ ǇŜǊƛǇƘŜǊŀƭ ōƭƻƻŘ ƭȅƳǇƘƻŎȅǘŜǎ ƘŀǾŜ ƭƻƴƎ 

ōŜŜƴ ǾŀƭƛŘŀǘŜŘ ŀǎ ōƛƻƳŀǊƪŜǊǎ ƻŦ ǎƻƳŀǝŎ ŎƘǊƻƳƻǎƻƳŀƭ ŘŀƳŀƎŜΣ ǊŜǇǊŜǎŜƴǝƴƎ ƛƴǘŜǊƳŜŘƛŀǘŜ 

ǎǘŜǇǎ ƛƴ ǘƘŜ ǇǊƻŎŜǎǎ ƻŦ ŎŀǊŎƛƴƻƎŜƴŜǎƛǎΦ ¦ƴŦƻǊǘǳƴŀǘŜƭȅΣ ǘƘŜǎŜ ŎȅǘƻƎŜƴŜǝŎ ǘŜŎƘƴƛǉǳŜǎ ƭŀŎƪ ǘƘŜ 

ǎŜƴǎƛǝǾƛǘȅ ǘƻ ƳŜŀǎǳǊŜ ǘƘŜ ōƛƻƭƻƎƛŎŀƭ ŜũŜŎǘǎ ƛƴ ǇŀǝŜƴǘǎ ǊŜŎŜƛǾƛƴƎ ƭƻǿ ŘƻǎŜǎΣ ǎǳŎƘ ŀǎ ǘƘƻǎŜ 

ǘȅǇƛŎŀƭƭȅ ŜƴŎƻǳƴǘŜǊŜŘ ƛƴ ǇŜŘƛŀǘǊƛŎ ƛƴǘŜǊǾŜƴǝƻƴŀƭ ŎŀǊŘƛƻƭƻƎȅ όғрл Ƴ{ǾύΦ 

¢ƘŜ ɹπIн!· ōƛƻƳŀǊƪŜǊ Ƙŀǎ ŜƳŜǊƎŜŘ ŀǎ ŀ ƳƻǊŜ ǎŜƴǎƛǝǾŜ ǘƻƻƭ ŦƻǊ ŀǎǎŜǎǎƛƴƎ ƭƻǿπŘƻǎŜ ǊŀŘƛŀǝƻƴ 

ŜȄǇƻǎǳǊŜΦ 5b! ŘƻǳōƭŜπǎǘǊŀƴŘ ōǊŜŀƪǎ ό5{.ǎύΣ ƻƴŜ ƻŦ ǘƘŜ Ƴƻǎǘ ǎŜǾŜǊŜ ŦƻǊƳǎ ƻŦ 5b! ŘŀƳŀƎŜ 

ŎŀǳǎŜŘ ōȅ ƛƻƴƛȊƛƴƎ ǊŀŘƛŀǝƻƴΣ ŀǊŜ ǊŀǇƛŘƭȅ ƳŀǊƪŜŘ ōȅ ǘƘŜ ǇƘƻǎǇƘƻǊȅƭŀǝƻƴ ƻŦ ǘƘŜ ƘƛǎǘƻƴŜ ǾŀǊƛŀƴǘ 

Iн!·Σ ŦƻǊƳƛƴƎ πɹIн!· ŦƻŎƛ ŀǘ ǘƘŜ ǎƛǘŜ ƻŦ ŜŀŎƘ 5{.Φ {ƛƴŎŜ 5{.ǎ ŀǊŜ ŘƛǊŜŎǘƭȅ ƭƛƴƪŜŘ ǘƻ ŎŀƴŎŜǊ 

ŘŜǾŜƭƻǇƳŜƴǘ ŀƴŘ ƻǘƘŜǊ ŘŜƭŜǘŜǊƛƻǳǎ ŜũŜŎǘǎ ƻŦ ǊŀŘƛŀǝƻƴΣ ǘƘŜ ŘŜǘŜŎǝƻƴ ƻŦ πɹIн!· ŦƻŎƛ ƻũŜǊǎ ŀ 

ǾŀƭǳŀōƭŜ ƳŜǘƘƻŘ ŦƻǊ ǎǘǳŘȅƛƴƎ ǊŀŘƛŀǝƻƴ ŜȄǇƻǎǳǊŜ ƛƴ ǾǳƭƴŜǊŀōƭŜ ǇƻǇǳƭŀǝƻƴǎΦ 

¢Ƙƛǎ ǎǘǳŘȅ ƛƴǾŜǎǝƎŀǘŜǎ ǘƘŜ ƛƴŘǳŎǝƻƴ ŀƴŘ ǉǳŀƴǝŬŎŀǝƻƴ ƻŦ ƛƻƴƛȊƛƴƎ ǊŀŘƛŀǝƻƴπƛƴŘǳŎŜŘ 5b! 

ŘŀƳŀƎŜΦ Lǘ ƛǎ ŀƴ ŀǧŜƳǇǘ ǘƻ ǉǳŀƴǝŦȅ ŀƴŘ ƛƴǾŜǎǝƎŀǘŜ ǘƘŜ ǉǳŀƭƛǘȅ ƻŦ ǘƘŜ ŜũŜŎǘǎ ƻŦ ƭƻǿπ[9¢ 

ǊŀŘƛŀǝƻƴ ƛƴ ŘƛũŜǊŜƴǘ ǎȅǎǘŜƳǎ ǿƛǘƘ ǳǇŘŀǘŜŘ ƳŜǘƘƻŘǎΦ  ¢ƘŜ ŬǊǎǘ ǇŀǊǘ ƛƴŎƭǳŘŜǎ ŀ ǎǘǳŘȅ ƻŦ ǘƘŜ 

ŜũŜŎǘǎ ƻŦ ƭƻǿπ[9¢ ǊŀŘƛŀǝƻƴ ƻƴ ǘƘŜ ŎƻƴǘǊƻƭƭŜŘ ǎȅǎǘŜƳ ƻŦ ǇƭŀǎƳƛŘ Ǉ.wонн ŀƭƻƴƎ ŀ tǊƻǘƻƴ 

¢ǊŜŀǘƳŜƴǘ tƭŀƴΣ ƛƴǾŜǎǝƎŀǝƴƎ ǘƘŜ ŘŀƳŀƎŜ ǇǊƻŘǳŎǝƻƴ ŎŀǳǎŜŘ ōȅ ŀ ǘȅǇƛŎŀƭ ǊŀŘƛƻǘƘŜǊŀǇȅ 

ǇǊƻŎŜŘǳǊŜ ƛǎƻƭŀǘŜŘ ŦǊƻƳ ǊŜǇŀƛǊ ƳŜŎƘŀƴƛǎƳǎΦ Lƴ ǘƘŜ ǎŜŎƻƴŘ ǇŀǊǘΣ ǘƘŜ 5b! ǊŜǇŀƛǊ ǇǊƻǘŜƛƴ 
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ŀǎǎŜƳōƭȅ ƻŦ Iн!· ǇƘƻǎǇƘƻǊȅƭŀǝƻƴ ǿŀǎ ǳǝƭƛȊŜŘ ǘƻ ŀǎǎŜǎǎ ƛƴŘƛǾƛŘǳŀƭ 5b! ŘŀƳŀƎŜ ƛƴ ǘƘŜ 

ǇŜǊƛǇƘŜǊŀƭ ōƭƻƻŘ ƭȅƳǇƘƻŎȅǘŜǎ ƻŦ ǇŜŘƛŀǘǊƛŎ ŀƴŘ ŀŘǳƭǘ ǇŀǝŜƴǘǎ ǳƴŘŜǊƎƻƛƴƎ ŎŀǊŘƛŀŎ 

ŎŀǘƘŜǘŜǊƛȊŀǝƻƴΦ .ȅ ŘŜǘŜŎǝƴƎ ǘƘŜ ŜŀǊƭȅ ōƛƻƭƻƎƛŎŀƭ ŜũŜŎǘǎ ƻŦ ǊŀŘƛŀǝƻƴΣ ǘƘƛǎ ōƛƻƳŀǊƪŜǊ ŀǇǇǊƻŀŎƘ 

ŀǎǇƛǊŜǎ ǘƻ ǇǊƻǾƛŘŜ ƛƴǎƛƎƘǘǎ ƛƴǘƻ ǘƘŜ ŘƻǎŜπǊŜǎǇƻƴǎŜ ǊŜƭŀǝƻƴǎƘƛǇ ƛƴ ǘƘŜ ƭƻǿπŘƻǎŜ ǊŀƴƎŜΣ ǿƘƛŎƘ 

Ƙŀǎ ōŜŜƴ ŎƘŀƭƭŜƴƎƛƴƎ ǘƻ ǉǳŀƴǝŦȅ ǘƘǊƻǳƎƘ ǘǊŀŘƛǝƻƴŀƭ ƳƻŘŜƭǎ ƭƛƪŜ ǘƘŜ ƭƛƴŜŀǊπƴƻπǘƘǊŜǎƘƻƭŘ 

ƳƻŘŜƭΦ 
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2.1 Radiation Physics: the basics 
 
wŀŘƛŀǝƻƴ ƛǎ ǘƘŜ ŜƴŜǊƎȅ ǇǊƻǇŀƎŀǝƻƴ ƛƴ ǘƘŜ ŦƻǊƳ ƻŦ ǿŀǾŜǎ ƻǊ ǇŀǊǝŎƭŜǎ ǘƘǊƻǳƎƘ ǎǇŀŎŜ ƻǊ ŀ 
ƳŀǘŜǊƛŀƭ ƳŜŘƛǳƳ ŀƴŘ ƛǎ ŎƭŀǎǎƛŬŜŘ ƛƴǘƻ ƴƻƴπƛƻƴƛȊƛƴƎ ŀƴŘ ƛƻƴƛȊƛƴƎ ǊŀŘƛŀǝƻƴΦ bƻƴπƛƻƴƛȊƛƴƎ 
ǊŀŘƛŀǝƻƴ ǊŜŦŜǊǎ ǘƻ ŀƴȅ ǘȅǇŜ ƻŦ ŜƭŜŎǘǊƻƳŀƎƴŜǝŎ ǊŀŘƛŀǝƻƴ ǘƘŀǘ ƛǎ ƴƻǘ ŜƴŜǊƎŜǝŎ ŜƴƻǳƎƘ ǘƻ ŘŜǘŀŎƘ 
ŀƴ ŜƭŜŎǘǊƻƴ ŦǊƻƳ ŀƴ ŀǘƻƳ ƻǊ ƳƻƭŜŎǳƭŜΦ DŜƴŜǊŀƭƭȅΣ ǘƘŜ ŀōǎƻǊǇǝƻƴ ƻŦ ǊŀŘƛŀǝƻƴ ōȅ ŀƴ ŀǘƻƳ ƻǊ ŀ 
ƳƻƭŜŎǳƭŜ Ƴŀȅ ƭŜŀŘ ǘƻ ŜȄŎƛǘŀǝƻƴ ƻǊ ǘƻ ƛƻƴƛȊŀǝƻƴΦ 9ȄŎƛǘŀǝƻƴ ƛǎ ǘƘŜ ǊŀƛǎƛƴƎ ƻŦ ŀƴ ŜƭŜŎǘǊƻƴ ƛƴ ŀƴ 
ŀǘƻƳ ǘƻ ŀ ƘƛƎƘŜǊ ŜƴŜǊƎȅ ƭŜǾŜƭ ǿƛǘƘƻǳǘ ŀŎǘǳŀƭ ŜƧŜŎǝƻƴ ƻŦ ǘƘŜ ŜƭŜŎǘǊƻƴΦ LƻƴƛȊŀǝƻƴ ƛǎ ǘƘŜ ŜƧŜŎǝƻƴ 
ƻŦ ŀƴ ƻǊōƛǘŀƭ ŜƭŜŎǘǊƻƴ όƻǊ ƳƻǊŜ ŜƭŜŎǘǊƻƴǎύ ŦǊƻƳ ǘƘŜ ŀǘƻƳ ƻǊ ƳƻƭŜŎǳƭŜ ŀƴŘ ǘƘŜ ǊŀŘƛŀǝƻƴ ǘƘŀǘ 
Ƙŀǎ ǎǳŶŎƛŜƴǘ ŜƴŜǊƎȅ ǘƻ ŎŀǳǎŜ ǘƘƛǎ ǇƘŜƴƻƳŜƴƻƴ ƛǎ ŎŀƭƭŜŘ ƛƻƴƛȊƛƴƎ ǊŀŘƛŀǝƻƴΦ  
 
¢ƘŜ ƛƳǇƻǊǘŀƴǘ ŎƘŀǊŀŎǘŜǊƛǎǝŎ ƻŦ ƛƻƴƛȊƛƴƎ ǊŀŘƛŀǝƻƴ ƛǎ ǘƘŜ ƭƻŎŀƭƛȊŜŘ ǊŜƭŜŀǎŜ ƻŦ ƭŀǊƎŜ ŀƳƻǳƴǘǎ ƻŦ 
ŜƴŜǊƎȅ όϤооŜ± ǇŜǊ ƛƻƴƛȊƛƴƎ ŜǾŜƴǘύΣ ǿƘƛŎƘ ƛǎ ƳƻǊŜ ǘƘŀƴ ŜƴƻǳƎƘ ǘƻ ōǊŜŀƪ ŀ ǎǘǊƻƴƎ ŎƘŜƳƛŎŀƭ ōƻƴŘ 
όŜΦƎΦ ŜƴŜǊƎȅ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ŀ /ҐҐ/ ōƻƴŘ Ϥ пΦф Ŝ±ύΦ CƻǊ ŎƻƴǾŜƴƛŜƴŎŜΣ ƛǘ ƛǎ ǳǎǳŀƭ ǘƻ ŎƭŀǎǎƛŦȅ 
ƛƻƴƛȊƛƴƎ ǊŀŘƛŀǝƻƴǎ ŀǎ ŜƛǘƘŜǊ ŜƭŜŎǘǊƻƳŀƎƴŜǝŎ ƻǊ ǇŀǊǝŎǳƭŀǘŜΦ  
 

 
Figure 1. The electromagnetic spectrum [1] 

 

Electromagnetic Radiation 
 
9ƭŜŎǘǊƻƳŀƎƴŜǝŎ ƛƻƴƛȊƛƴƎ ǊŀŘƛŀǝƻƴ ό·πwŀȅǎ ŀƴŘ ƎŀƳƳŀ Ǌŀȅǎύ ƛǎ ƛƴŘƛǊŜŎǘƭȅ ƛƻƴƛȊƛƴƎΦ ²ƘŜƴ ǘƘŜǎŜ 
ǘȅǇŜǎ ƻŦ ǊŀŘƛŀǝƻƴ ŀǊŜ ŀōǎƻǊōŜŘ ōȅ ŀ ƳŜŘƛǳƳΣ ǘƘŜȅ ƎƛǾŜ ǳǇ ŜƴŜǊƎȅ ŀƭƻƴƎ ǘƘŜƛǊ ǇŀǘƘ ŀƴŘ ǘƘƛǎ 
ŜƴŜǊƎȅ ƛǎ ƘƛƎƘ ŜƴƻǳƎƘ ǘƻ ǇǊƻŘǳŎŜ ŦŀǎǘπƳƻǾƛƴƎ ŜƭŜŎǘǊƻƴǎ ōȅ /ƻƳǇǘƻƴΣ ǇƘƻǘƻŜƭŜŎǘǊƛŎ ŀƴŘ ǇŀƛǊπ
ǇǊƻŘǳŎǝƻƴ ǇǊƻŎŜǎǎŜǎΦ  

- X-rays are produced extranuclearly, in an electrical device that accelerates electrons 
to high energy and then stops them abruptly in a target usually made of tungsten. A 
ǇŀǊǘ ƻŦ ǘƘŜ ŜƭŜŎǘǊƻƴǎΩ ƪƛƴŜǘƛŎ ŜƴŜǊƎȅ ƛǎ ŎƻƴǾŜǊǘŜŘ ƛƴǘƻ ·-rays. 

- Gamma rays are emitted by radioactive isotopes; they are produced intranulcearly. 
An unstable nucleus, in its efford to reach stability, breaks up and decays, giving off 
the excessive energy. This energy is gamma rays. 
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Table 1 The electromagnetic spectrum of IR and its properties 

Frequency 
v (s-1) 

Wavelength 
 ˂

Energy Type of IR 
Properties related to biological 

matter 

оϊмл16 10nm 124 eV 
Soft X-rays 

¶ Produced by the excitation of 
inner electrons inside atoms 

¶ Strong absorption 

¶ Can cause ionization  
оϊмл18 100pm 12.4 keV 

оϊмл18 100pm 12.4 keV 
Diagnostic X-

rays 

¶ Produced by the excitation of 
internal electrons of atoms 
and X-ray lamps 

¶ Significant absorption 

¶ Can cause ionization 
оϊмл19 10pm 124 keV 

оϊмл19 10pm 124 keV 
-ɹrays and 

therapeutic 
X-rays 

 

¶ tǊƻŘǳŎŜŘ ōȅ ʴ ŘŜŎŀȅ ŀƴŘ ƭƛƴŜŀǊ 
accelerators respectively 

¶ Limited absorption 
¶ Cause ionization оϊмл20 1pm 1.24 MeV 

оϊмл21 100fm 12.4 MeV 
therapeutic 

X-rays 

¶ tǊƻŘǳŎŜŘ ōȅ ʴ ŘŜŎŀȅ ŀƴŘ ƭƛƴŜŀǊ 
accelerators respectively 

¶ Limited absorption 
¶ Cause ionization 

>оϊмл21 <100fm >12.4 MeV 

proton 
synchrotrons 

and large 
linear 

accelerators 

¶ used for research purposes 
¶ Limited absorption 

¶ Cause ionization 

 
 

Electromagnetic radiation interactions 
 

9ƭŜŎǘǊƻƳŀƎƴŜǝŎ ǊŀŘƛŀǝƻƴ Ŏŀƴ ǘǊŀǾŜƭ ǘƘǊƻǳƎƘ ƳŀǧŜǊ ŀƴŘ ƛǘ Ŏŀƴ ōŜ ǘǊŀƴǎƳƛǧŜŘ ǿƛǘƘƻǳǘ 
ǘǊŀƴǎŦŜǊǊƛƴƎ ŀƴȅ ŜƴŜǊƎȅ ƻǊ ƛǘǎ ƛƴǘŜƴǎƛǘȅ Ƴŀȅ ōŜ ǊŜŘǳŎŜŘ ōȅ ƛƴǘŜǊŀŎǝƻƴ ǿƛǘƘ ǘƘŜ ǘǊŀǾŜǊǎŜŘ 
ƳŀǘŜǊƛŀƭΦ LƴŘƛǾƛŘǳŀƭ ǇƘƻǘƻƴǎ ƛƴǘŜǊŀŎǘ ǿƛǘƘ ŜƴŎƻǳƴǘŜǊŜŘ ŀǘƻƳǎ ŀǧŜƴǳŀǝƴƎ ǘƘŜ ǘǊŀƴǎƳƛǩƴƎ 
ŜƴŜǊƎȅΦ .ƛƻƭƻƎƛŎŀƭ ŜũŜŎǘǎ ŀǊƛǎŜ ǿƛǘƘ ǘƘŜ ǎŎŀǧŜǊƛƴƎ ƻǊ ŀōǎƻǊǇǝƻƴ ƻŦ · Ǌŀȅǎ ƻǊ ƎŀƳƳŀ Ǌŀȅǎ ōȅ 
ǘƘŜ ŀǘƻƳǎ ƻŦ ǝǎǎǳŜǎκƻǊƎŀƴǎΦ ¢ƘŜ ǇƘƻǘƻƴ ŜƴŜǊƎȅ ŀƴŘ ǘƘŜ ŀǘƻƳƛŎ ƴǳƳōŜǊ ƻŦ ǘƘŜ ŀōǎƻǊōƛƴƎ 
ƳŀǘŜǊƛŀƭ ŘŜŬƴŜ ǘƘŜ ŀōǎƻǊǇǝƻƴ ǇǊƻŎŜǎǎΦ tƘƻǘƻƴǎ ǇŀǎǎƛƴƎ ǘƘǊƻǳƎƘ ƳŀǧŜǊ ǘǊŀƴǎŦŜǊ ǘƘŜƛǊ ŜƴŜǊƎȅ 
ǘƘǊƻǳƎƘ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ǘƘǊŜŜ Ƴŀƛƴ ǇǊƻŎŜǎǎŜǎΥ ǇƘƻǘƻŜƭŜŎǘǊƛŎ ŀōǎƻǊǇǝƻƴΣ /ƻƳǇǘƻƴ ǎŎŀǧŜǊƛƴƎΣ 
ŀƴŘ ǇŀƛǊ ǇǊƻŘǳŎǝƻƴΦ  
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Figure 2. Dominant types of interactions as a function of the atomic number Z of the absorber and the energy of 

the photon radiation [2]. 

 

Photoelectric absorption  

 

Lƴ ǘƘŜ ǇƘƻǘƻŜƭŜŎǘǊƛŎ ŜũŜŎǘΣ ǘƘŜ ƛƴŎƛŘŜƴǘ ǇƘƻǘƻƴ ƛƴǘŜǊŀŎǘǎ ǿƛǘƘ ŀ ōƻǳƴŘ ƛƴƴŜǊ ǎƘŜƭƭ ŜƭŜŎǘǊƻƴ ƻŦ 
ǘƘŜ ŀōǎƻǊōƛƴƎ ƳŜŘƛǳƳ ŀƴŘ ŜƧŜŎǘǎ ƛǘ ŦǊƻƳ ǘƘŜ ƻŎŎǳǇƛŜŘ ŀǘƻƳƛŎ ǎƘŜƭƭΦ ¢ƘŜ ƛƴŎƛŘŜƴǘ ǇƘƻǘƻƴ 
ŘƛǎŀǇǇŜŀǊǎΣ ƛǘǎ ŜƴǝǊŜ ŜƴŜǊƎȅ ƛǎ ǘǊŀƴǎŦŜǊǊŜŘ ǘƻ ǘƘŜ ŜƭŜŎǘǊƻƴΣ ǿƘƛŎƘ ƻǾŜǊŎƻƳŜǎ ƛǘǎ ōƛƴŘƛƴƎ ŜƴŜǊƎȅ 
ŀƴŘ ǘƘŜ ǊŜƳŀƛƴŘŜǊ ŀǇǇŜŀǊǎ ŀǎ ƪƛƴŜǝŎ ŜƴŜǊƎȅ ƻŦ ǘƘŜ ǊŜǎǳƭǝƴƎ ǇƘƻǘƻŜƭŜŎǘǊƻƴ όCƛƎǳǊŜ оύΦ ¢ƘŜ 
ƪƛƴŜǝŎ ŜƴŜǊƎȅ ƻŦ ǘƘŜ ǇƘƻǘƻŜƭŜŎǘǊƻƴ Ŝǉǳŀƭǎ ǘƘŜ ŜƴŜǊƎȅ ƻŦ ǘƘŜ ƛƴŎƛŘŜƴǘ ǇƘƻǘƻƴ Ƴƛƴǳǎ ǘƘŜ 
ōƛƴŘƛƴƎ ŜƴŜǊƎȅ ƻŦ ǘƘŜ ŜƭŜŎǘǊƻƴΦ ¢ƘŜ ŜƧŜŎǘŜŘ ǇƘƻǘƻŜƭŜŎǘǊƻƴ ƎǊŀŘǳŀƭƭȅ ƭƻǎŜǎ ƛǘǎ ŜƴŜǊƎȅ ǘƘǊƻǳƎƘ 
ǎŜŎƻƴŘŀǊȅ ƛƻƴƛȊŀǝƻƴǎ ŀǎ ƛǘ ǘǊŀǾŜƭǎ ŀ ŎŜǊǘŀƛƴ ŘƛǎǘŀƴŎŜ ƛƴǎƛŘŜ ǘƘŜ ŀōǎƻǊōƛƴƎ ƳŜŘƛǳƳΦ 5ǳŜ ǘƻ ǘƘŜ 
ŜƧŜŎǘŜŘ ǇƘƻǘƻŜƭŜŎǘǊƻƴ όƻƴŜ ƳƛǎǎƛƴƎ ŜƭŜŎǘǊƻƴ ŦǊƻƳ ŀƴ ƛƴƴŜǊ ǎƘŜƭƭύ ǘƘŜ ŀǘƻƳ ƛǎ ƭŜƊ ƛƻƴƛȊŜŘΦ ¢ƘŜ 
ǾŀŎŀƴŎȅ ƛǎ ƛƴǎǘŀƴǘƭȅ ƻŎŎǳǇƛŜŘ ōȅ ŀƴ ŜƭŜŎǘǊƻƴ ŦǊƻƳ ŀƴ ǳǇǇŜǊ ƻǊōƛǘŀƭΣ ŜƳƛǩƴƎ ǘƘŜ ōŀƭŀƴŎŜ ƻŦ 
ŜƴŜǊƎȅ ŀǎ άŎƘŀǊŀŎǘŜǊƛǎǝŎ ǊŀŘƛŀǝƻƴέκǇƘƻǘƻƴ ό·πǊŀȅ ƅǳƻǊŜǎŎŜƴŎŜύ ƻǊ !ǳƎŜǊ ŜƭŜŎǘǊƻƴǎΦ ¢Ƙƛǎ 
ǎŜŎƻƴŘŀǊȅ ǊŀŘƛŀǝƻƴ ƛǎ ŜƳƛǧŜŘ ǊŀƴŘƻƳƭȅ ƭƛƪŜ ǎŎŀǧŜǊ ǊŀŘƛŀǝƻƴΣ ǿƛǘƘ Ƴƻǎǘ ƻŦ ǘƘŜǎŜ Ǌŀȅǎ ōŜƛƴƎ 
ǊŜŀōǎƻǊōŜŘ ƛƴ ǘƘŜ ōƻŘȅΦ IƻǿŜǾŜǊΣ ǘƘŜ ŜƴŜǊƎȅ ƻŦ ǘƘŜǎŜ ǇƘƻǘƻƴǎ ƛǎ ǘȅǇƛŎŀƭƭȅ лΦрƪ± ŀƴŘ ƛǎ ƴƻǘ ǎƻ 
ōƛƻƭƻƎƛŎŀƭƭȅ ƛƳǇƻǊǘŀƴǘΦ ¢ƘŜ ǇƘƻǘƻŜƭŜŎǘǊƛŎ ŜũŜŎǘ ƛǎ ǘƘŜ ŘƻƳƛƴŀƴǘ ŜƴŜǊƎȅ ǘǊŀƴǎŦŜǊ ƳŜŎƘŀƴƛǎƳ 
ŦƻǊ · ŀƴŘ ƎŀƳƳŀ Ǌŀȅ ǇƘƻǘƻƴǎ ƘŀǾƛƴƎ ŜƴŜǊƎƛŜǎ ōŜƭƻǿ рл ƪŜ± ƛƴ ōƛƻƭƻƎƛŎŀƭ ǝǎǎǳŜǎΦ  
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Figure 3. Photoelectric effect: total absorption of the incident photon as it ejects an inner shell electron, known as 
a photoelectron. The empty shell is filled with an electron from an upper orbit, resulting in the release of 

characteristic radiation [3].  

 

Auger electrons 

!ǳƎŜǊ ŜƭŜŎǘǊƻƴǎ ŀǊŜ ŜƭŜŎǘǊƻƴǎ ŦǊƻƳ ƘƛƎƘŜǊ ƻǊōƛǘŀƭǎ ŜƧŜŎǘŜŘ ŦǊƻƳ ŀǘƻƳǎ ŀƊŜǊ ƛƴƴŜǊπǎƘŜƭƭ 
ŜƭŜŎǘǊƻƴǎΩ ŜƴŜǊƎȅ ƭŜǾŜƭ ǘǊŀƴǎƛǝƻƴΦ !ǎ ŘŜǎŎǊƛōŜŘ ŀōƻǾŜΣ ǿƘŜƴ ŀ ŎƻǊŜ ŜƭŜŎǘǊƻƴ ŦǊƻƳ ŀƴ ƛƴƴŜǊ 
ƻǊōƛǘŀƭ ƛǎ ǊŜƳƻǾŜŘ όǇƘƻǘƻŜƭŜŎǘǊƻƴ ŜƳƛǝƻƴύΣ ƭŜŀǾƛƴƎ ŀ ǾŀŎŀƴŎȅΣ ŀƴ ŜƭŜŎǘǊƻƴ ŦǊƻƳ ŀ ƘƛƎƘŜǊ 
ŜƴŜǊƎȅ ƭŜǾŜƭ Ƴŀȅ Ŧŀƭƭ ƛƴǘƻ ǘƘŜ ǾŀŎŀƴŎȅΣ ǊŜƭŜŀǎƛƴƎ ƛǘǎ ŜȄŎŜǎǎƛǾŜ ƻŦ ŜƴŜǊƎȅΦ aƻǎǘ ƻƊŜƴ ǘƘƛǎ ŜƴŜǊƎȅ 
ƛǎ ǊŜƭŜŀǎŜŘ ƛƴ ǘƘŜ ŦƻǊƳ ƻŦ ŀƴ ŜƳƛǧŜŘ ǇƘƻǘƻƴΦ IƻǿŜǾŜǊΣ ǘƘŜ ǎŀƳŜ ŜƴŜǊƎȅ Ŏŀƴ ŀƭǎƻ ōŜ 
ǘǊŀƴǎŦŜǊǊŜŘ ǘƻ ŀƴƻǘƘŜǊ ŜƭŜŎǘǊƻƴ ƻŦ ŀ ƘƛƎƘŜǊ ƻǊōƛǘŀƭΣ ǘƘŀǘ ǿƛƭƭ ōŜ ŜƧŜŎǘŜŘ ŦǊƻƳ ǘƘŜ 
ŀǘƻƳ ŀǎ ŀƴ !ǳƎŜǊ ŜƭŜŎǘǊƻƴΦ 
 

Compton effect 

 

¢Ƙƛǎ ƛǎ ŀƴ ŜƴŜǊƎȅ ŘŜǇƻǎƛǝƻƴ ǇǊƻŎŜǎǎ ǘƘŀǘ ƻŎŎǳǊǎ ǿƘŜƴ ŀƴ ƛƴŎƛŘŜƴǘ ǇƘƻǘƻƴ ƛƴǘŜǊŀŎǘǎ ǿƛǘƘ ŀƴ 
ƻǳǘŜǊ ƻǊōƛǘŀƭ ŜƭŜŎǘǊƻƴ ƻŦ ǾŜǊȅ ƭƻǿŜǊ ŜƴŜǊƎȅΣ ōȅ ǘǊŀƴǎŦŜǊǊƛƴƎ ŜƴŜǊƎȅ ǘƻ ƛǘ ŀƴŘ ŎŀǳǎƛƴƎ ƛǘǎ ŜƧŜŎǝƻƴ 
ŦǊƻƳ ǘƘŜ ŀǘƻƳΦ ¢ƘŜ ƛƴŎƛŘŜƴǘ ǇƘƻǘƻƴ ƛǎ ǎŎŀǧŜǊŜŘ ǿƛǘƘ ǘƘŜ ǊŜƳŀƛƴŘŜǊ ƻŦ ǘƘŜ ƻǊƛƎƛƴŀƭ ŜƴŜǊƎȅ ƛƴ 
ŀ ŘƛũŜǊŜƴǘ ŘƛǊŜŎǝƻƴ όCƛƎǳǊŜ пύΦ ¢ƘŜ ŀōǎƻǊōƛƴƎ ŀǘƻƳ ǊŜƳŀƛƴǎ ƛƻƴƛȊŜŘ ŘǳŜ ǘƻ ƭƻǎǎ ƻŦ ŀƴ ŜƭŜŎǘǊƻƴΦ 
¢ƘŜ ǎŎŀǧŜǊŜŘ /ƻƳǇǘƻƴ ŜƭŜŎǘǊƻƴ όǎŜŎƻƴŘŀǊȅ ŎƘŀǊƎŜŘ ǇŀǊǝŎƭŜύ ƭƻǎŜǎ ŜƴŜǊƎȅ ōȅ ŦǳǊǘƘŜǊ 
ƛƻƴƛȊŀǝƻƴ ŀƴŘ ŜȄŎƛǘŀǝƻƴ ŜǾŜƴǘǎ ŀƊŜǊ ǘǊŀǾŜƭƛƴƎ ǎƻƳŜ ŘƛǎǘŀƴŎŜ ƛƴ ƳŀǧŜǊΦ  
¢ƘŜ ǇǊƻōŀōƛƭƛǘȅ ƻŦ /ƻƳǇǘƻƴ ǎŎŀǧŜǊƛƴƎ ŘŜŎǊŜŀǎŜǎ ǿƛǘƘ ƛƴŎǊŜŀǎƛƴƎ ǇƘƻǘƻƴ ŜƴŜǊƎȅΦ Lǘ ƛǎ ǘƘŜ 
ǇǊƛƴŎƛǇŀƭ ŀōǎƻǊǇǝƻƴ ƳŜŎƘŀƴƛǎƳ ŦƻǊ · ŀƴŘ ƎŀƳƳŀ Ǌŀȅǎ ƻŦ млл ƪŜ± ǘƻ мл aŜ± ŜƴŜǊƎȅ ǊŀƴƎŜ 
όƛƴǘŜǊƳŜŘƛŀǘŜ ŜƴŜǊƎȅ ǊŀƴƎŜύΦ ¢Ƙƛǎ ǊŀƴƎŜ ƛǎ ƛƴ ǘƘŜ ǘƘŜǊŀǇŜǳǝŎ ǊŀŘƛŀǝƻƴ ǊŀƴƎŜΣ ŀƴŘ ƛǘ ŀƭǎƻ ŦƻǊƳǎ 
Ƴƻǎǘ ƻŦ ǘƘŜ ƎŀƳƳŀ ǊŀŘƛŀǝƻƴ ǇǊŜǎŜƴǘ ƛƴ ŀ ƴǳŎƭŜŀǊ ŜȄǇƭƻǎƛƻƴΦ 



ƖƝ 

 

 

Figure 4. Compton effect: the interaction between medium-energy x and gamma rays and outer shell electrons. 
The interaction results in ionization of the target atom (with ejection of a Compton electron) and deflection of 
the incident ray with lower energy. 

 

Particulate Radiation 
 

LƻƴƛȊŀǝƻƴǎ ŀƴŘ ŜȄŎƛǘŀǝƻƴǎ ƛƴ ǘƘŜ ŀǘƻƳǎ ƻǊ ƳƻƭŜŎǳƭŜǎ ŀǊŜ ŀƭǎƻ ŎŀǳǎŜŘ ōȅ ƛƴǘŜǊŀŎǝƻƴǎ ǿƛǘƘ 

ǇŀǊǝŎǳƭŀǘŜ ǊŀŘƛŀǝƻƴΦ tŀǊǝŎǳƭŀǘŜ ǊŀŘƛŀǝƻƴ Ƙŀǎ ŀ Ƴŀǎǎ ŎƻƳǇƻƴŜƴǘΣ ǘǊŀǾŜƭǎ ŀǘ ǾŀǊȅƛƴƎ ǎǇŜŜŘǎ 

όǎƭƻǿŜǊ ǘƘŀƴ ǘƘŜ ǎǇŜŜŘ ƻŦ ƭƛƎƘǘύ ŀƴŘ Ŏŀƴ ōŜ ŘƛǾƛŘŜŘ ƛƴǘƻ ǘǿƻ ƎŜƴŜǊŀƭ ŎŀǘŜƎƻǊƛŜǎ ŀŎŎƻǊŘƛƴƎ ǘƻ 

ǘƘŜ ǇŀǊǝŎƭŜ ŎƘŀǊƎŜΥ ŎƘŀǊƎŜŘ ŀƴŘ ǳƴŎƘŀǊƎŜŘ όƴŜǳǘǊŀƭύΦ  

Uncharged particles: Neutrons  
bŜǳǘǊƻƴǎ ŀǊŜ ǳƴŎƘŀǊƎŜŘ ǇŀǊǝŎƭŜǎ ŀƴŘ ŀǊŜ ŀƭǎƻ ŎƻƴǎƛŘŜǊŜŘ ƛƴŘƛǊŜŎǘƭȅ Lw όƛƴŘƛǊŜŎǘ ōŜŎŀǳǎŜ ǘƘŜȅ 

Ŏŀƴ ǊŜƭŜŀǎŜ ŘƛǊŜŎǘƭȅ ƛƻƴƛȊƛƴƎ ǇŀǊǝŎƭŜǎ ƻǊ ƛƴƛǝŀǘŜ ŀ ƴǳŎƭŜŀǊ ǘǊŀƴǎŦƻǊƳŀǝƻƴΣ ōǳǘ ǘƘŜȅ Ŏŀƴƴƻǘ 

ǇŀǊǝŎƛǇŀǘŜ ƛƴ ŜƭŜŎǘǊƻǎǘŀǝŎ ƛƴǘŜǊŀŎǝƻƴǎ ǘƘŜƳǎŜƭǾŜǎ ōŜŎŀǳǎŜ ŘǳŜ ǘƻ ǘƘŜ ŀōǎŜƴŎŜ ƻŦ ŎƘŀǊƎŜύΦ 

bŜǳǘǊƻƴǎ Ƴŀƛƴƭȅ ƛƴǘŜǊŀŎǘ ǿƛǘƘ ǘƘŜ ƴǳŎƭŜƛ ƻŦ ǘƘŜ ŀǘƻƳ ƻŦ ǘƘŜ ǘŀǊƎŜǘΦ ¢ƘŜǎŜ ǎŎŀǧŜǊƛƴƎǎ ǊŜǎǳƭǘ ƛƴ 

ǇǊƻǘƻƴǎ ŀƴŘ ƘŜŀǾƛŜǊ ƴǳŎƭŜƛ ǇǊƻŘǳŎǝƻƴ ŀƴŘ ƛƴ ŜǾŜƴ ƳƻǊŜ ƛƻƴƛȊŀǝƻƴǎΦ ¢ƘŜ ƛƻƴƛȊŀǝƻƴ ŘŜƴǎƛǘȅ ƻŦ 

ƛǎ ŦŀǊ ƎǊŜŀǘŜǊ ǘƘŀƴ ƛƴ ǘƘŜ ŎŀǎŜ ƻŦ ·πǊŀȅǎΦ bŜǳǘǊƻƴǎ ŀǊŜ ǇǊƻŘǳŎŜŘ Ƴŀƛƴƭȅ ƛƴ ƴǳŎƭŜŀǊ ǊŜŀŎǘƻǊǎ 

ǿƘŜǊŜ ƴǳŎƭŜƻǝŘŜ ŎƭŜŀǾŀƎŜ ƛǎ ƛƴŘǳŎŜŘ ƻǊ ōȅ ǘƘŜ ǘŀǊƎŜǝƴƎ ƻŦ ǎǳƛǘŀōƭŜ ǘŀǊƎŜǘǎ ǿƛǘƘ ƛƻƴ ōŜŀƳǎ 

ŀŎŎŜƭŜǊŀǘŜŘ ƛƴ ŎȅŎƭƻǘǊƻƴǎΦ 

 

Charged particles: electrons (beta particles) e-, e+, protons p+, alpha particles a+2, and 

heavy ions 
 

/ƘŀǊƎŜŘ ƛƻƴǎ ŀƴŘ ŜƭŜŎǘǊƻƴǎ όōŜǘŀ ǇŀǊǝŎƭŜǎύ ǿƛǘƘ ǎǳŶŎƛŜƴǘ ŜƴŜǊƎȅ ŜƳƛǘ ŘƛǊŜŎǘƭȅ LwΣ ŀǎ ǘƘŜȅ 

ƛƴǘŜǊŀŎǘ ǘƘǊƻǳƎƘ ŜƭŜŎǘǊƻƳŀƎƴŜǝŎ ŦƻǊŎŜǎ ǿƛǘƘ ǘƘŜ ǎǳōŀǘƻƳƛŎ ŎƘŀǊƎŜ ŎŀǊǊƛŜǊǎ ƻŦ ǘƘŜ ƳŜŘƛǳƳΣ 

ŎŀǳǎƛƴƎ ŜȄŎƛǘŀǝƻƴǎ ŀƴŘ ƛƻƴƛȊŀǝƻƴǎΦ ¢Ƙƛǎ ŎŀǘŜƎƻǊȅ ƛƴŎƭǳŘŜǎ ŜƭŜŎǘǊƻƴǎ όōŜǘŀ ǇŀǊǝŎƭŜǎύ ŜπΣ ŜҌ 



ƗƔ 

 

όŜƭŜŎǘǊƻƴǎ ŀƴŘ ǇƻǎƛǘǊƻƴǎύΣ ǇǊƻǘƻƴǎ ǇҌΣ ŀƭǇƘŀ ǇŀǊǝŎƭŜǎ ŀҌнΣ ŀƴŘ ƘŜŀǾȅ ƛƻƴǎΦ 9ƴŜǊƎȅ ŘŜǇƻǎƛǝƻƴ ƛǎ 

ǾŜǊȅ ƘƛƎƘΣ ŎŀǳǎƛƴƎ ƛƴǘŜƴǎŜ ŘŀƳŀƎŜ ǘƻ ƳƻƭŜŎǳƭŜǎ ŀƭƻƴƎ ǘƘŜ ǇŀǘƘ ƛƴ ƭƛǾƛƴƎ ǝǎǎǳŜǎΣ Ƴŀƛƴƭȅ ŘǳŜ ǘƻ 

ǘƘŜ ǎǘǊƻƴƎ ŜƭŜŎǘǊƻǎǘŀǝŎ ƛƴǘŜǊŀŎǝƻƴǎ ōŜǘǿŜŜƴ ǘƘŜ ǘǊŀǾŜƭƭƛƴƎ ǇŀǊǝŎƭŜ ŀƴŘ ǘƘŜ ŜƭŜŎǘǊƻƴǎ ƻŦ ǘƘŜ 

ŀǘƻƳǎ ƛƴǎƛŘŜ ǘƘŜ ƳŜŘƛǳƳΦ 

.Ŝǘŀ ǇŀǊǝŎƭŜǎ όŜƭŜŎǘǊƻƴǎ Ŝπ ŀƴŘ ǇƻǎƛǘǊƻƴǎ ŜҌύ ƘŀǾŜ ŀƴ ŜǊǊŀǝŎ ǇŀǘƘ ƛƴǎƛŘŜ ŀ ǝǎǎǳŜ ŘǳŜ ǘƻ ǘƘŜƛǊ 

ƭƛƎƘǘ ƳŀǎǎΦ !ǎ ŀ ǊŜǎǳƭǘΣ ǘƘŜȅ Řƻ ƴƻǘ ǇŜƴŜǘǊŀǘŜ ŦǳǊǘƘŜǊ ǘƘŀƴ ǘƘŜ ǎƪƛƴ ƻŦ ǘƘŜ ƘǳƳŀƴ ōƻŘȅΦ !ƭǇƘŀ 

ǇŀǊǝŎƭŜǎ όƘŜƭƛǳƳ ƴǳŎƭŜƛύΣ ŜǾŜƴ ƛŦ ǘƘŜȅ ŀǊŜ ƘƛƎƘƭȅ ƛƻƴƛȊƛƴƎΣ ǘƘŜȅ ǉǳƛŎƪƭȅ ƭƻǎŜ ǘƘŜƛǊ ŜƴŜǊƎȅ ŀƴŘ 

ǘƘŜȅ ǇŜƴŜǘǊŀǘŜ ƻƴƭȅ ŀ ŦŜǿ ǘŜƴǎ ƻŦ ƳƛŎǊƻƴǎ ƛƴ ōƻŘȅ ǝǎǎǳŜΦ Lƴ ƎŜƴŜǊŀƭΣ ƘƛƎƘπŜƴŜǊƎȅ ŜƭŜŎǘǊƻƴǎ 

ƛƻƴƛȊŜ ƳǳŎƘ ƭŜǎǎ ŜŶŎƛŜƴǘƭȅ ǘƘŀƴ ŀƭǇƘŀ ǇŀǊǝŎƭŜǎ ōŜŎŀǳǎŜ ƻŦ ǘƘŜƛǊ ƭƻǿŜǊ Ƴŀǎǎ ŀƴŘ ƭƻǿŜǊ ŎƘŀǊƎŜΦ 

¢ƘŜǊŜŦƻǊŜΣ ǘƘŜȅ ǇŜƴŜǘǊŀǘŜ ǝǎǎǳŜǎ ǘƻ ŀ ƎǊŜŀǘŜǊ ŘŜǇǘƘ ǘƘŀƴ ŀƭǇƘŀ ǇŀǊǝŎƭŜǎΦ tǊƻǘƻƴǎ ŎŀǳǎŜ ƭŜǎǎ 

ŘŀƳŀƎŜ ǘƘŀƴ ŀƭǇƘŀ ǇŀǊǝŎƭŜǎ ōŜŎŀǳǎŜ ǘƘŜƛǊ ŜƴŜǊƎȅ ŘŜǇƻǎƛǝƻƴ ǊŀǘŜ ǾŀǊƛŜǎ ƛƴǾŜǊǎŜƭȅ ƛƴ 

ǇǊƻǇƻǊǝƻƴ ǘƻ ǘƘŜ ǾŜƭƻŎƛǘȅ ƻŦ ǘƘŜ ǇŀǊǝŎƭŜ ŀƴŘ ŘƛǊŜŎǘƭȅ ƛƴ ǇǊƻǇƻǊǝƻƴ ǘƻ ǘƘŜ ǎǉǳŀǊŜ ƻŦ ǘƘŜ ŎƘŀǊƎŜΦ 

!ǘ ǘƘŜ ǎŀƳŜ ŜƴŜǊƎȅΣ ŀƭǇƘŀ ǇŀǊǝŎƭŜǎ ŀǊŜ ǎƭƻǿŜǊ ōŜŎŀǳǎŜ ƻŦ ǘƘŜƛǊ ƘƛƎƘŜǊ Ƴŀǎǎ ŀƴŘ ŎŀǊǊȅ ǘǿƛŎŜ 

ǘƘŜ ŎƘŀǊƎŜ ƻŦ ŀ ǇǊƻǘƻƴ ώпϐΦ 

/ƘŀǊƎŜŘ ƛƻƴǎ Ŏŀƴ ōŜ ŦƻǊƳŜŘ ǿƘŜƴ ƴǳŎƭŜƛ ƻŦ ŎŀǊōƻƴΣ ƴŜƻƴΣ ǎƛƭƛŎƻƴΣ ŀǊƎƻƴ ŀǘƻƳǎ ŀǊŜ ǊƛǇǇŜŘ ƻũ 
ƻƴŜ ƻǊ ƳƻǊŜ ƻǊōƛǘŀƭ ŜƭŜŎǘǊƻƴǎΦ Lƴ ŀŎŎŜƭŜǊŀǘƻǊ ŦŀŎƛƭƛǝŜǎΣ ŎƘŀǊƎŜŘ ƛƻƴǎ Ŏŀƴ ōŜ ŀŎŎŜƭŜǊŀǘŜŘ ǘƻ 
ŜƴŜǊƎƛŜǎ ƻŦ ƘǳƴŘǊŜŘǎ ƻŦ aŜ± ŀƴŘ ƻũŜǊ ǎǇŜŎƛŀƭ ŀŘǾŀƴǘŀƎŜǎ ƛƴ ŎŀƴŎŜǊ ǊŀŘƛƻǘƘŜǊŀǇȅΦ  
 

Linear energy transfer 

 
!ǎ ƛƻƴƛȊƛƴƎ ǊŀŘƛŀǝƻƴǎ ǘǊŀǾŜǊǎŜ ǘƘǊƻǳƎƘ ƳŀǧŜǊΣ ǘƘŜȅ ƛƴǘŜǊŀŎǘ ǿƛǘƘ ŀǘƻƳǎ ƻŦ ǘƘŜ ƳŜŘƛǳƳ ŀƭƻƴƎ 
ǘƘŜƛǊ ǇŀǘƘ ŀƴŘ ƭƻǎŜ ŜƴŜǊƎȅ ƎǊŀŘǳŀƭƭȅ ǘƘǊƻǳƎƘ ǘƘŜǎŜ ŜƴŜǊƎȅ ŘŜǇƻǎƛǝƻƴ ǇǊƻŎŜǎǎŜǎΦ ¢ƘŜ ŘŜƴǎƛǘȅ 
ƻŦ ŜƴŜǊƎȅ ŘŜǇƻǎƛǝƻƴ όƛƻƴƛȊŀǝƻƴ ŘŜƴǎƛǘȅύ ƛƴ ŀ ƳŀǘŜǊƛŀƭ ǎǳŎƘ ŀǎ ǝǎǎǳŜ ƛǎ ŎŀƭƭŜŘ ǘƘŜ [ƛƴŜŀǊ 9ƴŜǊƎȅ 
¢ǊŀƴǎŦŜǊ ό[9¢ύ ƻŦ ǘƘŜ ǊŀŘƛŀǝƻƴΦ Lǘ ƛǎ ŘŜŬƴŜŘ ŀǎ ǘƘŜ ŀǾŜǊŀƎŜ ŜƴŜǊƎȅ ŘŜǇƻǎƛǘŜŘ ǇŜǊ ǳƴƛǘ ƭŜƴƎǘƘ ƻŦ 
ǘǊŀŎƪ ƻŦ ǊŀŘƛŀǝƻƴΥ 

ὒὉὝ
ὨὉ

Ὠὼ
 

 
ŀƴŘ ǘƘŜ ǳƴƛǘ ƛǎ ƪŜ±κƳΦ aŜŘƛŎŀƭ tƘȅǎƛŎǎ ŀƴŘ wŀŘƛŀǝƻƴ .ƛƻƭƻƎȅ ǳǎǳŀƭƭȅ ǊŜŦŜǊ ǘƻ [ƛƴŜŀǊ 9ƴŜǊƎȅ 
¢ǊŀƴǎŦŜǊΣ ǿƘƛƭŜ Ƴƻǎǘ ƴƻƴπƳŜŘƛŎŀƭ ŬŜƭŘǎ ǊŜŦŜǊ ǘƻ {ǘƻǇǇƛƴƎ tƻǿŜǊΦ 
 
CƻǊ ŀ ǇŀǊǝŎǳƭŀǊ ŀōǎƻǊōŜǊΣ ǘƘŜ ŜƴŜǊƎȅ ƭƻǎǎ ǊŀǘŜ ŘŜǇŜƴŘǎ ƻƴ ǘƘŜ ǊŀŘƛŀǝƻƴ ǘȅǇŜ ŀƴŘ ǘƘŜ ŜƴŜǊƎȅ 
ŀǎ ǿŜƭƭ ŀǎ ǘƘŜ ŘŜƴǎƛǘȅ ƻŦ ǘƘŜ ƳŀǘŜǊƛŀƭΦ CǳǊǘƘŜǊƳƻǊŜΣ [9¢ ǾŀǊƛŜǎ ŀƭƻƴƎ ǘƘŜ ǇŀǊǝŎƭŜΩǎ ǘǊŀƧŜŎǘƻǊȅ 
ōŜŎŀǳǎŜ ƛǘ ǎƭƻǿǎ Řƻǿƴ ōȅ ŘŜǇƻǎƛǝƴƎ ŜƴŜǊƎȅ ŀƭƻƴƎ ƛǘǎΩ ǿŀȅΦ ¢ƘŜ ǊŀǘŜ ƻŦ ǘǊŀƴǎŦŜǊǊƛƴƎ ŜƴŜǊƎȅ 
ƛƴŎǊŜŀǎŜǎ ŀǎ ǘƘƛǎ ƻŎŎǳǊǎΣ ǎǳŎƘ ǘƘŀǘ ǘƘŜǊŜ ƛǎ ŀ ǇŜŀƪ ƻŦ ŜƴŜǊƎȅ ŘŜǇƻǎƛǝƻƴ ŀǘ ǘƘŜ ŜƴŘ ƻŦ ǘƘŜ ǘǊŀŎƪ 
όǘƘŜ .ǊŀƎƎ ǇŜŀƪύΦ  
Lƴ ƎŜƴŜǊŀƭΣ ǎƛƴŎŜ ŎƘŀǊƎŜŘ ǇŀǊǝŎƭŜǎ ƛƴƛǝŀǘŜ ƳƻǊŜ ŘŜƴǎŜ ŀƴŘ ŦǊŜǉǳŜƴǘ ƛƻƴƛȊŀǝƻƴǎ όƎǊŜŀǘŜǊ ŜƴŜǊƎȅ 
ŘŜǇƻǎƛǝƻƴύ ŀƭƻƴƎ ǘƘŜ ǘǊŀŎƪ ǘƘŀƴ · ŀƴŘ ƎŀƳƳŀ ǊŀȅǎΣ ǘƘŜȅ ƘŀǾŜ ƘƛƎƘŜǊ [9¢Φ wŀŘƛŀǝƻƴǎ ŀǊŜ 
ŎŀǘŜƎƻǊƛȊŜŘ ƛƴǘƻ ƭƻǿ ŀƴŘ ƘƛƎƘ [9¢ ǊŀŘƛŀǝƻƴǎ ǿƛǘƘ ǇŀǊǝŎǳƭŀǘŜ ǊŀŘƛŀǝƻƴǎ ǳǎǳŀƭƭȅ ōŜƛƴƎ ƘƛƎƘ [9¢ 
ǿƘŜǊŜŀǎ · ŀƴŘ ƎŀƳƳŀ Ǌŀȅǎ ŀǊŜ ƭƻǿ [9¢ ŘǳŜ ǘƻ ǘƘŜƛǊ ǎǇŀǊǎŜƭȅ ŘƛǎǘǊƛōǳǘŜŘ ƛƻƴƛȊŀǝƻƴǎ ŀƭƻƴƎ ǘƘŜƛǊ 
ǘǊŀŎƪ ǊŜƭŀǝǾŜ ǘƻ ǘƘŜ ŘƛƳŜƴǎƛƻƴǎ ƻŦ ōƛƻƳƻƭŜŎǳƭŜǎΦ 
 
[9¢ ŘŜǎŎǊƛōŜǎ ǘƘŜ ǉǳŀƭƛǘȅ ƻŦ ŘƛũŜǊŜƴǘ ǘȅǇŜǎ ƻŦ ǊŀŘƛŀǝƻƴ ŀƴŘ ƛǎ ƛƳǇƻǊǘŀƴǘ ōŜŎŀǳǎŜ ǘƘŜ ōƛƻƭƻƎƛŎŀƭ 
ŜũŜŎǘ ƻŦ ŀ ǊŀŘƛŀǝƻƴ όƛǘǎ ǊŜƭŀǝǾŜ ōƛƻƭƻƎƛŎŀƭ ŜũŜŎǝǾŜƴŜǎǎΣ w.9ύ ŘŜǇŜƴŘǎ ƻƴ ƛǘǎ ŀǾŜǊŀƎŜ [9¢Φ Lƴ 
ƎŜƴŜǊŀƭΣ ǘƘŜ w.9 ƻŦ ŀ ǊŀŘƛŀǝƻƴ ƛƴŎǊŜŀǎŜǎ ǿƛǘƘ ƛǘǎ [9¢ ǳǇ ǘƻ ŀ ǾŀƭǳŜ ƻŦ ŀōƻǳǘ млл ƪŜ±κƳƳ ŀƴŘ 
ŀōƻǾŜ ǘƘƛǎ ǾŀƭǳŜ ǎǘŀǊǘǎ ǘƻ ŘŜŎƭƛƴŜ ŘǳŜ ǘƻ ŜƴŜǊƎȅ ŘŜǇƻǎƛǝƻƴ ƛƴ ŜȄŎŜǎǎ ƻŦ ǘƘŀǘ ƴŜŜŘŜŘ ǘƻ ŎŀǳǎŜ 
ǘƘŜ ōƛƻƭƻƎƛŎŀƭ ŜũŜŎǘ όƻǾŜǊƪƛƭƭύΦ  

 
 



Ɨƕ 

 

Table 2. Typical LET and RBE values for various radiations [5] 

¢ȅǇŜ ƻŦ wŀŘƛŀǝƻƴ  [9¢ όƪŜ±κ Ƴ˃ύ  w.9  
/ƻōŀƭǘ слπ ɹπǊŀȅǎ όмΦн aŜ±ύ  ϤлΣо  лΦуҍлΦф  
·πǊŀȅǎΣ ǎǘŀƴŘŀǊŘ όнрл ƪ±Ǉύ  н  м  
[ƛƴŀŎ ·πǊŀȅǎ όсπмр aŜ±ύ  лΦо  ϤлΦу  
tǊƻǘƻƴǎ όмл aŜ±ύ  пΦт   
tǊƻǘƻƴǎΣ ǘƘŜǊŀǇȅ ŜƴŜǊƎƛŜǎ όмрл 
aŜ±ύ  

лΦр  ϤмΦм  

bŜǳǘǊƻƴǎ  лΦрҍмлл  мҍн  
πhǇŀǊǝŎƭŜǎ όнΦр aŜ±ύ  мсс  нл  
ŜƭŜŎǘǊƻƴǎ ό.Ŝǘŀ ǇŀǊǝŎƭŜǎύ  
όм aŜ±ύ  

лΦнр   лΦф  

IŜŀǾȅ ŎƘŀǊƎŜŘ ǇŀǊǝŎƭŜǎ  мллҍнлл   

 

Radiation quantities  
 
wŀŘƛŀǝƻƴ ƛǎ ǉǳŀƴǝŬŜŘ ŜƛǘƘŜǊ ƛƴ ǘŜǊƳǎ ƻŦ ŜȄǇƻǎǳǊŜ ƻǊ ƛƴ ǘŜǊƳǎ ƻŦ ŀōǎƻǊǇǝƻƴΦ  

Exposure 
¢ƘŜ ǊŀŘƛŀǝƻƴ ŜȄǇƻǎǳǊŜ ƛǎ ŀ ƳŜŀǎǳǊŜ ƻŦ ǊŀŘƛŀǝƻƴ ōŀǎŜŘ ƻƴ ƛǘǎ ŀōƛƭƛǘȅ ǘƻ ǇǊƻŘǳŎŜ ƛƻƴƛȊŀǝƻƴ ƛƴ 
ŀƛǊ ǳƴŘŜǊ ǎǘŀƴŘŀǊŘ ǘŜƳǇŜǊŀǘǳǊŜ ŀƴŘ ǇǊŜǎǎǳǊŜΦ Lǘ ŘŜǎŎǊƛōŜǎ ǘƘŜ ǊŀŘƛŀǝƻƴ ŜƳƛǝƻƴ ŦǊƻƳ ŀ ǎƻǳǊŎŜ 
ŀƴŘ Ŏŀƴ ōŜ ƳŜŀǎǳǊŜŘ ǿƛǘƘ ǊŀŘƛŀǝƻƴ ŘŜǘŜŎǘƻǊǎΣ ǎǳŎƘ ŀǎ Ǝŀǎ ƛƻƴƛȊŀǝƻƴ ŎƘŀƳōŜǊǎ όDŜƛƎŜǊπaǳƭƭŜǊ 
ǘǳōŜΣ ǎǇŀǊƪ ŎƘŀƳōŜǊΣ ƛƻƴƛȊŀǝƻƴ ƻǊ ǇǊƻǇƻǊǝƻƴŀƭ ŎƻǳƴǘŜǊǎύ ƻǊ ǎƻƭƛŘπǎǘŀǘŜ ŘŜǘŜŎǘƻǊǎ όŜΦƎΦΣ 
ǎŜƳƛŎƻƴŘǳŎǘƻǊ ƻǊ ǎŎƛƴǝƭƭŀǝƻƴ ŎƻǳƴǘŜǊǎύΦ ¢ƘŜ ό{ΦLΦύ ǳƴƛǘ ŦƻǊ ŜȄǇƻǎǳǊŜ ƛǎ /ƻǳƭƻƳōǎκƪƎ ƛƴ ŀƛǊ όƻǊ 
wƻŜƴǘƎŜƴ w ƛƴ ƻƭŘ ǳƴƛǘǎΥ м w Ґ нΦру Ҏ млπп /κƪƎ ŀƛǊύΦ ¢ƘŜ ǳƴƛǘ ƻŦ ŜȄǇƻǎǳǊŜ ƛǎ ƻƴƭȅ ŘŜŬƴŜŘ ŦƻǊ ŀƛǊ 
ŀƴŘ Ŏŀƴƴƻǘ ōŜ ǳǎŜŘ ǘƻ ŘŜǎŎǊƛōŜ ŘƻǎŜ ǘƻ ǝǎǎǳŜΦ bŜǾŜǊǘƘŜƭŜǎǎΣ ƛƻƴƛȊŀǝƻƴ ŎƘŀƳōŜǊǎ ŀǊŜ ǿƛŘŜƭȅ 
ǳǎŜŘ ǘƻ ŎŀƭƛōǊŀǘŜ ƳŜŘƛŎŀƭ ǊŀŘƛŀǝƻƴ ŘŜǾƛŎŜǎ ŀƴŘ ŎƻƴǾŜǊǎƛƻƴ ŦŀŎǘƻǊǎ ǘƻ ŎŀƭŎǳƭŀǘŜ ŀōǎƻǊōŜŘ ŘƻǎŜ 
ŦǊƻƳ ŜȄǇƻǎǳǊŜ ƘŀǾŜ ōŜŜƴ ŎŀǊŜŦǳƭƭȅ ŘƻŎǳƳŜƴǘŜŘ ŦƻǊ ŘƛũŜǊŜƴǘ ǊŀŘƛŀǝƻƴ ŜƴŜǊƎƛŜǎ ŀƴŘ ǝǎǎǳŜǎΦ 
ώпϐ 

 

Absorbed dose 
¢ƘŜ ŀƳƻǳƴǘ ƻŦ ŜƴŜǊƎȅ ŀōǎƻǊōŜŘ ǇŜǊ ƳŀǎǎΦ !ōǎƻǊōŜŘ ŘƻǎŜ ƛǎ ǘƘŜ ŜƴŜǊƎȅ όWƻǳƭŜǎύ ŀōǎƻǊōŜŘ ǇŜǊ 
ǳƴƛǘ Ƴŀǎǎ ƻŦ ǝǎǎǳŜ ŀƴŘ Ƙŀǎ ǘƘŜ ό{ΦLΦύ ǳƴƛǘǎ ƻŦ ƎǊŀȅ όм Dȅ Ґ м WκƪƎύΦ Lƴ ǘƘŜ Ǉŀǎǘ ǘƘŜ ǊŀŘ όǊŀŘƛŀǝƻƴ 
ŀōǎƻǊōŜŘ ŘƻǎŜύ ǿŀǎ ǳǎŜŘΣ ǿƘŜǊŜ млл ǊŀŘ Ґ м Dȅ όм ǊŀŘ Ґ м ŎDȅύΦ  

 

Equivalent dose 
9ǉǳƛǾŀƭŜƴǘ ŘƻǎŜ ƛǎ ŜȄǇǊŜǎǎŜŘ ŀǎ ŀ ǎǳƳƳŀǝƻƴ ǘƻ ƛƴŎƭǳŘŜ ǘƘŜ ŜũŜŎǘǎ ƻŦ ƛǊǊŀŘƛŀǝƻƴ ƻŦ ǝǎǎǳŜ ōȅ 
ƳƻǊŜ ǘƘŀƴ ƻƴŜ ǘȅǇŜ ƻŦ ǊŀŘƛŀǝƻƴΦ CƻǊ ǊŀŘƛŀǝƻƴ ǇǊƻǘŜŎǝƻƴ ŀƴŘ ƻŎŎǳǇŀǝƻƴŀƭ ŜȄǇƻǎǳǊŜ ǇǳǊǇƻǎŜǎ 
ǘƘŜ ǘŜǊƳ ΨŜǉǳƛǾŀƭŜƴǘ ŘƻǎŜΩ ƛǎ ǳǎŜŘ ǘƻ ŎƻƳǇŀǊŜ ǘƘŜ ōƛƻƭƻƎƛŎŀƭ ŜũŜŎǝǾŜƴŜǎǎ ƻŦ ŘƛũŜǊŜƴǘ ǘȅǇŜǎ ƻŦ 
ǊŀŘƛŀǝƻƴ ǘƻ ǝǎǎǳŜǎΦ ¢ƘŜ ό{ΦLΦύ ŘƻǎŜ ŜǉǳƛǾŀƭŜƴǘ όI¢ύ ƛƴ ǎƛŜǾŜǊǘ ό{Ǿύ ƛǎ ǘƘŜ ǇǊƻŘǳŎǘ ƻŦ ǘƘŜ ŀōǎƻǊōŜŘ 
ŘƻǎŜ ό5¢ύ ƛƴ ǘƘŜ ǝǎǎǳŜ ƳǳƭǝǇƭƛŜŘ ōȅ ŀ ǊŀŘƛŀǝƻƴ ǿŜƛƎƘǝƴƎ ŦŀŎǘƻǊ ό²wύΣ ƻƊŜƴ ŎŀƭƭŜŘ ǘƘŜ ǉǳŀƭƛǘȅ 
ŦŀŎǘƻǊΦ Lƴ ǘƘŜ Ǉŀǎǘ ǘƘŜ ǳƴƛǘ ǊŜƳ όǊŀŘƛŀǝƻƴ ŜǉǳƛǾŀƭŜƴǘ Ƴŀƴύ ǿŀǎ ǳǎŜŘ ǘƻ ŎƻƳǇŀǊŜ ŘƻǎŜǎ ǊŜŎŜƛǾŜŘ 
ōȅ ŘƛũŜǊŜƴǘ ǘȅǇŜǎ ƻŦ ǊŀŘƛŀǝƻƴǎ όмлл ǊŜƳ Ґ м {ǾύΦ  
 

Effective dose  

9ũŜŎǝǾŜ 5ƻǎŜ ƛǎ ǳǎŜŘ ǘƻ ŜǎǝƳŀǘŜ ǘƘŜ Ǌƛǎƪ ƻŦ ǊŀŘƛŀǝƻƴ ƛƴ ƘǳƳŀƴǎΦ Lǘ ƛǎ ǘƘŜ ǎǳƳ ƻŦ ǘƘŜ ǇǊƻŘǳŎǘǎ 
ƻŦ ŜǉǳƛǾŀƭŜƴǘ ŘƻǎŜǎ ǘƻ ŜŀŎƘ ƻǊƎŀƴκǝǎǎǳŜ όI¢ύ ŀƴŘ ǘƘŜ ǝǎǎǳŜ ǿŜƛƎƘǝƴƎ ŦŀŎǘƻǊ ό²¢ύΦ  
¢ƘŜ ǳƴƛǘ ƻŦ ŜũŜŎǝǾŜ ŘƻǎŜ ƛǎ ǘƘŜ {ƛŜǾŜǊǘ ό{ǾύΦ 
 



ƗƖ 

 

Collective dose 
/ƻƭƭŜŎǝǾŜ ŘƻǎŜ ƛǎ ŘŜŬƴŜŘ ŀǎ ǘƘŜ ŘƻǎŜ ǊŜŎŜƛǾŜŘ ǇŜǊ ǇŜǊǎƻƴ ƛƴ {Ǿ ƳǳƭǝǇƭƛŜŘ ōȅ ǘƘŜ ƴǳƳōŜǊ ƻŦ 
ǇŜǊǎƻƴǎ ŜȄǇƻǎŜŘ ǇŜǊ ȅŜŀǊ ƛΦŜΦΣ ƳŀƴπǎƛŜǾŜǊǘ ǇŜǊ ȅŜŀǊΦ ¢Ƙƛǎ ǳƴƛǘ ƛǎ ƎŜƴŜǊŀƭƭȅ ǳǎŜŘ ŦƻǊ ǇǊƻǘŜŎǝƻƴ 
ǇǳǊǇƻǎŜǎ ŀƴŘ ƛƴ ǇƻǇǳƭŀǝƻƴ ǊŜǎǇƻƴǎŜ ŎŀƭŎǳƭŀǝƻƴǎΦ 
 

Table 3. Summary of radiation doses and units 

Dose SI unit Old unit conversion 

Exposure C/kg air Roentgen ρὙ ςȟυψρπὅὯὫϳ ὥὭὶ 

Absorbed gray (Gy) rad 1 rad = 1 cGy 

Equivalent sievert (Sv) rem 100 rem = 1 Sv 

 

2.2 Radiation Biology: the basics 
 

¢ƘŜ ǝƳŜ ŘƻƳŀƛƴ ƻŦ ǊŀŘƛŀǝƻƴ ŀŎǝƻƴ ŜȄǘŜƴŘǎ ƻǾŜǊ ŀ ōǊƻŀŘ ǝƳŜǎŎŀƭŜΥ ŦǊƻƳ ǘƘŜ ǾŜǊȅ ŜŀǊƭȅ 

ǇƘȅǎƛŎŀƭ ǇǊƻŎŜǎǎŜǎ όŜƴŜǊƎȅ ŀōǎƻǊǇǝƻƴύ ǘƻ ǘƘŜ ǾŜǊȅ ƭŀǘŜ ōƛƻƭƻƎƛŎŀƭ ŜũŜŎǘǎ ǎǳŎƘ ŀǎ 

ŎŀǊŎƛƴƻƎŜƴŜǎƛǎ όȅŜŀǊǎ ƭŀǘŜǊύΦ ¢ƘŜ ǝƳŜŦǊŀƳŜ ƻŦ ǘƘŜ ŀŎǝƻƴ ƻŦ ǊŀŘƛŀǝƻƴ ƛǎ ƭƛǎǘŜŘ ƛƴ ¢ŀōƭŜ пΣ ŀǎ 

ŘŜŬƴŜŘ ōȅ IΦ bƛƪƧƻƻ ώсϐ ώтϐΦ 

Table 4. Time domain of radiation action [6] [7]. 

{ǘŀƎŜ  ¢ƛƳŜ ŦǊŀƳŜ  9ǾŜƴǘǎ ϧ tǊƻŎŜǎǎŜǎ  

tƘȅǎƛŎŀƭ  ŀǎŜŎ ς ƴǎŜŎ  9ƴŜǊƎȅ ǘǊŀƴǎŦŜǊΦ 
LƻƴƛȊƛƴƎ ǇŀǊǝŎƭŜ ǘǊŀƴǾŜǊǎŜǎ ŀ ƳƻƭŜŎǳƭŜΥ 
ƛƻƴƛȊŀǝƻƴǎ ŀƴŘ ŜȄŎƛǘŀǝƻƴǎ  

tƘȅǎƛŎƻπŎƘŜƳƛŎŀƭ  ŦǎŜŎ ς ƴǎŜŎ  Displace of absorbed energy into molecules 
and between them, rupture of chemical 
bonds, water radiolysis, formation of radical 
species and molecular products, diffusion of 
free radicals.  

/ƘŜƳƛŎŀƭ  ƴǎŜŎ ς ƳǎŜŎ  Reactions between free radicals, reactions 
between free radicals and molecules, 
formation of molecules with abnormal 
structure and function.  

.ƛƻŎƘŜƳƛŎŀƭ  ƳǎŜŎ ς ƘƻǳǊǎ  9ƴȊȅƳŀǝŎ ǊŜŀŎǝƻƴǎΣ ǇǊƻǘŜƛƴ ǎȅƴǘƘŜǎƛǎ 
ƛƴƘƛōƛǝƻƴΣ ŘŀƳŀƎŜ ǊŜŎƻƎƴƛǝƻƴ ŀƴŘ ǊŜǇŀƛǊ 
ǇǊƻŎŜǎǎŜǎΦ  

.ƛƻƭƻƎƛŎŀƭ  ƘƻǳǊǎ ς ƳƻƴǘƘǎ  /Ŝƭƭ ŘŜŀǘƘΣ ǎǘŜƳ ŎŜƭƭ ƪƛƭƭƛƴƎΣ ƳǳǘŀǝƻƴǎΣ 
ƴƻǊƳŀƭπǝǎǎǳŜ ŘŀƳŀƎŜΣ ƭƻǎǎ ƻŦ ŎŜƭƭ 
ǇǊƻƭƛŦŜǊŀǝƻƴΣ ōƭƻƻŘ ǾŜǎǎŜƭ ŘŀƳŀƎŜΣ 
ǘŜƭŀƴƎƛŜŎǘŀǎƛŀΦ  

{ȅǎǘŜƳŀǝŎ  ȅŜŀǊǎ  IƻǊƳƻƴŀƭ ŘŜŬŎƛŜƴŎƛŜǎΣ ƛƳƳǳƴŜ ǊŜǎǇƻƴǎŜǎΣ 
ǾŀǎŎǳƭŀǊ ƛƴƧǳǊȅΣ ŎŀǊŎƛƴƻƎŜƴŜǎƛǎΣ ŀǇǇŜŀǊŀƴŎŜ ƻŦ 
ǘǳƳƻǊǎ ϧ ǎŜŎƻƴŘŀǊȅ ǘǳƳƻǊǎΦ  

 

¢ƘŜ ƛƴƛǝŀƭ ŘŀƳŀƎŜ ŎŀǳǎŜŘ ōȅ ƛƻƴƛȊƛƴƎ ǊŀŘƛŀǝƻƴ ŀŎǝƻƴ ƳƛƎƘǘ ƻŎŎǳǊ ŜƛǘƘŜǊ ŘƛǊŜŎǘƭȅ ƻǊ 

ƛƴŘƛǊŜŎǘƭȅΦ 



ƗƗ 

 

Direct effects 
5ƛǊŜŎǘ ŜũŜŎǘǎ ǊŜŦŜǊ ǘƻ ǘƘŜ ǊŜǎǳƭǘǎ ƻŦ ǘƘŜ ŘƛǊŜŎǘ ƛƴǘŜǊŀŎǝƻƴ ƻŦ ƛƻƴƛȊƛƴƎ ǊŀŘƛŀǝƻƴ ǿƛǘƘ ǘƘŜ ƻǊƎŀƴƛŎ 

ǇƻƭȅƳŜǊ ƳƻƭŜŎǳƭŜǎ ƻŦ ǘƘŜ ŎŜƭƭ ǎǳŎƘ ŀǎ ŜƴȊȅƳŀǝŎ ŀƴŘ ǎǘǊǳŎǘǳǊŀƭ ǇǊƻǘŜƛƴǎΣ wb! ŀƴŘ 5b!Φ ¢ƘŜ 

ƛƻƴƛȊŀǝƻƴ ƻǊ ŜȄŎƛǘŀǝƻƴ ƻŦ ǘƘŜǎŜ ƳƻƭŜŎǳƭŜǎ ƛƴƛǝŀǘŜ ŀ ŎƘŀƛƴ ƻŦ ŜǾŜƴǘǎ ƭŜŀŘƛƴƎ ǘƻ ōƛƻƭƻƎƛŎ 

ŎƘŀƴƎŜǎΦ ²ƛǘƘƛƴ ŀ ǇƛŎƻǎŜŎƻƴŘ ǝƳŜ ǊŀƴƎŜ ŀƊŜǊ ǘƘŜ ǇŀǎǎŀƎŜ ƻŦ ǘƘŜ ǇƘƻǘƻƴǎκǇŀǊǝŎƭŜǎΣ ƻƴŜ ƻǊ 

ƳƻǊŜ ŎƘŜƳƛŎŀƭ ōƻƴŘǎ Ƴŀȅ ōŜ ōǊƻƪŜƴ ƎƛǾƛƴƎ ŀǘƻƳǎ ƻǊ ƳƻƭŜŎǳƭŜǎ ǿƛǘƘ ǳƴǇŀƛǊŜŘ ŜƭŜŎǘǊƻƴǎΣ 

ǿƘƛŎƘ ŀǊŜ ǾŜǊȅ ǊŜŀŎǝǾŜ ŀƴŘ ƘŀǾŜ ŀ ǎƘƻǊǘ ƭƛŦŜΦ ¢ƘŜ ōƻƴŘ Ƴŀȅ ōŜ ǊŜǇŀƛǊŜŘ ƻǊ ŎǊƻǎǎƭƛƴƪƛƴƎ Ƴŀȅ 

ƻŎŎǳǊ ŘǳŜ ǘƻ ǊŀŘƛŎŀƭπǊŀŘƛŎŀƭ ǊŜŀŎǝƻƴǎΦ ¢ƘŜǎŜ ŦǊŜŜ ǊŀŘƛŎŀƭǎ Ƴŀȅ ŀƭǎƻ ǊŜŀŎǘ ǿƛǘƘ ƻȄȅƎŜƴΣ ŀƴŘ ƛƴ 

ǘƘŜ ŎŀǎŜ ƻŦ ƭƛǇƛŘǎ Ƴŀȅ ƛƴƛǝŀǘŜ ŎƘŀƛƴ ǊŜŀŎǝƻƴǎΦ 

Lw Ҍ wI Ҧ wω Ҍ Iω 

.ƻǘƘ IϊŀƴŘ wϊǊŀŘƛŎŀƭǎ Ŏŀƴ ǊŜŀŎǘ ǿƛǘƘ ŀƴƻǘƘŜǊ ƳƻƭŜŎǳƭŜ ŜΦƎΦ 5b!Σ ƭƛǇƛŘǎΣ ǇǊƻǘŜƛƴǎΦ 

wω Ҍ wΩI Ҧ wΩϊ Ҍ wI 

wŀŘƛŎŀƭǎ Ŏŀƴ ǇǊƻŘǳŎŜ ŎǊƻǎǎ ƭƛƴƪƛƴƎ ǊŜŀŎǝƻƴǎΦ 

wω Ҍ wϊ Ҧwω π wϊ 

!ōƻǳǘ ƻƴŜ ǘƘƛǊŘ ƻŦ πɹǊŀŘƛŀǝƻƴ ƛǎ ŎŀǳǎŜŘ ōȅ ŘƛǊŜŎǘ ŜũŜŎǘǎΦ 5ƛǊŜŎǘ ŀŎǝƻƴ ƛǎ ƳƻǊŜ ŘƻƳƛƴŀƴǘ ƻƴ 

ƘƛƎƘπ[9¢ ǊŀŘƛŀǝƻƴǎΣ ǎǳŎƘ ŀǎ πhǇŀǊǝŎƭŜǎ ŀƴŘ ƴŜǳǘǊƻƴǎΦ 

Indirect effects 
¢ƘŜ ŀōǎƻǊǇǝƻƴ ƻŦ ŜƴŜǊƎȅ ŘŜǇŜƴŘǎ ƻƴ ǘƘŜ ŀōǳƴŘŀƴŎŜ ƻŦ ƳŀǘŜǊƛŀƭ ƛƴ ǘƘŜ ǇŀǘƘ ƻŦ ǘƘŜ ǊŀŘƛŀǝƻƴΦ 

¢ƘŜ Ƴƻǎǘ ǇǊŜŘƻƳƛƴŀƴǘ ƳƻƭŜŎǳƭŜ ƛƴ ƭƛǾƛƴƎ ƻǊƎŀƴƛǎƳǎ ƛǎ ǿŀǘŜǊΣ ōŜƛƴƎ ŀōƻǳǘ ул ҈ ƻŦ ǘƘŜ Ƴŀǎǎ ƻŦ 

ŀ ƭƛǾƛƴƎ ŎŜƭƭΦ !ǎ ŀ ǊŜǎǳƭǘΣ ŎŜƭƭǳƭŀǊ ǿŀǘŜǊ ŀōǎƻǊōǎ ŀ ƳŀƧƻǊ ǇǊƻǇƻǊǝƻƴ ƻŦ ǊŀŘƛŀǝƻƴ ŜƴŜǊƎȅ 

ŘŜǇƻǎƛǘŜŘΣ ƛƴƛǝŀǝƴƎ ŀ ŎƻƳǇƭŜȄ ǎŜǊƛŜǎ ƻŦ ŎƘŜƳƛŎŀƭ ŎƘŀƴƎŜǎ ƛƴ ǿŀǘŜǊ ƳƻƭŜŎǳƭŜǎΦ ¢Ƙƛǎ ǇǊƻŎŜǎǎ ƛǎ 

ŎŀƭƭŜŘ ǿŀǘŜǊ ǊŀŘƛƻƭȅǎƛǎΦ  

wŀŘƛŀǝƻƴ ƛƴǘŜǊŀŎǘǎ ǿƛǘƘ ǿŀǘŜǊ ŎŀǳǎƛƴƎ ƛƻƴƛȊŀǝƻƴ ŀƴŘ ŜȄŎƛǘŀǝƻƴ ǇǊƻŎŜǎǎ ǇǊƻŘǳŎƛƴƎ ǎƘƻǊǘπƭƛǾŜŘ 

IнhҌ ǊŀŘƛŎŀƭπŎŀǝƻƴǎΣ Ŧŀǎǘ ŜƭŜŎǘǊƻƴǎΣ ŀƴŘ ŜƭŜŎǘǊƻƴƛŎŀƭƭȅπŜȄŎƛǘŜŘ ǿŀǘŜǊ ƳƻƭŜŎǳƭŜǎ όIнhҌύΦ IнhҌ 

ƛƻƴǎ ŀƴŘ ŜȄŎƛǘŜŘ ǿŀǘŜǊ ƳƻƭŜŎǳƭŜǎ ŀǊŜ ǳƴǎǘŀōƭŜ ŀƴŘ ŘŜŎƻƳǇƻǎŜ ǿƛǘƘƛƴ млπмо ǎ ǘƻ ŦƻǊƳ hIω ŀƴŘ 

Iω ǊŀŘƛŎŀƭǎ 

IR + H2OҦ I2O+ + e- 

H2O + H2O+Ҧ I3O+ + hIω 

IR + H2h Ҧ I2O* Ҧ H2O + photon emitted 

or 

H2hϝҦhIω Ҍ Iω 

¢ƘŜ ǳƴǇŀƛǊŜŘ ŜƭŜŎǘǊƻƴ ƻŦ ǘƘŜ ƘȅŘǊƻȄȅƭ ǊŀŘƛŎŀƭ ƛǎ ŀ ƘƛƎƘƭȅ ǊŜŀŎǝǾŜ ƻȄƛŘƛȊƛƴƎ ŀƎŜƴǘΣ ŀǎ ƛǘ ƛǎ ŀōƭŜ 

ǘƻ ŘƛũǳǎŜ ŀ ǎƘƻǊǘ ŘƛǎǘŀƴŎŜ ŀƴŘ ǊŜŀŎǘ ǿƛǘƘ ŎǊƛǝŎŀƭ ǘŀǊƎŜǘ ƳƻƭŜŎǳƭŜǎ ǇǊƻŘǳŎƛƴƎ ŀƴƻǘƘŜǊ ǊŀŘƛŎŀƭΦ 

¢Ƙƛǎ ƴŜǿ ǊŀŘƛŎŀƭ Ŏŀƴ ǊŜŀŎǘ ǿƛǘƘ ǿŀǘŜǊ ŦƻǊƳƛƴƎ ŀƴ ŀƴƛƻƴ ǿƘƛŎƘ ǊŀǇƛŘƭȅ ŘƛǎǎƻŎƛŀǘŜǎ ǘƻ ƎƛǾŜ ŀ 

ƘȅŘǊƻƎŜƴ ŀǘƻƳ όIϊύΦ ¢ƘŜ ŜƧŜŎǘŜŘ ǎŜŎƻƴŘŀǊȅ ŜƭŜŎǘǊƻƴǎ Ƴŀȅ ƛƴǘŜǊŀŎǘ ǿƛǘƘ ŀ ǿŀǘŜǊ ƳƻƭŜŎǳƭŜ ǘƻ 

ŦƻǊƳ ƘȅŘǊƻȄȅƭ ƛƻƴǎ ŀƴŘ ŀ ƘȅŘǊƻƎŜƴ ŀǘƻƳ όŀ ƘȅŘǊƻƎŜƴ ǊŀŘƛŎŀƭύΣ ƻǊ ǘƘŜȅ Ƴŀȅ ƭƻǎŜ ŜƴŜǊƎȅ ōȅ ŀ 

ǎŜǉǳŜƴŎŜ ƻŦ ƛƴǘŜǊŀŎǝƻƴǎ ǿƛǘƘ ǘƘŜ ƳŜŘƛǳƳ ǳƴǝƭ ǘƘŜȅ ŀǧŀƛƴ ǘƘŜǊƳŀƭ ŜƴŜǊƎƛŜǎ ŀƊŜǊ ŀōƻǳǘ млπмм 

ǎΦ 

e- + H2h Ҧ I2O-Ҧ hI- Ҍ Iω 



ƗƘ 

 

¢ƘŜƴ ǘƘŜ ǘƘŜǊƳŀƭƛȊŜŘ ŜƭŜŎǘǊƻƴǎ ŀǊŜ ǎƻƭǾŀǘŜŘ ōȅ ŘƛŜƭŜŎǘǊƛŎ ƛƴǘŜǊŀŎǝƻƴǎ ǿƛǘƘ ƴŜƛƎƘōƻǊƛƴƎ ǿŀǘŜǊ 
ƳƻƭŜŎǳƭŜǎ ǘƻ ŦƻǊƳ ƘȅŘǊŀǘŜŘ ŜƭŜŎǘǊƻƴǎΣ ŜŀǉΣ ǿƘƛŎƘ ǊŜŀŎǘǎ ǿƛǘƘ ŀ ǇǊƻǘƻƴ ǘƻ ƎƛǾŜ ŀ ƘȅŘǊƻƎŜƴ ŀǘƻƳ 
όIϊύΥ 
 

Ŝπŀǉ Ҍ IҌ Ҧ Iω 

! ƘȅŘǊŀǘŜŘ ŜƭŜŎǘǊƻƴǎ ƛǎ ǘƘŜ ǎǘǊƻƴƎŜǎǘ ƪƴƻǿƴ ǊŜŘǳŎƛƴƎ ǎǇŜŎƛŜǎ ŀǘ ǇI тΦлΦ Lƴ ƻȄȅƎŜƴŀǘŜŘ 
ǎƻƭǳǝƻƴǎΣ ƛǘ ƛǎ ŎƻƴǾŜǊǘŜŘ ǘƻ hн

πΣ ŀ ǎǘǊƻƴƎ ƻȄƛŘƛȊƛƴƎ ŀƎŜƴǘ ŀƴŘ ǇǊŜŎǳǊǎƻǊ ƻŦ ƘȅŘǊƻƎŜƴ ǇŜǊƻȄƛŘŜΥ 
 

Ŝπŀǉ Ҍ hн Ҧ hнπ 

¢ƘŜǎŜ ǇǊƛƳŀǊȅ ǿŀǘŜǊ ǊŀŘƛŎŀƭǎ όŜŀǉΣ hIΣ Iωύ ŀǊŜ ƘƛƎƘƭȅ ǊŜŀŎǝǾŜ ǘƻǿŀǊŘǎ ƳƻƭŜŎǳƭŜǎ ƻŦ ŎŜƭƭǎΣ 5b!Σ 

ƭƛǇƛŘǎ ŀƴŘ ƻǘƘŜǊ ǎǳōŎŜƭƭǳƭŀǊ ŎƻƴǎǝǘǳŜƴǘǎΦ Lƴ ƻȄȅƎŜƴŀǘŜŘ ǎƻƭǳǝƻƴǎΣ ƘȅŘǊƻƎŜƴ ŀǘƻƳǎ Ŏŀƴ ǊŜŀŎǘ 

ǿƛǘƘ ƻȄȅƎŜƴ ǘƻ ƎƛǾŜ ƘȅŘǊƻǇŜǊƻȄȅƭ ŦǊŜŜ ǊŀŘƛŎŀƭǎ όIhнωύΥ 

Iω Ҍ hн Ҧ Ihнω 

¢ƘŜ ǿŀǘŜǊ ǊŀŘƛƻƭȅǎƛǎ ǊŜŀŎǝƻƴ ǊŀǘŜ ŘŜǇŜƴŘǎ ƻƴ ǘƘŜ ǇI ŀƴŘ [9¢ ƻŦ ǘƘŜ ǊŀŘƛŀǝƻƴ ώпϐΦ  

!ǘ ǘƘŜ ŎŜƭƭǳƭŀǊ ƭŜǾŜƭΣ ǿŀǘŜǊ ǊŀŘƛƻƭȅǎƛǎ ƛƴ ǘƘŜ ŎȅǘƻǇƭŀǎƳ ǇǊƻŘǳŎŜǎ ŘŀƳŀƎŜ ōȅ ǘƘŜ ƛƴŘƛǊŜŎǘ ŀŎǝƻƴ 

ƻŦ ƛƻƴƛȊƛƴƎ ǊŀŘƛŀǝƻƴ ǿƛǘƘ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ǎǘŜǇǎ ώуϐ 

{ǘŜǇ мΥ ¢ƘŜ ƛƴƛǝŀƭ ǇƘƻǘƻƴκǇŀǊǝŎƭŜ ƛƴŎƛŘŜƴǘ ǇǊƻŘǳŎŜǎ ŀ ƘƛƎƘ ŜƴŜǊƎȅ ŜƭŜŎǘǊƻƴ ōȅ 

ǇƘƻǘƻŜƭŜŎǘǊƛŎ ŜũŜŎǘΣ /ƻƳǇǘƻƴ ǎŎŀǧŜǊƛƴƎ ƻǊ ǇŀƛǊ ǇǊƻŘǳŎǝƻƴΦ  

{ǘŜǇ нΥ ¢ƘŜ ƘƛƎƘ ŜƴŜǊƎȅ ŜƭŜŎǘǊƻƴ ƛǎ ƳƻǾƛƴƎ ǘƘǊƻǳƎƘ ǘƘŜ ŎŜƭƭΣ ƛƴǘŜǊŀŎǘǎ ǿƛǘƘ ǿŀǘŜǊ 

ƳƻƭŜŎǳƭŜǎ ŀƴŘ ǇǊƻŘǳŎŜǎ ŦǊŜŜ ǊŀŘƛŎŀƭǎΦ  

{ǘŜǇ оΥ   ¢ƘŜ ŦǊŜŜ ǊŀŘƛŎŀƭǎ ƛƴǘŜǊŀŎǘ ǿƛǘƘ 5b!Φ  

{ǘŜǇ пΥ   !ƭƭ ƻŦ ǘƘŜ ŀōƻǾŜ ǊŜǎǳƭǘ ƛƴ ōƛƻƭƻƎƛŎŀƭ ŜũŜŎǘǎΦ  

5ƛǊŜŎǘ ŀƴŘ ƛƴŘƛǊŜŎǘ ŀŎǝƻƴ ƻŦ ǊŀŘƛŀǝƻƴ ƛƴ ǘƘŜ 5b! ƛǎ ǎƘƻǿƴ ƛƴ CƛƎǳǊŜ рΦ 

 

Figure 5. Direct and indirect action of radiation (adapted from DOI:10.13140/2.1.1665.7606). In direct action, 
ionizing radiation interacts with the DNA directly. In indirect action, ionizing radiation interacts with a water 
molecule to produce a hydroxyl radical that will damage the DNA backbone (S: sugar, P: phosphorus), or 
nitrogenous bases (C: cytosine, G: guanine, T: thymine, A: adenine). 



Ɨƙ 

 

Factors affecting the action of ionizing radiation 
¢ƘŜ ǇƘȅǎƛŎŀƭ ŎƘŀǊŀŎǘŜǊƛǎǝŎǎ ƻŦ ƛƻƴƛȊƛƴƎ ǊŀŘƛŀǝƻƴ ŀǊŜ ŘŜǘŜǊƳƛƴƛƴƎ ŦŀŎǘƻǊǎ ŀũŜŎǝƴƎ ƛǘǎ ŀŎǝƻƴ ƻƴ 

ōƛƻƭƻƎƛŎŀƭ ƳŀǘŜǊΦ ¢ƘŜ ǘȅǇŜ ƻŦ ǊŀŘƛŀǝƻƴ ƛǎ ŘŜǎŎǊƛōŜŘ ōȅ ǘƘŜ [9¢Υ ǘƘŜ ƛƻƴƛȊŀǝƻƴ ŘŜƴǎƛǘȅ ǇŜǊ ǳƴƛǘ 

ŘƛǎǘŀƴŎŜ ƻŦ ǇŀǊǝŎƭŜǎ ƛƴ ǘǊŀƴǎǾŜǊǎŜ ƳŜŘƛǳƳΦ hǘƘŜǊ ƛƳǇƻǊǘŀƴǘ ŎƘŀǊŀŎǘŜǊƛǎǝŎǎ ŀǊŜ ǘƘŜ ŘƻǎŜ ǊŀǘŜ 

ŀƴŘ ŦǊŀŎǝƻƴŀǝƻƴΣ ŘƛǊŜŎǘƭȅ ŀũŜŎǝƴƎ ŘŀƳŀƎŜ ƛƴŘǳŎǝƻƴ ŀƴŘ ǘƘŜ Ǉƻǎǎƛōƛƭƛǘȅ ƻŦ ǊŜǇŀƛǊΣ ǎƛƴŎŜ 

ŦǊŀŎǝƻƴŀƭ ŘƻǎŜ ƛǎ ƳƛƭŘŜǊ ǘƘŀƴ ǎƛƴƎƭŜ ŘƻǎŜ ƛǊǊŀŘƛŀǝƻƴΣ ōȅ ǇǊƻǾƛŘƛƴƎ ŜƴƻǳƎƘ ǝƳŜ ǘƻ ǊŜǇŀƛǊ 

ōŜǘǿŜŜƴ ǊŀŘƛŀǝƻƴ ŦǊŀŎǝƻƴǎ ώфϐΦ wŜǎǇŜŎǝǾŜƭȅΣ ŀ ƘƛƎƘ ŘƻǎŜ ǊŀǘŜ ƛƴŎǊŜŀǎŜǎ ǘƘŜ Ǉƻǎǎƛōƛƭƛǘȅ ƻŦ ƭŜǘƘŀƭ 

ŘŀƳŀƎŜ ŘǳŜ ǘƻ ƘƛƎƘŜǊ ƴǳƳōŜǊ ƻŦ ƛƻƴƛȊŀǝƻƴǎΣ ǿƘƛƭŜ ǊŜŘǳŎƛƴƎ ǘƘŜ Ǉƻǎǎƛōƛƭƛǘȅ ƻŦ ǊŜǇŀƛǊ ώмлϐΦ 

.ƛƻƭƻƎƛŎŀƭ ŜũŜŎǘǎ ƻŦ ǊŀŘƛŀǝƻƴ ŀǊŜ ŀƭǎƻ ŜƴƘŀƴŎŜŘ ƻǊ ǎǳǇǇǊŜǎǎŜŘ ōȅ ǾŀǊƛƻǳǎ ŎƘŜƳƛŎŀƭ ŀƎŜƴǘǎΣ 

ǎǳŎƘ ŀǎ ƳƻƭŜŎǳƭŀǊ ƻȄȅƎŜƴΣ ǾŀǊƛƻǳǎ ōƛƴŘŜǊǎ ƻŦ ŀŎǝǾŜ ŦǊŜŜ ǊŀŘƛŎŀƭǎ όǘƘƛƻƭǎΣ ŀƴǝƻȄƛŘŀƴǘ ǾƛǘŀƳƛƴǎύ 

ŀƴŘ ǘƘȅƳƛŘƛƴŜ ŀƴŀƭƻƎǳŜǎΦ hȄȅƎŜƴ ƛƴ ŎŜƭƭǎ ŜƴƘŀƴŎŜǎ ǘƘŜ ōƛƻƭƻƎƛŎŀƭ ŜũŜŎǘ όhȄȅƎŜƴ 9ƴƘŀƴŎŜƳŜƴǘ 

wŀǝƻ π h9wύ ώммϐΣ ǿƘƛƭŜ ǘƘƛƻƭǎ ƻƴ ǘƘŜ ƻǘƘŜǊ ƘŀƴŘ ƛƴŀŎǝǾŀǘŜǎ ŦǊŜŜ ǊŀŘƛŎŀƭǎΣ ǇǊƻǘŜŎǝƴƎ ŀƎŀƛƴǎǘ 

ǊŀŘƛŀǝƻƴ ώмнϐΦ 

¢ƘŜ ŀŎǝƻƴ ƻŦ ǊŀŘƛŀǝƻƴ ƛǎ ŀƭǎƻ ǊŜƎǳƭŀǘŜŘ ōȅ ǘƘŜ ǘŀǊƎŜǘΥ ǘƘŜ ǘȅǇŜ ƻŦ ŎŜƭƭǎκǝǎǎǳŜǎ ŀƴŘ ǘƘŜ ǇƘŀǎŜ 

ƻŦ ǘƘŜ ŎŜƭƭ ŎȅŎƭŜ ŘǳǊƛƴƎ ƛǊǊŀŘƛŀǝƻƴΦ ¢ƘŜ Ƴƻǎǘ ǊŀŘƛƻƴǎŜƴǎƛǝǾŜ ǇƘŀǎŜ ƻŦ ǘƘŜ ŎŜƭƭ ŎȅŎƭŜ ƛǎ ǘƘŜ Dн 

ǇƘŀǎŜ ŀƴŘ ƳƛǘƻǎƛǎΣ ǿƘƛƭŜ ǘƘŜ ŎŜƭƭǎ ŀǊŜ ƭŜǎǎ ǎŜƴǎƛǝǾŜ ƛƴ {ȅƴǘƘŜǎƛǎ tƘŀǎŜΦ ¢ƘŜ ŎŜƭƭ ŎȅŎƭŜ ƛǎ 

ŜȄǇƭŀƛƴŜŘ ƛƴ CƛƎǳǊŜ сΦ 

 

Figure 6. Mitosis in an animal cell (phases ordered counter-clockwise), with G1, S and G2 phases labeled at left. 
(https://commons.wikimedia.org/wiki/File:Animal_cell_cycle-en.svg) 

 

Stochastic effects and deterministic effects of ionizing radiation 
CƻǊ ŘƻǎŜ ƭƛƳƛǘŀǝƻƴ ǇǳǊǇƻǎŜǎΣ ŘƛǾŜǊǎŜ ǊŀŘƛŀǝƻƴ ŜũŜŎǘǎ ŀǊŜ ŘƛǾƛŘŜŘ ƛƴǘƻ ǎǘƻŎƘŀǎǝŎ ŜũŜŎǘǎ ŀƴŘ 

ǝǎǎǳŜ ǊŜŀŎǝƻƴǎ όŘŜǘŜǊƳƛƴƛǎǝŎ ŜũŜŎǘǎύΦ  

https://commons.wikimedia.org/wiki/File:Animal_cell_cycle-en.svg


Ɨƚ 

 

{ǘƻŎƘŀǎǝŎ ŜũŜŎǘǎ ŘŜǎŎǊƛōŜ ŜũŜŎǘǎ ƻŦ ǊŀƴŘƻƳ ƻǊ ǎǘŀǝǎǝŎŀƭ ƴŀǘǳǊŜΣ ǊŜǎǳƭǝƴƎ ŦǊƻƳ ƛƴƧǳǊȅ ǘƻ ŀ 

ǎƛƴƎƭŜ ŎŜƭƭ ƻǊ ǎƳŀƭƭ ƴǳƳōŜǊ ƻŦ ŎŜƭƭǎΦ CƻǊ ŀƴ ŜũŜŎǘ ǘƻ ōŜ ŎŀƭƭŜŘ ǎǘƻŎƘŀǎǝŎΣ ǘƘŜ ǇǊƻōŀōƛƭƛǘȅ ƻŦ ƛǘ 

ƻŎŎǳǊǊƛƴƎΣ ōǳǘ ƴƻǘ ƛǘǎ ǎŜǾŜǊƛǘȅΣ ǿŀǎ ǊŜƎŀǊŘŜŘ ŀǎ ŀ ŦǳƴŎǝƻƴ ƻŦ ŘƻǎŜ ǿƛǘƘƻǳǘ ǘƘǊŜǎƘƻƭŘΦ ¢Ƙƛǎ 

ŎŀǘŜƎƻǊȅ ƛƴŎƭǳŘŜǎ ŎŀƴŎŜǊ ŘŜǾŜƭƻǇƳŜƴǘ ƛƴ ŜȄǇƻǎŜŘ ƛƴŘƛǾƛŘǳŀƭǎ ƻǿƛƴƎ ǘƻ Ƴǳǘŀǝƻƴ ƻŦ ǎƻƳŀǝŎ 

ŎŜƭƭǎ ƻǊ ƘŜǊƛǘŀōƭŜ ŘƛǎŜŀǎŜ ƛƴ ǘƘŜƛǊ ƻũǎǇǊƛƴƎ ƻǿƛƴƎ ǘƻ Ƴǳǘŀǝƻƴ ƻŦ ǊŜǇǊƻŘǳŎǝǾŜ ŎŜƭƭǎ ώмоϐΦ 

5ŜǘŜǊƳƛƴƛǎǝŎ ƻǊ ƴƻƴπǎǘƻŎƘŀǎǝŎ ŜũŜŎǘǎ ƻǊ ǝǎǎǳŜ ǊŜŀŎǝƻƴǎ ŀǊŜ ǘƘŜ ŜũŜŎǘǎ ǘƘŀǘ ŀǊŜ ƴƻǘ 

ǇǊŜŘŜǘŜǊƳƛƴŜŘ ŀǘ ǘƘŜ ǝƳŜ ƻŦ ƛǊǊŀŘƛŀǝƻƴ ŀƴŘ ŘŜǇŜƴŘ ƻƴ ǘƘŜ ōƛƻƭƻƎƛŎŀƭ ǊŜǎǇƻƴǎŜ ƳƻŘƛŬŎŀǝƻƴǎΦ 

¢Ƙƛǎ ŎŀǘŜƎƻǊȅ ƛƴŎƭǳŘŜǎ ŀŘǾŜǊǎŜ ŜũŜŎǘǎ όŘƛǊŜŎǘ ŀƴŘ ƛƴŘƛǊŜŎǘ ŎŜƭƭ ŘŜŀǘƘύ ƛƴ ƛƴƧǳǊŜŘ ŎŜƭƭ ǇƻǇǳƭŀǝƻƴǎ 

ŎƘŀǊŀŎǘŜǊƛȊŜŘ ōȅ ŀ ǘƘǊŜǎƘƻƭŘ ŘƻǎŜ ŀƴŘ ŀƴ ƛƴŎǊŜŀǎŜ ƛƴ ǘƘŜ ǎŜǾŜǊƛǘȅ ƻŦ ǘƘŜ ǊŜŀŎǝƻƴ ŀǎ ǘƘŜ ŘƻǎŜ 

ƛǎ ƛƴŎǊŜŀǎŜŘ ŦǳǊǘƘŜǊΦ !ŎǳǘŜ ŘƻǎŜǎ ƻŦ ǳǇ ǘƻ ḐлΦм Dȅ ǿŜǊŜ ōŜƭƛŜǾŜŘ ǘƻ ǇǊƻŘǳŎŜ ƴƻ ŦǳƴŎǝƻƴŀƭ 

ƛƳǇŀƛǊƳŜƴǘ ƻŦ ǝǎǎǳŜǎ ώмоϐΦ 

DNA structure 
5ŜƻȄȅǊƛōƻƴǳŎƭŜƛŎ ŀŎƛŘ ƛǎ ŀ ŘƻǳōƭŜ ƘŜƭƛŎŀƭ ǎǘǊǳŎǘǳǊŜŘ ǇƻƭȅƳŜǊ ŎƻƴǎƛǎǝƴƎ ƻŦ ǘǿƻ ǇƻƭȅƴǳŎƭŜƻǝŘŜ 

ŎƘŀƛƴǎ όǎǘǊŀƴŘǎύ ŎƻƛƭƛƴƎ ŀǊƻǳƴŘ ŜŀŎƘ ƻǘƘŜǊ ώмпϐ ώмрϐΦ  9ŀŎƘ 5b! ǎǘǊŀƴŘ Ŏƻƴǎƛǎǘǎ ƻŦ ŀ ǎŜǉǳŜƴŎŜ 

ƻŦ ƴǳŎƭŜƻǝŘŜǎΥ ǊŜǇŜŀǘŜŘ ŘŜƻȄȅǊƛōƻǎŜπǇƘƻǎǇƘŀǘŜ ƳƻƭŜŎǳƭŜǎ ǘƘŀǘ ōƛƴŘ ǘƻƎŜǘƘŜǊ όŎƻǾŀƭŜƴǘ 

ōƻƴŘǎύ ŎǊŜŀǝƴƎ ŀƴ ŜȄǘŜǊƴŀƭ 5b! ōŀŎƪōƻƴŜΣ ǿƘƛƭŜ ƴƛǘǊƻƎŜƴ ŎƻƴǘŀƛƴƛƴƎ ōŀǎŜǎ ŀǧŀŎƘŜŘ ǘƻ ǘƘŜ 

ŘŜƻȄȅǊƛōƻǎŜ ƳƻƭŜŎǳƭŜǎ όǎǳƎŀǊ ƳƻƭŜŎǳƭŜǎύ ŀǊŜ ƘŜƭŘ ǘƻƎŜǘƘŜǊ ōȅ ŀ ƘȅŘǊƻƎŜƴ ōƻƴŘΣ ƭƛƴƪƛƴƎ ǘƘŜ 

ǘǿƻ ǎǘǊŀƴŘǎΦ CƻǳǊ ŎƻƳǇƭŜƳŜƴǘŀǊȅ ōŀǎŜǎ ŀǊŜ ŦƻǳƴŘ ƛƴ 5b! ƳƻƭŜŎǳƭŜǎΥ ŀŘŜƴƛƴŜ ό!ύ ǇŀƛǊƛƴƎ ǿƛǘƘ 

ǘƘȅƳƛƴŜ ό¢ύ ŀƴŘ ƎǳŀƴƛƴŜ όDύ ǇŀƛǊƛƴƎ ǿƛǘƘ ŎȅǘƻǎƛƴŜ ό/ύΦ 9ŀŎƘ ǇŀƛǊ ƛǎ ŎŀƭƭŜŘ ōŀǎŜ ǇŀƛǊ όōǇύ ŀƴŘ ƛǎ 

оп ) ƭƻƴƎ όŀƭƻƴƎ ǘƘŜ 5b! ǎǘǊŀƴŘύΦ ¢ƘŜ ƻǊŘŜǊ ŀƴŘ ǎŜǉǳŜƴŎŜǎ ƻŦ ƴǳŎƭŜƻǝŘŜǎ ŀǊŜ ǊŜƅŜŎǘŜŘ ŀǎ 

ƛƴŦƻǊƳŀǝƻƴ ŀǾŀƛƭŀōƭŜ ŦƻǊ ǘƘŜ ŎǊŜŀǝƻƴ ŀƴŘ ŎƻƴǘǊƻƭ ƻŦ ƻǊƎŀƴƛǎƳǎΦ   

!ǎ 5b! ǇƻƭȅƳŜǊƛŎ ŎƘŀƛƴ ƛǎ ŀ ǾŜǊȅ ƭƻƴƎ ŘƻǳōƭŜπǎǘǊŀƴŘŜŘ ƭƛƴŜŀǊ ƳƻƭŜŎǳƭŜΣ ŎŜǊǘŀƛƴ ǇǊƻǘŜƛƴǎ 

ŎƻƳǇŀŎǘ 5b! ƛƴǘƻ ǘƘŜ ƳƛŎǊƻǎŎƻǇƛŎ ǎǇŀŎŜ ƻŦ ǘƘŜ ŎŜƭƭ ƴǳŎƭŜǳǎΦ ¢ƻ ōŜƎƛƴ ǿƛǘƘΣ ǘƘŜ 5b! ƘŜƭƛȄ 

ǿƛƴŘǎ ŀǊƻǳƴŘ ƘƛǎǘƻƴŜǎΣ ǿƘƛŎƘ ŀǊŜ ǇƻǎƛǝǾŜƭȅ ŎƘŀǊƎŜŘ ǇǊƻǘŜƛƴǎ ŀŎǝƴƎ ŀǎ ǎǇƻƻƭǎ ŀǊƻǳƴŘ 5b!Σ 

ŀƴŘ ŎǊŜŀǘŜ ǘƘŜ ōŀǎƛŎ ǎǘǊǳŎǘǳǊŀƭ ǳƴƛǘǎ ƻŦ 5b! ǇŀŎƪŀƎƛƴƎ ŎŀƭƭŜŘ ƴǳŎƭŜƻǎƻƳŜǎΦ 9ŀŎƘ ƴǳŎƭŜƻǎƻƳŜ 

Ŏƻƴǎƛǎǘǎ ƻŦ ŜƛƎƘǘ ƘƛǎǘƻƴŜ ǇǊƻǘŜƛƴǎ ŀǊƻǳƴŘ ǿƘƛŎƘ ǘƘŜ 5b! ǿǊŀǇǎ мΣср ǝƳŜǎ ŀƴŘ ƛǎ ƻŦ ммƴƳ 

ŘƛŀƳŜǘŜǊΦ bǳŎƭŜƻǎƻƳŜǎ ǿǊŀǇ ŀǊƻǳƴŘ ƳǳƭǝǇƭŜ ƘƛǎǘƻƴŜǎ ŦƻǊƳƛƴƎ ŀ ǎƻƭŜƴƻƛŘ олƴƳπŘƛŀƳŜǘŜǊ 

ŬōŜǊ ŎŀƭƭŜŘ ŎƘǊƻƳŀǝƴΦ ¢ƘŜ ƭŀǧŜǊ ŦƻǊƳǎ ƭƻƻǇǎ ŀǾŜǊŀƎƛƴƎ оллƴƳ ƛƴ ƭŜƴƎǘƘΣ ǿƘƛŎƘ ŀǊŜ 

ŎƻƳǇǊŜǎǎŜŘ ŀƴŘ ŦƻƭŘŜŘ ƛƴ ǘƘŜ ǝƎƘǘƭȅ ŎƻƛƭŜŘ ŎƘǊƻƳŀǝŘ ƻŦ ŀ ŎƘǊƻƳƻǎƻƳŜΦ ! ŎƘǊƻƳŀǝŘ 

ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ǎǇŜŎƛŀƭƛȊŜŘ ǇǊƻǘŜƛƴǎ ǘƘŀǘ ǇǊƻǘŜŎǘ ǘƘŜ ŜƴŘǎ ƻŦ ƭƛƴŜŀǊ ŎƘǊƻƳƻǎƻƳŜ ŦǊƻƳ 

ǇǊƻƎǊŜǎǎƛǾŜ ŘŜƎǊŀŘŀǝƻƴ ƛǎ ŎŀƭƭŜŘ ŀ ǘŜƭƻƳŜǊŜΦ  {ƛƴŎŜ ŎƘǊƻƳƻǎƻƳŜǎ ŀǊŜ ƴƻǊƳŀƭƭȅ ǾƛǎƛōƭŜ ƻƴƭȅ 

ŘǳǊƛƴƎ ǘƘŜ ƳŜǘŀǇƘŀǎŜ ƻŦ ŎŜƭƭ ŘƛǾƛǎƛƻƴΣ ǿƘŜǊŜ ŀƭƭ ŎƘǊƻƳƻǎƻƳŜǎ ŀǊŜ ŀƭƛƎƴŜŘ ƛƴ ǘƘŜ ŎŜƴǘŜǊ ƻŦ ǘƘŜ 

ŎŜƭƭ ƛƴ ǘƘŜƛǊ ŎƻƴŘŜƴǎŜŘ ŦƻǊƳΣ ŎƘǊƻƳƻǎƻƳŜǎ ŀǊŜ ƻōǎŜǊǾŜŘ ƛƴ ǇŀƛǊǎ ƻŦ ŎƻǇƛŜŘ ŎƘǊƻƳŀǝŘǎ όǇŀƛǊǎ 

ƻŦ ǘŜƭƻƳŜǊŜǎύ ƧƻƛƴŜŘ ōȅ ŀ ŎŜƴǘǊƻƳŜǊŜΦ 

¢Ƙƛǎ ƛǎ ǘƘŜ ŀƳŀȊƛƴƎ άǘǊƛŎƪέ ƻŦ ƴŀǘǳǊŜ ǘƻ ǎǘƻǊŜ ŀƭƭ ƎŜƴŜǝŎ ƛƴŦƻǊƳŀǝƻƴ ƘƛƎƘƭȅ ǎǘŀōƭŜΣ ƛƴǘŀŎǘΣ 

ǊŜǇƭƛŎŀōƭŜΣ ǳƴǘŀƴƎƭŜŘ ŀƴŘ ŀŎŎŜǎǎƛōƭŜΦ 



Ɨƛ 

 

  

Figure 7. Simplified diagram of the double stranded DNA structure: two strands of nucleotides consisting of sugar-

phosphate molecules and complementary bases that bind the two strands together with hydrogen bonds (left)[16]. 
DNA packaging: graphic decomposition of a chromosome from higher order structures (chromatids) to the bases 

pair of the DNA. (right) [17].  

 

DNA damage 
9ƴŘƻƎŜƴƻǳǎ ŀƴŘ ŜȄƻƎŜƴƻǳǎ ŦŀŎǘƻǊǎ Ƴŀȅ ƛƴŘǳŎŜ 5b! ŘŀƳŀƎŜΦ 9ƴŘƻƎŜƴƻǳǎ ǎƻǳǊŎŜǎ ƻŦ 5b! 

ŘŀƳŀƎŜ ƛƴŎƭǳŘŜ ǎǇƻƴǘŀƴŜƻǳǎ ōŀǎŜ ŎƘŀƴƎŜǎΣ ƘȅŘǊƻƭȅǝŎ ƻǊ ƳŜǘŀōƻƭƛŎ ǇǊƻŎŜǎǎŜǎ όǊŜŀŎǝǾŜ 

ƻȄȅƎŜƴκƴƛǘǊƻƎŜƴƻǳǎ ǎǇŜŎƛŜǎ ŀƴŘ ƭƛǇƛŘ ǇŜǊƻȄƛŘŀǝƻƴ ǇǊƻŎŜǎǎŜǎύ ŀƴŘ ǊŜǇƭƛŎŀǝƻƴ ŜǊǊƻǊǎΦ 

9ȄƻƎŜƴƻǳǎ όŜƴǾƛǊƻƴƳŜƴǘŀƭύ ŘŀƳŀƎŜ ƻŎŎǳǊǎ ŘǳŜ ǘƻ ŜȄǘŜǊƴŀƭ ǎƻǳǊŎŜǎ ǎǳŎƘ ŀǎ ǊŀŘƛŀǝƻƴ ό¦± ŀƴŘ 

ƛƻƴƛȊƛƴƎ ǊŀŘƛŀǝƻƴǎΣ ŎȅǘƻǘƻȄƛŎ ŀƎŜƴǘǎ ŀƴŘ ŎƘŜƳƛŎŀƭ ƳǳǘŀƎŜƴǎΦ DŜƴŜǊŀƭƭȅΣ ŜŀŎƘ ƘǳƳŀƴ ŎŜƭƭ ƛǎ 

ǊŜǉǳƛǊŜŘ ǘƻ ŎƻǇŜ ǿƛǘƘ Ҕмллллл ǎǇƻƴǘŀƴŜƻǳǎ 5b! ƭŜǎƛƻƴǎ ǇŜǊ ŘŀȅΦ 

LƻƴƛȊƛƴƎ ǊŀŘƛŀǝƻƴ ƛǎ ŀōǳƴŘŀƴǘ ƛƴ ƻǳǊ ŜƴǾƛǊƻƴƳŜƴǘ ŀƴŘ ƛǎ ǇǊƻŘǳŎŜŘ ŦǊƻƳ ŘƛǾŜǊǎŜ ǎƻǳǊŎŜǎ ǘƘŀǘ 

ǊŀƴƎŜ ŦǊƻƳ ǊƻŎƪǎΣ ǎƻƛƭΣ ŀƴŘ ǊŀŘƻƴΣ ǘƻ ŎƻǎƳƛŎ ǊŀŘƛŀǝƻƴ ŀƴŘ ƳŜŘƛŎŀƭ ŘŜǾƛŎŜǎΦ ¢ƘŜ ƭŜǎƛƻƴǎ ƛƴŘǳŎŜŘ 

ōȅ ƛƻƴƛȊƛƴƎ ǊŀŘƛŀǝƻƴ Ŏŀƴ ōŜ ƭƻǎǎ ƻǊ ŀƭǘŜǊŀǝƻƴ ƻŦ 5b! ōŀǎŜǎ όŀōŀǎƛŎ ς !t ǎƛǘŜǎύΣ ǎƛƴƎƭŜπǎǘǊŀƴŘ 

ōǊŜŀƪǎ ό{{.ύ ŀƴŘ ŘƻǳōƭŜπǎǘǊŀƴŘ ōǊŜŀƪǎ ό5{.ύ ƻǊ ŎǊƻǎǎƭƛƴƪǎ ōŜǘǿŜŜƴ ǘƘŜ ǘǿƻ ǎǘǊŀƴŘǎΦ {{. ŀƴŘ 

ōŀǎŜ ƭŜǎƛƻƴǎ ŀǊŜ ǘƘŜ ǇǊŜǾŀƛƭƛƴƎ ǘȅǇŜǎΣ ǿƛǘƘ 5{. ōŜƛƴƎ ƭŜǎǎ ǘƘŀƴ р҈ ƻŦ ǘƘŜ ǘƻǘŀƭ ŘŀƳŀƎŜΦ   

!ǎ ŘŜǎŎǊƛōŜŘ ŀǘ ǇǊŜǾƛƻǳǎ ǎŜŎǝƻƴΣ ƛƻƴƛȊƛƴƎ ǊŀŘƛŀǝƻƴ Ƴŀȅ ƛƴŘǳŎŜ ǘƘŜ ǇǊƻŘǳŎǝƻƴ ƻŦ ŦǊŜŜ ǊŀŘƛŎŀƭǎ 

ǘƘǊƻǳƎƘ ǿŀǘŜǊ ǊŀŘƛƻƭȅǎƛǎ ŀǘ ǘƘŜ ŀǉǳŜƻǳǎ ŎŜƭƭǳƭŀǊ ŜƴǾƛǊƻƴƳŜƴǘΦ ¢Ƙƛǎ ƛƴŘƛǊŜŎǘ ŀŎǝƻƴ ƻŦ ƛƻƴƛȊƛƴƎ 

ǊŀŘƛŀǝƻƴΣ ǎƛƳƛƭŀǊ ǘƻ ǇǳǊŜ ƻȄƛŘŀǝǾŜ ǎǘǊŜǎǎΣ ƎŜƴŜǊŀǘŜǎ ŀ ǎǇŜŎǘǊǳƳ ƻŦ ōŀǎŜ ƭŜǎƛƻƴǎΣ ǿƛǘƘ уπƻȄƻπ

ƎǳŀƴŀƛƴŜΣ ǘƘȅƳƛƴŜ ƎƭȅŎƻƭ ŀƴŘ ŦƻǊƳŀƳƛŘƻǇȅǊƛƳƛŘƛƴŜǎ ōŜƛƴƎ ǘƘŜ ƳŀƧƻǊ ƻƴŜǎ ώмуϐΦ !ǇŀǊǘ ŦǊƻƳ 

ōŀǎŜ ƭŜǎƛƻƴǎΣ ƛƻƴƛȊƛƴƎ ǊŀŘƛŀǝƻƴ ŀƭǎƻ ƛƴŘǳŎŜǎ ǎǘǊŀƴŘ ōǊŜŀƪǎΣ ǿƘƛŎƘ ŀǊŜ ŘƛǎŎƻƴǝƴǳƛǝŜǎ ƛƴ ǘƘŜ 5b! 

ōŀŎƪōƻƴŜΣ ǳǎǳŀƭƭȅ ŀŎŎƻƳǇŀƴƛŜŘ ōȅ ƭƻǎǎ ƻŦ ŀ ƴǳŎƭŜƻǝŘŜΦ ¢ƘŜǎŜ ōǊŜŀƪǎ Ƴŀȅ ƻŎŎǳǊ ƛƴ ǘƘŜ ƻƴŜ 

ǎǘǊŀƴŘ ό{{.ύ ƻǊ ƛƴ ōƻǘƘ ǎǘǊŀƴŘǎ ό5{.ύΦ {{. ŀǊŜ ƴƻǘ ǎƻ ǎŜǾŜǊŜ ŀƴŘ ǘƘŜȅ ŀǊŜ Ŝŀǎƛƭȅ ǊŜǇŀƛǊŜŘ ōȅ 

ǳǎƛƴƎ ǘƘŜ ƻǇǇƻǎƛƴƎ ǎǘǊŀƴŘ όǘƘŀǘ Ŏƻƴǘŀƛƴǎ ǘƘŜ ŎƻƳǇƭŜƳŜƴǘŀǊȅ ōŀǎŜύ ŀǎ ŀ ƎǳƛŘŜΦ 5{. ƻŎŎǳǊ ƛƴ 

ƴǳŎƭŜƻǝŘŜǎ Ǉƻǎƛǝƻƴǎ ǘƘŀǘ ŀǊŜ ƛƴ ŜȄŀŎǘ ƻǇǇƻǎƛǘŜ ǎƛǘŜǎ ƻǊ ƛƴ ƻǇǇƻǎƛǘŜ ǎƛǘŜǎ ǘƘŀǘ ŀǊŜ ŀ ŦŜǿ ōŀǎŜ 

ƭ



ƗƜ 

 

ǇŀƛǊǎ ŀǇŀǊǘ όмлπнл ōǇύΦ ²ƘƛƭŜ ǘƘŜ ƳŀƧƻǊƛǘȅ ƻŦ 5b! ƭŜǎƛƻƴǎ ƛǎ ǎǳŎŎŜǎǎŦǳƭƭȅ ǊŜǇŀƛǊŜŘ όǎƛƴŎŜ {{. 

ŀƴŘ ōŀǎŜ ƭŜǎƛƻƴǎ ŀǊŜ ŘƻƳƛƴŀƴǘύΣ ƭŜǎƛƻƴǎ ǘƘŀǘ ŀǊŜ ǳƴŀōƭŜ ǘƻ ǊŜǇŀƛǊ ŀƴŘ ǇǊƻƭƛŦŜǊŀǘŜ ƭŜŀŘ ǘƻ ŎŜƭƭ 

ŘŜŀǘƘ ŀƴŘ ǘƘŜ ǇŀǊǝŀƭƭȅ ǊŜǇŀƛǊŜŘ ƻǊ ƳƛǎǊŜǇŀƛǊŜŘ ŘŀƳŀƎŜ Ƴŀȅ ōŜ ǘǊŀƴǎƳƛǧŜŘ ǘƻ ǘƘŜ ƴŜȄǘ ŎŜƭƭ 

ƎŜƴŜǊŀǝƻƴǎ ŀƴŘ ƭŜŀŘ ǘƻ ǇƘŜƴƻǘȅǇƛŎ ŀƭǘŜǊŀǝƻƴǎΣ ƴŜƻǇƭŀǎƛŀ ŀƴŘ ŎŜƭƭ ŘŜŀǘƘΦ 5{. ŎƻƳǇǊƻƳƛǎŜ ǘƘŜ 

ƎŜƴƻƳƛŎ ǎǘŀōƛƭƛǘȅ ōŜŎŀǳǎŜ ǘƘŜȅ Ŏŀƴ ōŜ ǘǊŀƴǎŦƻǊƳŜŘ ǘƻ ŎƘǊƻƳƻǎƻƳŀƭ ŜȄŎƘŀƴƎŜǎ ǘƘǊƻǳƎƘ 

ōǊŜŀƪŀƎŜ ŀƴŘ ǊŜǳƴƛƻƴ ǇǊƻŎŜǎǎŜǎ ώмфϐΦ CƻǊǘǳƴŀǘŜƭȅΣ ŘŜǎǇƛǘŜ ǘƘŜ ƭŀǊƎŜ ƴǳƳōŜǊ ƻŦ 5b! ƭŜǎƛƻƴǎ 

ƎŜƴŜǊŀǘŜŘ ōȅ ƛǊǊŀŘƛŀǝƻƴΣ ƻƴƭȅ ŀ ŦŜǿ ƻŦ ǘƘŜƳ ŀǊŜ ŀōƭŜ ǘƻ ƎƛǾŜ ǊƛǎŜ ǘƻ ŎŜƭƭ ƪƛƭƭΦ !ǎ ǊŜǇƻǊǘŜŘΣ ŀ ŘƻǎŜ 

ƻŦ м Dȅ ƻŦ ·πǊŀȅǎ ƻƴ ŀ ŎŜƭƭ ƎŜƴŜǊŀǘŜǎ ŀǇǇǊƻȄƛƳŀǘŜƭȅ Ҕмллл ōŀǎŜ ƭŜǎƛƻƴǎΣ Ϥмллл {{. ŀƴŘ Ϥпл 5{. 

ώнлϐΦ ¢ƘŜǊŜ ƛǎ ŀ ƭƛƴŜŀǊ 5{. ǊŜǎǇƻƴǎŜ ǘƻ ŘƻǎŜ ǊŜƎŀǊŘƭŜǎǎ ƻŦ ǿƘŜǘƘŜǊ ǘƘŜȅ ŀǊŜ ŦƻǊƳŜŘ ŦǊƻƳ ŘƛǊŜŎǘ 

ƻǊ ƛƴŘƛǊŜŎǘ ƛƻƴƛȊŀǝƻƴǎ ƻǊ ŦǊŜŜ ǊŀŘƛŎŀƭǎ ώнмϐΦ LǎƻƭŀǘŜŘ 5{. ŀƴŘ ǇŀƛǊǎ ƻŦ 5{. мллπнлл ōǇ ŀǇŀǊǘ 

ŎŀǳǎŜ ƭƛǧƭŜ ŎŜƭƭ ƪƛƭƭƛƴƎΣ ǿƘƛƭŜ ƻƴ ǘƘŜ ŎƻƴǘǊŀǊȅΣ ǘǿƻ 5{. нлл ōǇ ŀǇŀǊǘ ǿƛǘƘ ƛƴŎƻƳǇŀǝōƭŜ ŜƴŘǎ 

ŀƴŘ ŀ пπ5{. ŎƭǳǎǘŜǊ ƛƴŘǳŎŜŘ ōȅ ƘƛƎƘ [9¢ ǊŀŘƛŀǝƻƴ ŎŀǳǎŜ Ϥтл҈ ŀƴŘ Ϥфл҈ ŎŜƭƭ ƪƛƭƭƛƴƎ 

ǊŜǎǇŜŎǝǾŜƭȅώннϐΦ  

[Ŝǎƛƻƴǎ Ƴŀȅ ƻŎŎǳǊ ƛǎƻƭŀǘŜŘ ƻǊ ƛƴ ŎƭƻǎŜ ǇǊƻȄƛƳƛǘȅ ŦƻǊƳƛƴƎ ƳƻǊŜ ŎƻƳǇƭŜȄ ŀƴŘ ƭŜǘƘŀƭ ŎƭǳǎǘŜǊŜŘ 

5b! ŘŀƳŀƎŜΦ ¢ƘŜ ƛŘŜŀ ƻŦ ŎƭǳǎǘŜǊŜŘ 5b! ŘŀƳŀƎŜ ǿŀǎ ƛƴǘǊƻŘǳŎŜŘ ōȅ ²ŀǊŘ ώноϐ ώнпϐ ŀǎ ƭƻŎŀƭƭȅ 

ƳǳƭǝǇƭŜ ŘŀƳŀƎŜŘ ǎƛǘŜǎ ό[a5{ύ ƛƴ Ƙƛǎ ŀǧŜƳǇǘ ǘƻ ŜȄǇƭŀƛƴ ǘƘŜ ƛƴŎǊŜŀǎŜŘ ƭŜǘƘŀƭƛǘȅ ƛƴŘǳŎŜŘ ōȅ 

ƛƻƴƛȊƛƴƎ ǊŀŘƛŀǝƻƴΣ ǿƘƛŎƘ Ŏŀƴƴƻǘ ōŜ Ŧǳƭƭȅ ŜȄǇƭŀƛƴŜŘ ōȅ ǘƘŜ ŀƳƻǳƴǘ ƻŦ 5{. ŦƻǊƳŜŘΦ  

 

 

Figure 8. Graphical representation of isolated and complex DNA damage. Red squares represent base lesions 

(adapred from [25]) 

 



ƗƝ 

 

aǳƭǝǇƭŜ ŘŀƳŀƎŜŘ ǎƛǘŜǎ όҗнύ ǇƻǎƛǝƻƴŜŘ ǿƛǘƘƛƴ нлōŀǎŜ ǇŀƛǊǎ ŀƭƻƴƎ ǘƘŜ 5b! ǎǘǊŀƴŘǎ Ƴŀȅ ŦƻǊƳ 

ŎƻƳǇƭŜȄ {{. ƻǊ ŎƻƳǇƭŜȄ 5{.Σ ōȅ ŎƻŜȄƛǎǘŜƴŎŜ ƻŦ ǎǘǊŀƴŘ ōǊŜŀƪǎ ŀƴŘ ōŀǎŜ ŘŀƳŀƎŜ ŀƴŘκƻǊ ŀōŀǎƛŎ 

ǎƛǘŜǎΦ bƻƴπ5{. ƭŜǎƛƻƴǎ όƻȄƛŘƛȊŜŘ ōŀǎŜ ƭŜǎƛƻƴǎΣ ŀōŀǎƛŎ ǎƛǘŜ ŎƭǳǎǘŜǊǎ ŀƴŘ {{.ύ ŀǊŜ ŎŀƭƭŜŘ ƻȄƛŘŀǝǾŜ 

ŎƭǳǎǘŜǊŜŘ 5b! ƭŜǎƛƻƴǎ όh/5[ǎύΦ ¢ƘŜ ƳŀƧƻǊƛǘȅ ƻŦ ŎƭǳǎǘŜǊŜŘ ŘŀƳŀƎŜǎ ŀǊŜ ƴƻƴπ5{. ŎƭǳǎǘŜǊŜŘ 

ƭŜǎƛƻƴǎΣ ŜΦƎΦ тл҈ ƻŦ ǘƘŜ ǘƻǘŀƭ ŎƭǳǎǘŜǊŜŘ ŘŀƳŀƎŜ ƛƴŘǳŎŜŘ ōȅ ·πǊŀȅǎ ƛǎ ƴƻƴπ5{. ώнсϐ ώнтϐΦ 5ŀƳŀƎŜ 

ŎƻƳǇƭŜȄƛǘȅ ƛƴŎǊŜŀǎŜǎ ǿƛǘƘ ƛƴŎǊŜŀǎƛƴƎ [9¢Σ ŀǎ ƛƻƴƛȊŀǝƻƴ ǘǊŀŎƪǎ ŀǊŜ ŘŜƴǎŜǊ ŀƴŘ ǘƘŜ ǇǊƻōŀōƛƭƛǘȅ ƻŦ 

ŎƻƳǇƭŜȄ ƭŜǎƛƻƴǎ ƛƴŘǳŎǝƻƴ ƛǎ ƘƛƎƘŜǊ όŬƎǳǊŜ фύ ώнуϐΦ aƻƴǘŜπ/ŀǊƭƻ όa/ύ ǎƛƳǳƭŀǝƻƴǎ ǇǊŜŘƛŎǘ ǘƘŀǘ 

ƘƛƎƘ [9¢ ǊŀŘƛŀǝƻƴ Ŏŀƴ ƎŜƴŜǊŀǘŜ ŎƭǳǎǘŜǊŜŘ ƭŜǎƛƻƴǎ ŎƻƴǎƛǎǝƴƎ ƻŦ млπнр ƭŜǎƛƻƴǎ ƻǾŜǊ ŀ мллπнлл ōǇ 

5b! ǊŜƎƛƻƴ ώнфϐΦ CƻǊ ƭƻǿπ[9¢ ǊŀŘƛŀǝƻƴǎΣ ƴŜŀǊƭȅ нл҈ ƻŦ ǘƘŜ 5{.ǎ ŀǊŜ ƻŦ ŎƻƳǇƭŜȄ ǘȅǇŜΦ ¢ƘŜ 

ǇǊƻǇƻǊǝƻƴ ƻŦ ǘƘƛǎ ŎƭǳǎǘŜǊŜŘ ŘŀƳŀƎŜ ƛƴŎǊŜŀǎŜǎ ǿƛǘƘ [9¢Σ ǊŜŀŎƘƛƴƎ Ϥтл҈ ƻǊ ƘƛƎƘŜǊ ŦƻǊ ƘƛƎƘπ[9¢ 

ǊŀŘƛŀǝƻƴǎ ώолϐΦ /ƭǳǎǘŜǊŜŘ ŘŀƳŀƎŜ ƛǎ ǘƘŜ ŬƴƎŜǊǇǊƛƴǘ ƻŦ ƛƻƴƛȊƛƴƎ ǊŀŘƛŀǝƻƴ ŀƴŘ ƛǘǎ ōƛƻƭƻƎƛŎŀƭ 

ǎƛƎƴƛŬŎŀƴŎŜ ƭŀȅǎ ƻƴ ǘƘŜ ƛƴŀōƛƭƛǘȅ ƻŦ ŜŶŎƛŜƴǘ ǊŜǇŀƛǊƛƴƎ ǇǊƻŎŜǎǎ ōȅ ǘƘŜ ŎŜƭƭ ŎƻƳǇŀǊŜŘ ǘƻ ƛǎƻƭŀǘŜŘ 

5b! ŘŀƳŀƎŜǎΦ  

 

ȫ  

Figure 9 . Distribution of DNA damage inducing events after exposure to H2O2 (evenly distributed OHϊ radicals) and 
IR of low and high LET. Homogenous exposure (H2O2) induces evenly distributed DNA damage. In case of radiation, 
ionization events are localized along the particle tracks and the clustering increases with increasing LET from low 
(0.5 and 10 keV electrons (eҍ) in the middle panel) to high (4 MeV  hparticles). Large dots represent ionizations and 

small dots represent excitations along the radiation track (adapted from [31]). 

Clustered DNA damage  
/ƭǳǎǘŜǊŜŘ 5b! ŘŀƳŀƎŜ ǿŀǎ ǎǳǎǇŜŎǘŜŘ ǘƻ ōŜ ǊŜƭŜǾŀƴǘ ǘƻ ōƛƻƭƻƎƛŎŀƭ ŜũŜŎǘǎ ƻŦ ǊŀŘƛŀǝƻƴ ŦǊƻƳ ǘƘŜ 

Ψулǎ ώонϐΦ 9ǾƻƭǳǝƻƴŀǊƛƭȅ ƻǾŜǊ ǘƘŜ ƭŀǎǘ ŘŜŎŀŘŜǎΣ ǘƘƛǎ ƘȅǇƻǘƘŜǎƛǎ ǿŀǎ ǎǳǇǇƻǊǘŜŘ ōȅ aƻƴǘŜπ/ŀǊƭƻ 

ǎƛƳǳƭŀǝƻƴǎ ώооϐ ώопϐ ώорϐ ŀƴŘ ŀŎŎǳƳǳƭŀǝƴƎ ŜȄǇŜǊƛƳŜƴǘŀƭ Řŀǘŀ ώосϐ ώотϐ ώоуϐ ώофϐ ώплϐ ώпмϐ ώпнϐ 

ώпоϐ ώппϐΦ ¢ƘŜ ŬƴŘƛƴƎǎ ƻŦ aŀǾǊŀƎŀƴƛ ŜǘΦŀƭ ώпрϐ ǎǳǇǇƻǊǘ ǘƘŜ ǊŜǇŀƛǊ ǊŜǎƛǎǘŀƴŎŜ ƻŦ ŘŀƳŀƎŜ ŎƭǳǎǘŜǊǎ 

ǘƘŀǘ ƛƴŎǊŜŀǎŜǎ ǘƘŜ ƎŜƴƻƳƛŎ ƛƴǎǘŀōƛƭƛǘȅ ŀƴŘ ƳŀƭƛƎƴŀƴǘ ǘǊŀƴǎŦƻǊƳŀǝƻƴΣ ŀƴŘ ǘƘŀǘ ŎƭǳǎǘŜǊƛƴƎ Ŏŀƴ 

ōŜ ŎƻƴǎƛŘŜǊŜŘ ŀǎ ǇŜǊǎƛǎǘŜƴǘ άŘŀƴƎŜǊέ ǎƛƎƴŀƭǎ ǇǊƻƳƻǝƴƎ ŎƘǊƻƴƛŎ ƛƴƅŀƳƳŀǝƻƴ ŀƴŘ ƛƳƳǳƴŜ 

ǊŜǎǇƻƴǎŜΣ ƭŜŀŘƛƴƎ ǘƻ ŘŜǘǊƛƳŜƴǘŀƭ ǘƻ ǘƘŜ ƻǊƎŀƴƛǎƳ ŜũŜŎǘǎ όƭƛƪŜ ǊŀŘƛŀǝƻƴ ǘƻȄƛŎƛǘȅύΦ YŜȅ ŦŀŎǘƻǊǎ ǘƻ 

ǘƘŜ ƪƴƻǿƭŜŘƎŜ ŀƴŘ ǇǊŜŘƛŎǝƻƴ ƻŦ ǘƘŜ ōƛƻƭƻƎƛŎŀƭ ŜũŜŎǘǎ ƻŦ ǊŀŘƛŀǝƻƴ ŀǊŜ ƎŜƴƻƳƛŎ ƛƴǎǘŀōƛƭƛǘȅ ŀƴŘ 

ŎƘǊƻƴƛŎ ƛƴƅŀƳƳŀǝƻƴ ŀƳǇƭƛŬŜŘ ōȅ ǘƘŜ Ŏƻƴǎǘŀƴǘ ǘǊƛƎƎŜǊƛƴƎ ƻŦ ǘƘŜ 5b! 5ŀƳŀƎŜ wŜǎǇƻƴǎŜ ŀƴŘ 

wŜǇŀƛǊ ƳŜŎƘŀƴƛǎƳǎ ŀƴŘ ŘŜŬŎƛŜƴǘ ƻǊ ƛƴŎƻƳǇƭŜǘŜ ŘŀƳŀƎŜ ǊŜǇŀƛǊΦ 

Genomic instability ƛǎ ŀ ŦǳƴŘŀƳŜƴǘŀƭ ƘŀƭƭƳŀǊƪ ƻŦ ŎŀƴŎŜǊ ώпсϐΦ !ƭǘƘƻǳƎƘ ǘƘŜ ƳŀȄƛƳŀƭ ƎŜƴŜǝŎ 

ŘŀƳŀƎŜ ƛǎ ŦƻǊƳŜŘ ǿƛǘƘƛƴ ǘƘŜ ŬǊǎǘ ǇƻǎǘπŜȄǇƻǎǳǊŜ ƳƛƴǳǘŜǎκ ƘƻǳǊǎ ƻƴ ǘƘŜ ƛǊǊŀŘƛŀǘŜŘ ŎŜƭƭǎΣ 

ŘŜǎŎŜƴŘŀƴǘ ŎŜƭƭǎ Ƴŀȅ ǎǳũŜǊ ŘŜƭŀȅŜŘ ŜũŜŎǘǎ ƻŦ ǘƘŜ ǊŀŘƛŀǝƻƴ ŜȄǇƻǎǳǊŜΦ tǊƻƎŜƴƛŜǎ ǿƘƻǎŜ ǇŀǊŜƴǘ 

ŎŜƭƭǎ Ƴŀƛƴǘŀƛƴ ƴƻƴπƭŜǘƘŀƭ 5b! ŘŀƳŀƎŜ ƘŀǾŜ ƘƛƎƘ Ƴǳǘŀǝƻƴ ǊŀǘŜ ώптϐΦ 5ŜƭŀȅŜŘ ŜũŜŎǘǎ ƛƴŎƭǳŘŜ 

ŘŜƭŀȅŜŘ ǊŜǇǊƻŘǳŎǝǾŜ ŘŜŀǘƘ ǳǇ ǘƻ ǎƛȄ ƎŜƴŜǊŀǝƻƴǎ ŀƊŜǊ ǘƘŜ ƛƴƛǝŀƭ ŜȄǇƻǎǳǊŜ ǘƻ Lw ώпуϐΦ 



ƘƔ 

 

LǊǊŜǇŀǊŀōƭŜ ŎƻƳǇƭŜȄ 5b! ŘŀƳŀƎŜ Ƴŀȅ ŎŀǳǎŜ ŀōƴƻǊƳŀƭƛǝŜǎ ŀƴŘ ƳǳǘŀǝƻƴǎΣ ǎǳŎƘ ŀǎ ǘƘŜ ƘƛƎƘπ

[9¢ ǊŀŘƛŀǝƻƴπƛƴŘǳŎŜŘ ŎƘǊƻƳƻǎƻƳŀƭ ŀōŜǊǊŀǝƻƴǎ όŎƘǊƻƳƻǎƻƳŀƭ ǊŜŀǊǊŀƴƎŜƳŜƴǘǎ ǎǳŎƘ ŀǎ 

ŎƘǊƻƳƻǎƻƳŜ ōǊŜŀƪǎΣ ŘƛŎŜƴǘǊƛŎǎΣ ǘǊŀƴǎƭƻŎŀǝƻƴǎ ŀƴŘ ŘŜƭŜǝƻƴ ƳǳǘŀǝƻƴǎύώпфϐΣ ƛƴŘƛŎŀǝƴƎ ƎŜƴŜǝŎ 

ƛƴǎǘŀōƛƭƛǘȅ ŀƴŘ ǇƻǘŜƴǝŀƭ ŎŀǊŎƛƴƻƎŜƴŜǎƛǎ ώпуΣрлϐΦ 

 

Carcinogenesis  

{ƛƎƴƛŬŎŀƴǘ ǎǘǊƛŘŜǎ ƘŀǾŜ ōŜŜƴ ƳŀŘŜ ƛƴ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ǘƘŜ ŘŜǾŜƭƻǇƳŜƴǘ ŀƴŘ ǘǊŜŀǘƳŜƴǘ ƻŦ 

ƳŀƭƛƎƴŀƴǘ ǘǳƳƻǊǎΦ IƻǿŜǾŜǊΣ ŘŜǎǇƛǘŜ ƛǘǎ ǊƛǎƛƴƎ ƛƴŎƛŘŜƴŎŜΣ ƳŀƴŀƎƛƴƎ ŎŀƴŎŜǊ ŎƭƛƴƛŎŀƭƭȅ ǊŜƳŀƛƴǎ ŀ 

ƳŀƧƻǊ ŎƘŀƭƭŜƴƎŜ ƛƴ ǘƘŜ нмǎǘ ŎŜƴǘǳǊȅ ŀƴŘ ŎŀƴŎŜǊ ŎƻƴǝƴǳŜǎ ǘƻ ōŜ ǘƘŜ ƭŜŀŘƛƴƎ ŎŀǳǎŜ ƻŦ ŘŜŀǘƘ 

ƎƭƻōŀƭƭȅΦ !ŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ LƴǘŜǊƴŀǝƻƴŀƭ !ƎŜƴŎȅ ŦƻǊ wŜǎŜŀǊŎƘ ƻƴ /ŀƴŎŜǊ όL!w/ύΣ ŀǇǇǊƻȄƛƳŀǘŜƭȅ 

тΦс Ƴƛƭƭƛƻƴ ŘŜŀǘƘǎ ǿƻǊƭŘǿƛŘŜ ŀǊŜ ŀǧǊƛōǳǘŜŘ ǘƻ ŎŀƴŎŜǊΣ сп҈ ƻŦ ǿƘƛŎƘ ƻŎŎǳǊ ƛƴ ŜŎƻƴƻƳƛŎŀƭƭȅ 

ŘŜǾŜƭƻǇƛƴƎ ŎƻǳƴǘǊƛŜǎ ώрмϐΦ ¢ƘŜǊŜ ƛǎ ƻǾŜǊǿƘŜƭƳƛƴƎ ŜǇƛŘŜƳƛƻƭƻƎƛŎŀƭ ŀƴŘ ŜȄǇŜǊƛƳŜƴǘŀƭ ŜǾƛŘŜƴŎŜ 

ŎƻƴŬǊƳƛƴƎ ǘƘŀǘ ŜȄǇƻǎǳǊŜ ǘƻ LwΣ ŜǾŜƴ ŀǘ ŎƭƛƴƛŎŀƭƭȅ ǊŜƭŜǾŀƴǘ ŘƻǎŜǎΣ Ŏŀƴ ŎŀǳǎŜ ŎŀƴŎŜǊ ώрмϐΣ ǿƛǘƘ 

ǘƘŜ ǊŜƭŀǝƻƴǎƘƛǇ ōŜǘǿŜŜƴ Lw ŀƴŘ ǘǳƳƻǊ ŦƻǊƳŀǝƻƴ ŎƻƴǎƛŘŜǊŜŘ ǘƻ ōŜ ƭƛƴŜŀǊ ŦƻǊ ŀ ŘƻǎŜ ǊŀƴƎŜ ƻŦ 

лΦмрςмΦр Dȅ ώрнϐΦ ¢ƘŜ ƳǳǘŀƎŜƴƛŎ ŀŎǝǾƛǘȅ ŀǎ ŀ ǊŜǎǳƭǘ ƻŦ LwπƛƴŘǳŎŜŘ ŎƻƳǇƭŜȄ 5b! ŘŀƳŀƎŜ ƛǎ ǘƘŜ 

Ƴŀƛƴ ǎǳǎǇŜŎǘ ǘƘŀǘ ǘǊƛƎƎŜǊǎ ŎŀǊŎƛƴƻƎŜƴŜǎƛǎΦ IƛƎƘπ[9¢ ǊŀŘƛŀǝƻƴ ƛǎ ƳƻǊŜ ǇƻǎǎƛōƭŜ ǘƻ ƛƴƛǝŀǘŜ ǎǳŎƘ 

ŀ ǊŜǎǇƻƴǎŜ ǘƘŀƴ ƭƻǿπ[9¢ LwΣ Ǿƛŀ ǘƘŜ ƘƛƎƘŜǊ ŘŀƳŀƎŜ ŎƻƳǇƭŜȄƛǘȅ ǘƘŀǘ ƛƴŘǳŎŜǎ ǘƘŀǘ ƛǎ ǎƭƻǿƭȅ ŀƴŘ 

ƛƴŎƻƳǇƭŜǘŜƭȅ ǊŜǇŀƛǊŜŘ ώроϐ ώрпϐΦ IƻǿŜǾŜǊΣ ǘƘŜ ŜȄŀŎǘ ƳŜŎƘŀƴƛǎƳ ōȅ ǿƘƛŎƘ LwπƛƴŘǳŎŜŘ ŎƻƳǇƭŜȄ 

ƭŜǎƛƻƴǎ ǘǊƛƎƎŜǊ ŎŀǊŎƛƴƻƎŜƴƛŎ ŜǾŜƴǘǎ ǎǝƭƭ ǊŜƳŀƛƴǎ ƭŀǊƎŜƭȅ ǳƴƪƴƻǿƴ ώпрϐ ώррϐ ώрсϐΦ 

 

DNA Damage Response and Repair (DDR/R) 
¢ƻ Ƴŀƛƴǘŀƛƴ ƎŜƴƻƳƛŎ ƛƴǘŜƎǊƛǘȅΣ 5b! Ƴǳǎǘ ōŜ ǇǊƻǘŜŎǘŜŘ ōȅ ŜƴǾƛǊƻƴƳŜƴǘŀƭ ŀƎŜƴǘǎ ƻǊ 

ǎǇƻƴǘŀƴŜƻǳǎ ŘŀƳŀƎŜ ŘǳǊƛƴƎ 5b! ƳŜǘŀōƻƭƛǎƳΦ 5b! ǊŜǎǇƻƴǎŜ ŀƴŘ ǊŜǇŀƛǊ ƛǎ ŀ ŎƻƭƭŜŎǝƻƴ ƻŦ 

ǇǊƻŎŜǎǎŜǎ ōȅ ǿƘƛŎƘ ŀ ŎŜƭƭ ƛŘŜƴǝŬŜǎ ŀƴŘ ŀǧŜƳǇǘǎ ǘƻ ŎƻǊǊŜŎǘ ŘŀƳŀƎŜ ǘƻ ǘƘŜ 5b! ƳƻƭŜŎǳƭŜǎΦ 

¢ƘŜ ƳƻƳŜƴǘ 5b! ŘŀƳŀƎŜ ƛǎ ƛƴŘǳŎŜŘ ŀ ŎƻƳǇƭŜȄ ŀƴŘ ǎƻǇƘƛǎǝŎŀǘŜŘ ǎƛƎƴŀƭ ǘǊŀƴǎŘǳŎǝƻƴ ǇŀǘƘǿŀȅ 

ƻŦ ǊŜǎǇƻƴǎŜ ƳŜŎƘŀƴƛǎƳǎ ƛǎ ƛƴƛǝŀǘŜŘ ƛƳƳŜŘƛŀǘŜƭȅΣ ƛƴŎƭǳŘƛƴƎ ƳǳƭǝǇƭŜ 5b! ǊŜǇŀƛǊ ǇŀǘƘǿŀȅǎΣ 

ƴŜŎŜǎǎŀǊȅ ŎƘŀƴƎŜǎ ƛƴ ŎŜƭƭ ŎȅŎƭŜ ŎƘŜŎƪǇƻƛƴǘǎΣ ŀƭǘŜǊŀǝƻƴ ƛƴ ƎŜƴŜ ŜȄǇǊŜǎǎƛƻƴΣ ŀǇƻǇǘƻǎƛǎ ŀƴŘ 

ǎŜƴŜǎŎŜƴŎŜΣ ǿƛǘƘ ǘƘŜ ŀƛƳ ǘƻ ǎŀŦŜƎǳŀǊŘ ǘƘŜ ƎŜƴƻƳƛŎ ƛƴǘŜƎǊƛǘȅ ώртϐ ώруϐΦ 

/Ŝƭƭǎ ǊŜǎǇƻƴǎŜ ǘƻ 5b! ŘŀƳŀƎŜ ǎǘŀǊǘǎ ǿƛǘƘ ǊŜŎƻƎƴƛǝƻƴ ŀƴŘ ǎƛƎƴŀƭƛƴƎ ŀǘ ǘƘŜ ōǊŜŀƪ ǎƛǘŜ ōȅ ǘƘŜ 

ǊŜƭŀǘŜŘ ǇǊƻǘŜƛƴǎΦ ²ƛǘƘ ǘƘƛǎ ǇǊƻŎŜŘǳǊŜ ǘƘŜ ŎŜƭƭ ŎƘƻƻǎŜǎ ŀƳƻƴƎ ǊŜǇŀƛǊ ǇŀǘƘǿŀȅǎ ŎƻƴǎƛŘŜǊƛƴƎ ǘƘŜ 

ǎǇŜŎƛŬŎ ƭŜǎƛƻƴ ǘȅǇŜǎ ŀƴŘ ǘƘŜ ǎǇŜŎƛŬŎ ŎŜƭƭπŎȅŎƭŜ ǇƘŀǎŜΦ 9ŀŎƘ ǊŜǇŀƛǊ ǇŀǘƘǿŀȅ ƛǎ ŀ ǎŜǉǳŜƴŎŜ ƻŦ 

ŜƴȊȅƳŀǝŎ ǘǊŀƴǎŦƻǊƳŀǝƻƴǎ ƻŦ 5b! ŘǊƛǾŜƴ ōȅ ǇǊƻǘŜƛƴπŎƻƴǘǊƻƭƭŜŘ Ŏŀǘŀƭȅǎƛǎ ŀƴŘ ǊŜǇŀƛǊ ǇŀǘƘǿŀȅǎ 

Ƴŀȅ ōŜ ŎƻƴƴŜŎǘŜŘ ŀƴŘ ƘŀǾŜ ŎƻƳƳƻƴ ǎǘŜǇǎΦ ¢ƘŜ Ƴŀƛƴ ǊŜǇŀƛǊ ǇŀǘƘǿŀȅǎ ŀǊŜ ǘƘŜ ŦƻƭƭƻǿƛƴƎΥ 

ü Base Excision Repair (BER): corrects modified base lesions. BER is initiated by a DNA 
glycosylase that recognizes, removes and replaces the base lesion, forming abasic 
sites. The induced SSB is repaired to regenerate an intact molecule [59]. 

ü Nucleotide excision repair (NER): removes bulky single strand lesions, such as 
intrastrand crosslinks, pyrimidine dimer and bulky adducts conjugated to bases. NER 
opens the damaged DNA, creates a single strand gap (approximately 25-30 
nucleotides long) around the damage and replaces the missing nucleotides. 

ü Mismatch repair (MMR): removes base mismatches introduced during the replication. 
MMR enzymes identify mismatched nucleotides and parental strand, remove the part 
of strand with the mismatch and the new daughter strand is rebuilt with the correct 
nucleotides.  



Ƙƕ 

 

ü Homologous Recombination (HR): is the only error-free DSB repair pathway. HR is 
restricted to S and G2 phase of the cell cycle (where there is a sister chromatid 
available) and uses the homologous chromosome as a template to repair a DSB. 

ü Non-Homologous End Joining (NHEJ): nonselectively rejoins the DSB ends and 
operates throughout the cell cycle. NHEJ is the simplest pathway, seals DSBs very 
rapidly but is an error-prone mechanism, as there is no homologous template to lead. 
Joining incompatible ends may end in chromosome aberrations (particularly 
translocations) [58]. 

ü Alternative Nonhomologous End-Joining (Alt-NHEJ) or Microhomology-mediated end 
joining (MMEJ): uses microhomologous sequences during alignment of broken ends 
before joining, resulting in deletions flanking original break. Alt-NHEJ repair is low in 
G0/G1 phase but is increased during S-phase and G2 phase of the cell cycle and is the 
ultimate backup for abrogated classical HR and NHEJ. Alt-NHEJ is frequently 
associated with chromosome abnormalities such as deletions, translocations, 
inversions and other complex rearrangements [60] [61]. 

 

 
CƛƎǳǊŜ млΦ ¢ȅǇŜǎ ƻŦ 5b! ŘŀƳŀƎŜ ŀƴŘ ǘƘŜ ŀǎǎƻŎƛŀǘŜŘ ǊŜǇŀƛǊ ǇŀǘƘǿŀȅǎΦ /ƘŀǊŀŎǘŜǊƛǎǝŎ 5b! ƭŜǎƛƻƴǎ όǘƻǇύΣ ŀŎǝǾŀǝƻƴ 
ƻŦ ǘƘŜ 5b! ŘŀƳŀƎŜ ǊŜǎǇƻƴǎŜ ό55wΣ ƳƛŘŘƭŜύΣ ŀƴŘ ǘƘŜ Ƴƻǎǘ ǊŜƭŜǾŀƴǘ 5b! ǊŜǇŀƛǊ ǇŀǘƘǿŀȅǎ ǊŜǎǇƻƴǎƛōƭŜ ŦƻǊ ǘƘŜ 

ǊŜƳƻǾŀƭ ƻŦ ǘƘŜ ƭŜǎƛƻƴǎ όōƻǧƻƳύ ώснϐΦ 
 

55wκw ƳŜŎƘŀƴƛǎƳǎ ŀǊŜ ƻŦ ƻǳǘƳƻǎǘ ƛƳǇƻǊǘŀƴŎŜ ŦƻǊ ǘƘŜ ǎŜŎǳǊƛǘȅ ƻŦ ǘƘŜ ƎŜƴŜǝŎ ƛƴŦƻǊƳŀǝƻƴ 

ƻŦ ŀƭƭ ƭƛǾƛƴƎ ƻǊƎŀƴƛǎƳǎΦ ¢ƘŜ ǊǳǇǘǳǊŜ ƻŦ 55wκw ǇŀǘƘǿŀȅǎ ōȅ ǇŜǊǎƛǎǘŜƴǘ 5b! ƭŜǎƛƻƴǎ Ƴŀȅ 

ŜǾƻƭǾŜ ƛƴ ƳǳǘŀǝƻƴǎΣ ŀŎŎŜƭŜǊŀǘŜŘ ŀƎŜƛƴƎ ώсоϐ ώспϐ ŀƴŘ ƴǳƳŜǊƻǳǎ ŘƛǎƻǊŘŜǊǎ ώсрϐΦ 

Genomic instability 

!ƭǘƘƻǳƎƘ 55wκw ǇŀǘƘǿŀȅǎ ƻŦ 5b! ƭŜǎƛƻƴǎ ƻŦ ǎƛƳǇƭŜ ƛǎƻƭŀǘŜŘ ŦƻǊƳǎ ŀǊŜ ǿŜƭƭ ƪƴƻǿƴ Σ ǘƘŜ 

ǊŜǇŀǊŀǝƻƴ ǇŀǘƘǿŀȅǎ ƻŦ ŎƭǳǎǘŜǊŜŘ ŘŀƳŀƎŜ ŀǊŜ ƴƻǘ ȅŜǘ ŘŜŎǊȅǇǘŜŘΣ ŘǳŜ ǘƻ ǘƘŜƛǊ ŎƻƳǇƭŜȄƛǘȅ 

ǘƘŀǘ ǎƻƳŜǝƳŜǎ ǊŜƴŘŜǊǎ ǘƘŜƳ ǳƴŎƭŜŀǊƭȅ ƛǊǊŜǇŀǊŀōƭŜ ώнтϐ ώссϐΦ 5ŜǎǇƛǘŜ ǘƘŜ ƛƴŎǊŜŀǎƛƴƎ 

ƪƴƻǿƭŜŘƎŜΣ ŀ ƎŜƴŜǊŀƭ ƳƻŘŜ ƻŦ ŀŎǝƻƴ ƻǊ ŘŜǘŀƛƭŜŘ ƳŜŎƘŀƴƛǎǝŎ ƛƴǎƛƎƘǘ ƛǎ ƭŀŎƪƛƴƎΦ Lƴ ǘƘŜ 

ŘƛǊŜŎǝƻƴ ƻŦ ŘŜŎƻŘƛƴƎ ǘƘŜ ǊŜǎǇƻƴǎŜ ŀƴŘ ǊŜǇŀƛǊ ǇŀǘƘǿŀȅǎ ǘƘŜ ƛƴŘƛǾƛŘǳŀƭ ǉǳŜǎǝƻƴǎ ŀǊƛǎŜƴ 

ŀǊŜ ŀōƻǳǘ ǘƘŜ ǇǊƻǘŜƛƴǎ ƛƴǾƻƭǾŜŘ ŀƴŘ ǘƘŜƛǊ ǇŀǊǘ ƛƴ ǘƘŜ ǊŜǎǇƻƴǎŜκǊŜǇŀƛǊ ǇǊƻŎŜǎǎŜǎ ƻǊ ƛŦκƘƻǿ 

ǘƘŜ ƴŜƛƎƘōƻǊƛƴƎ ŘŀƳŀƎŜŘ ǎƛǘŜǎ ŀũŜŎǘ ŜŀŎƘ ƻǘƘŜǊΩǎΩ ǊŜǇŀƛǊ ŜŶŎƛŜƴŎȅ ώссϐΦ ¢ƘŜ ŘŀƳŀƎŜ 

ŘŜƴǎƛǘȅ ƛǎ ŘƛǊŜŎǘƭȅ ǊŜƭŀǘŜŘ ǘƻ ƛƻƴƛȊŀǝƻƴ ŘŜƴǎƛǘȅ ŀƴŘ ŀǇǇŜŀǊǎ ǘƻ ōŜ ƎǊŜŀǘŜǊ ŦƻǊ ƘƛƎƘπ[9¢ 



ƘƖ 

 

ƛǊǊŀŘƛŀǝƻƴΦ ¢ƘŜǎŜ ŎƻƴŘƛǝƻƴǎ ŎǊŜŀǘŜ ƳƻǊŜ ŎƻƳǇƭŜȄ όŘŜƴǎŜǊύ ŎƭǳǎǘŜǊŜŘ ŘŀƳŀƎŜ ŀƴŘ ŜǎŎŀƭŀǘŜ 

ǘƘŜ ŎƘŀƭƭŜƴƎŜ ƻŦ ǊŜǇŀƛǊΣ ǎƛƴŎŜ ŀǧŜƳǇǘŜŘ ǊŜǇŀƛǊ Ƴŀȅ ŀƭǎƻ ǇǊƻŘǳŎŜ ŘŜ ƴƻǾƻ 5{.ǎ ώстϐΦ 

Carcinogenesis 

Cancer remains the second leading cause of death (the first is heart disease), despite the 
giant steps in the comprehension and the clinical management of the disease.  The 
International Agency for Research on Cancer (IARC) reports nearly 10 million deaths in 
2020 or nearly one in six deaths. Worldwide, in 2015, the five most common types of 
cancer (in order of frequency) that kill men are: lung, liver, stomach, colorectal and 
prostate cancers, and respectively for women: breast, lung, colorectal, cervical and 
stomach cancers[68]. According to the USA National Cancer Institute, the most common 
cancer types among children include leukemia, brain and other nervous system, and 
lymphoma, with increasing incidence trends for all three from 2001-2018. At the same 
time the economic impact of cancer is significant and increasing. The total annual 
economic cost of cancer in 2010 was estimated at 1.16 trillion US$. Worldwide, only about 
14% of people who need palliative care currently receive it. Only one in three countries 
reported high quality cancer incidence data in 2019 [69].  

LƻƴƛȊƛƴƎ ǊŀŘƛŀǝƻƴ όǘƻƎŜǘƘŜǊ ǿƛǘƘ ǳƭǘǊŀǾƛƻƭŜǘύ ƛǎ ǘƘŜ Ƴƻǎǘ ŜȄǘŜƴǎƛǾŜƭȅ ǎǘǳŘƛŜŘ ŜƴǾƛǊƻƴƳŜƴǘŀƭ 

ŎŀǊŎƛƴƻƎŜƴ ƻǾŜǊ ǘƘŜ ȅŜŀǊǎΣ ǿƛǘƘ ŜǾƛŘŜƴŎŜ ǎƘƻǿƛƴƎ ǘƘŀǘ ŜȄǇƻǎǳǊŜ ǘƻ ƛƻƴƛȊƛƴƎ ǊŀŘƛŀǝƻƴ Ƴŀȅ 

ŎŀǳǎŜ ŎŀƴŎŜǊ ώтлϐ ώтмϐ ώтнϐ ώтоϐ ώтпΣтрϐ ώррϐ ώтсϐΦ bƻǘŀōƭȅΣ ǿƛǘƘƛƴ ǘƘŜ ŎƭƛƴƛŎŀƭƭȅ ǊŜƭŜǾŀƴǘ ŘƻǎŜ 

ǊŀƴƎŜ ƻŦ лΦмрςмΦр Dȅ ŀǇǇŜŀǊǎ ŀ ƭƛƴŜŀǊ ǊŜƭŀǝƻƴǎƘƛǇ ōŜǘǿŜŜƴ ǊŀŘƛŀǝƻƴ ŀƴŘ ǎƻƭƛŘ ǘǳƳƻǊǎ 

ŦƻǊƳŀǝƻƴΦ ¢ƘŜ ƳǳǘŀƎŜƴƛŎ ŀŎǝǾƛǘȅ ƻŦ ƛƻƴƛȊƛƴƎ ǊŀŘƛŀǝƻƴ ǘƘŀǘ ǊŜǎǳƭǘ ŦǊƻƳ 5b! ŘŀƳŀƎŜ Ƴŀȅ 

ǘǊƛƎƎŜǊ ŎŀǊŎƛƴƻƎŜƴŜǎƛǎΦ aŀƴȅ ǎǘǳŘƛŜǎ ŘŜƳƻƴǎǘǊŀǘŜ ǘƘŀǘ ŎƘƛƎƘπ[9¢ ƛƴŘǳŎŜŘ ŎƻƳǇƭŜȄ 5{. 

ǘƘŀǘ ŀǊŜ ǎƭƻǿƭȅ ŀƴŘ ƛƴŎƻƳǇƭŜǘŜƭȅ ǊŜǇŀƛǊŜŘΣ ŀǊŜ ƳƻǊŜ ǇƻǘŜƴǘƭȅ ǘǳƳƻǊƛƎŜƴƛŎ ǘƘŀƴ ǎƛƳǇƭŜ 

ŘŀƳŀƎŜǎ ƛƴŘǳŎŜŘ ōȅ ƭƻǿπ[9¢ ǊŀŘƛŀǝƻƴǎ ώроϐ ώттϐΦ ¦ƴŦƻǊǘǳƴŀǘŜƭȅΣ ǘƘŜ ǇŀǘƘǿŀȅ ǘƘǊƻǳƎƘ 

ǿƘƛŎƘ LwπŜȄǇƻǎǳǊŜ ƭŜŀŘǎ ǘƻ ƳƻƭŜŎǳƭŀǊ ŎŀǊŎƛƴƻƎŜƴŜǎƛǎ ǎǝƭƭ ǊŜƳŀƛƴǎ ǿƛŘŜƭȅ ǳƴƪƴƻǿƴΦ 

Chronic immune response 

55wκw ƳŜŎƘŀƴƛǎƳǎ ƛƴŘǳŎŜŘ ōȅ ŎƻƳǇƭŜȄ ŀƴŘκƻǊ ǇŜǊǎƛǎǘŜƴǘ 5b! ŘŀƳŀƎŜΣ Ŏƻƴǎǘŀƴǘƭȅ ǘǊƛƎƎŜǊ 
ŀƴŘ ŀŎǝǾŀǘŜ ǘƘŜ ƛƳƳǳƴŜ ǎȅǎǘŜƳΦ  /ƘǊƻƴƛŎ ƛƴƅŀƳƳŀǘƻǊȅ ǊŜǎǇƻƴǎŜǎ Ƴŀȅ ƭŜŀŘ ǘƻ 
ŘƻǿƴǊŜƎǳƭŀǝƻƴ ƻŦ ǘƘŜ 55wκw ǘƘŀǘ ƳƛƎƘǘ ŜƴŘ ƛƴ ƎŜƴƻƳƛŎ ƛƴǎǘŀōƛƭƛǘȅ ŀƴŘ ŎŀǊŎƛƴƻƎŜƴŜǎƛǎΦ 
¢ƘŜ ŦŀŎǘ ǘƘŀǘ 55wκw ŀƴŘ ƛƳƳǳƴŜ ǊŜǎǇƻƴǎŜ ǎƛƎƴŀƭƛƴƎ ƴŜǘǿƻǊƪǎ ǿƻǊƪ ǘƻƎŜǘƘŜǊ ŀƴŘ ǘƘŜƛǊ 
ǾƛŎŜ ǾŜǊǎŀ ǎǝƳǳƭŀǝƻƴ ŀǇǇŜŀǊǎ ǘƻ ōŜ ǘƘŜ ƪŜȅ ǇǊƻŎŜǎǎ ǘƻ ŎŀǊŎƛƴƻƎŜƴŜǎƛǎ ŀƴŘ ǎǳōǎŜǉǳŜƴǘƭȅ 
ŦƻǊ ƴŜǿ ǘƘŜǊŀǇŜǳǝŎ ƻǇǝƻƴǎ ώсрϐ ώпуϐ ώтуϐ ώтфϐ ώппϐΦ 

 

Detection of DNA Damage  
aǳƭǝǇƭŜ ŀǇǇǊƻŀŎƘŜǎ ŜȄƛǎǘ ǘƻ ŘŜǘŜŎǘ ŀƴŘ ǉǳŀƴǝŦȅ 5b! ŘŀƳŀƎŜ ŀƴŘ ǊŜǇŀƛǊ ƳŜŎƘŀƴƛǎƳǎ ώулϐΦ !ǎ 

ǇǊŜǾƛƻǳǎƭȅ ŘŜǎŎǊƛōŜŘΣ 5b! ƛǎ ǇŀǊǝŎǳƭŀǊƭȅ ǾǳƭƴŜǊŀōƭŜ ǘƻ ŦŀŎǘƻǊǎ ƭƛƪŜ ƛƻƴƛȊƛƴƎ ŀƴŘ ǳƭǘǊŀǾƛƻƭŜǘ ό¦±ύ 

ǊŀŘƛŀǝƻƴΣ 5b! ŀƭƪȅƭŀǘƻǊǎΣ ŜƴǾƛǊƻƴƳŜƴǘŀƭ ŎŀǊŎƛƴƻƎŜƴǎΣ ƻȄƛŘŀǝǾŜ ǎǘǊŜǎǎΣ ŀƴŘ ŎƘŜƳƻǘƘŜǊŀǇŜǳǝŎ 

ŘǊǳƎǎΣ ŀƴŘ ǿƘŜƴ 5b! ŘŀƳŀƎŜ ƻŎŎǳǊǎΣ ŎŜƭƭǎ ŀŎǝǾŀǘŜ ǾŀǊƛƻǳǎ ǊŜǎǇƻƴǎŜǎ ǘƘŀǘ ŦŀŎƛƭƛǘŀǘŜ ǊŜǇŀƛǊ ƻǊ 

ǇǊƻŎŜǎǎƛƴƎ ƻŦ ǘƘŜ ŘŀƳŀƎŜ ǘƘǊƻǳƎƘ ŘƛũŜǊŜƴǘ ƳŜŎƘŀƴƛǎƳǎΦ /ƻƴǎŜǉǳŜƴǘƭȅΣ 5b! ǊŜǇŀƛǊ ǇǊƻǘŜƛƴǎ 

ǎŜǊǾŜ ŀǎ ǎƛƎƴƛŬŎŀƴǘ ōƛƻƳŀǊƪŜǊǎ ŦƻǊ ǇǊŜŘƛŎǝƴƎ ǊŜǎǇƻƴǎŜ ǘƻ ƎŜƴƻǘƻȄƛŎ ǎǘǊŜǎǎ ŀƴŘ ǇǊƻƎƴƻǎƛǎ ǿƛǘƘ 

ƎǊŜŀǘŜǊ ŀŎŎǳǊŀŎȅΦ ¢Ƙƛǎ ǳƴŘŜǊǎŎƻǊŜǎ ǘƘŜ ƛƳǇƻǊǘŀƴŎŜ ƻŦ ŘŜǘŜŎǝƴƎ ŀƴŘ ǉǳŀƴǝŦȅƛƴƎ 5b! ŘŀƳŀƎŜΦ 

{ŜǾŜǊŀƭ ǎǘǊŀǘŜƎƛŜǎ Ŏŀƴ ōŜ ŎŀǘŜƎƻǊƛȊŜŘ ƛƴǘƻ ǘǿƻ ǇŜǊǎǇŜŎǝǾŜǎΥ ǘŜŎƘƴƛǉǳŜǎ ŦƻǊ ŘŜǘŜŎǝƴƎ 5b! 

ŘŀƳŀƎŜ ŀƴŘ ǘŜŎƘƴƛǉǳŜǎ ŦƻǊ ŜǾŀƭǳŀǝƴƎ ǘƘŜ ǳƴŘŜǊƭȅƛƴƎ ǊŜǇŀƛǊ ƳŜŎƘŀƴƛǎƳǎΦ IŜǊŜ ƛǎ ŀƴ ƻǾŜǊǾƛŜǿ 

ƻŦ ǘƘŜǎŜ ŀǇǇǊƻŀŎƘŜǎΥ 



ƘƗ 

 

Molecular techniques 

Polymerase chain reaction (PCR) and agarose gel electrophoresis (AGE) 

aƻƭŜŎǳƭŀǊ ŘŜƎǊŀŘŀǝƻƴ Ŏŀƴ ōŜ ŘŜǘŜŎǘŜŘ ōȅ t/w ŀƴŘ !D9 ƻŦ t/wπŀƳǇƭƛŬŜŘ 5b! ŦǊŀƎƳŜƴǘǎΣ 

ǘƘǊƻǳƎƘ ǘƘŜ ǊŜŘǳŎǝƻƴ ƻŦ ǘƘŜ ƳƻƭŜŎǳƭŀǊ ǿŜƛƎƘǘ ƻŦ ǘƘŜ 5b! ǎǘǊŀƴŘ ŀƊŜǊ ǘƘŜ ƛƴŘǳŎǝƻƴ ƻŦ ōǊŜŀƪǎΦ  

t/wΣ ŀ ŎƻƳƳƻƴƭȅ ǳǎŜŘ ǘŜŎƘƴƛǉǳŜ ŦƻǊ ŘŜǘŜŎǝƴƎ 5b! ŘŀƳŀƎŜΣ ƛƴǾƻƭǾŜǎ ƘŀƭǝƴƎ 5b! 

ŀƳǇƭƛŬŎŀǝƻƴ ŀǘ ŘŀƳŀƎŜŘ ǎƛǘŜǎ ōȅ ōƭƻŎƪƛƴƎ ¢ŀǉ ǇƻƭȅƳŜǊŀǎŜΣ ǊŜǎǳƭǝƴƎ ƛƴ ŀ ŘŜŎǊŜŀǎŜ ƛƴ t/w 

ǇǊƻŘǳŎǘ ǉǳŀƴǝǘȅ ŀƴŘ ŀ ǊŜŘǳŎŜŘ ƴǳƳōŜǊ ƻŦ 5b! ǘŜƳǇƭŀǘŜǎ ǘƘŀǘ ƭŀŎƪ ǘƘŜ ¢ŀǉπōƭƻŎƪŜŘ ƭŜǎƛƻƴǎ 

ŀƴŘ ǘƘŜǊŜŦƻǊŜ ǊŜƳŀƛƴ ǳƴŀƳǇƭƛŬŜŘ ώумϐΦ ¢Ƙƛǎ ƳŜǘƘƻŘ ƛǎ ŎƻƴǎƛŘŜǊŜŘ ǎǘǊŀƛƎƘǜƻǊǿŀǊŘ ŀƴŘ ǊŜƭƛŀōƭŜΣ 

ƛƴǾƻƭǾƛƴƎ ǘŀǊƎŜǘŜŘ ǊŜǇƭƛŎŀǝƻƴ ƻŦ ǎǇŜŎƛŬŎ 5b! ǎŜƎƳŜƴǘǎΣ ŦƻƭƭƻǿŜŘ ōȅ ǾƛǎǳŀƭƛȊŀǝƻƴ ǳǎƛƴƎ 

ŀƎŀǊƻǎŜ ƎŜƭǎ ŎŀǇŀōƭŜ ƻŦ ǎŜǇŀǊŀǝƴƎ 5b! ŦǊŀƎƳŜƴǘǎ ǊŀƴƎƛƴƎ ŦǊƻƳ рл ǘƻ рлллл ōŀǎŜ ǇŀƛǊǎΣ 

ŘŜǇŜƴŘƛƴƎ ƻƴ ǘƘŜ ŀƎŀǊƻǎŜ ŎƻƴŎŜƴǘǊŀǝƻƴΦ 

¢ƻ ǉǳŀƴǝŦȅ 5b! ŘŀƳŀƎŜ ƻƴ ōƻǘƘ ǎǘǊŀƴŘǎ ŀƴŘ ǎǘǳŘȅ ǘƘŜ ƪƛƴŜǝŎǎ ƻŦ 5b! ŘŀƳŀƎŜ ǊŜƳƻǾŀƭ ƛƴ 

ƳƛǘƻŎƘƻƴŘǊƛŀƭ 5b! όƳǘ5b!ύ ŀŎǊƻǎǎ ǾŀǊƛƻǳǎ ƻǊƎŀƴƛǎƳǎΣ ǉǳŀƴǝǘŀǝǾŜ t/w όǉt/wύ Ƙŀǎ ōŜŜƴ 

ŜƳǇƭƻȅŜŘΦ ǉt/w Ƙŀǎ ōŜŜƴ ǳǝƭƛȊŜŘ ǘƻ ƛƴǾŜǎǝƎŀǘŜ ǘƘŜ ŦǊŜǉǳŜƴŎȅ ƻŦ ƭŜǎƛƻƴǎ ƛƴ ŀ ŦǊŀƎƳŜƴǘ ǊŀƴƎŜ 

ƻŦ мрл ǘƻ нллл ōŀǎŜ ǇŀƛǊǎ ώунϐΦ ¢ƘŜ ǉt/w ƳŜǘƘƻŘ ǊŜƭƛŜǎ ƻƴ ƘƛƎƘπƳƻƭŜŎǳƭŀǊπǿŜƛƎƘǘ 5b!Σ 

ŀŎŎǳǊŀǘŜ 5b! ǉǳŀƴǝŬŎŀǝƻƴΣ ŀǇǇǊƻǇǊƛŀǘŜ ǉt/w ŎƻƴŘƛǝƻƴǎΣ ǇǊŜŎƛǎŜ ǉǳŀƴǝŬŎŀǝƻƴ ƻŦ 

ŀƳǇƭƛŬŎŀǝƻƴ ǇǊƻŘǳŎǘǎΣ ŀƴŘ ŎŀƭŎǳƭŀǝƻƴ ƻŦ ƭŜǎƛƻƴ ŦǊŜǉǳŜƴŎƛŜǎΦ Lǘ ƻũŜǊǎ ǘƘŜ ŀŘǾŀƴǘŀƎŜ ƻŦ 

ǉǳŀƴǝǘŀǝǾŜƭȅ ŘŜǘŜŎǝƴƎ 5b! ŘŀƳŀƎŜ ƛƴ ŀ ǎǇŜŎƛŬŎ ƎŜƴŜΣ ŜȄǇǊŜǎǎŜŘ ŀǎ ƭŜǎƛƻƴǎ ǇŜǊ ƪƛƭƻōŀǎŜΣ 

ǿƘƛƭŜ ǊŜǉǳƛǊƛƴƎ ƻƴƭȅ мπн ƴŀƴƻƎǊŀƳǎ ƻŦ ǘƻǘŀƭ ƎŜƴƻƳƛŎ 5b! ώуоϐ ώупϐΦ 

[ƛƎŀǝƻƴπƳŜŘƛŀǘŜŘ t/w ό[at/wύ ƛǎ ŀ ǘŜŎƘƴƛǉǳŜ ǳǎŜŘ ǘƻ ŀƴŀƭȅȊŜ ǘƘŜ ŘƛǎǘǊƛōǳǝƻƴ ƻŦ ǘǿƻ ǘȅǇŜǎ 

ƻŦ ¦±πƛƴŘǳŎŜŘ 5b! ǇƘƻǘƻǇǊƻŘǳŎǘǎΥ ŎȅŎƭƻōǳǘŀƴŜ ǇȅǊƛƳƛŘƛƴŜ ŘƛƳŜǊǎ ŀƴŘ сπп ǇƘƻǘƻǇǊƻŘǳŎǘǎΦ 

[at/w ŜȄƘƛōƛǘǎ ǘƘŜ ŎŀǇŀōƛƭƛǘȅ ǘƻ ŘŜǘŜŎǘ ƛƴŘƛǾƛŘǳŀƭ 5b! ǇƘƻǘƻǇǊƻŘǳŎǘǎ ŜǾŜƴ ŀǘ ƭƻǿ ¦± ŘƻǎŜǎ 

όмлπнл WκƳнύΦ Lǘ ƛǎ ƘƛƎƘƭȅ ǎŜƴǎƛǝǾŜ ŦƻǊ ǎǘǳŘȅƛƴƎ ǇǊƻǘŜƛƴπ5b! ƛƴǘŜǊŀŎǝƻƴǎ ƛƴ ǾƛǾƻ ŀƴŘ ƳŜŀǎǳǊƛƴƎ 

ǘƘŜ ǊŜǇŀƛǊ ƻŦ ŎȅŎƭƻōǳǘŀƴŜ ǇȅǊƛƳƛŘƛƴŜ ŘƛƳŜǊǎ ώурΣусϐΦ  

!ƴƻǘƘŜǊ ŀǇǇǊƻŀŎƘΣ ƪƴƻǿƴ ŀǎ ƛƳƳǳƴƻπŎƻǳǇƭŜŘ t/w όL/t/wύΣ ŎƻƳōƛƴŜǎ ƴǳŎƭŜƛŎ ŀŎƛŘ 

ŀƳǇƭƛŬŎŀǝƻƴ ǿƛǘƘ ŀƴ ŀƴǝōƻŘȅπōŀǎŜŘ ŀǎǎŀȅΦ Lƴ ǘƘƛǎ ƳŜǘƘƻŘΣ ǘƘŜ ŘŜǘŜŎǘƻǊ ƛǎ ŀ ōƛƻǝƴȅƭŀǘŜŘ 

ǊŜǇƻǊǘŜǊ 5b! ōƻǳƴŘ ǘƻ ŀƴ ŀƴǝƎŜƴπŀƴǝōƻŘȅ ŎƻƳǇƭŜȄΦ L/t/w ŜƴŀōƭŜǎ ǘƘŜ ǉǳŀƴǝŬŎŀǝƻƴ ƻŦ 

ǘƘȅƳƛƴŜ ŘƛƳŜǊ ŦƻǊƳŀǝƻƴǎ ƛƴ ƎŜƴŜǎΣ ǿƘƛŎƘ ƘŀǾŜ ōŜŜƴ ŦƻǳƴŘ ǘƻ ōŜ ŘƛǊŜŎǘƭȅ ǇǊƻǇƻǊǝƻƴŀƭ ǘƻ ǘƘŜ 

Ǝƭƻōŀƭ ƭŜǾŜƭǎ ƛŘŜƴǝŬŜŘ ƛƴ ¦± ǊŀŘƛŀǝƻƴπŜȄǇƻǎŜŘ ƘǳƳŀƴ ƎŜƴƻƳƛŎ 5b! ώутΣууϐΦ 

{ƘƻǊǘ ƛƴǘŜǊǎǇŜǊǎŜŘ ƴǳŎƭŜŀǊ ŜƭŜƳŜƴǘ ό{Lb9ύπƳŜŘƛŀǘŜŘ t/w ŀǎǎŀȅ ƛǎ ŀƴƻǘƘŜǊ ƘƛƎƘƭȅ ǎŜƴǎƛǝǾŜ 

ǘŜŎƘƴƛǉǳŜ ŦƻǊ ŘŜǘŜŎǝƴƎ 5b! ŀŘŘǳŎǘǎ ƛƴŘǳŎŜŘ ōȅ ŘǊǳƎ ǘǊŜŀǘƳŜƴǘ ƻǊ ¦±π.πƛƴŘǳŎŜŘ ŘŀƳŀƎŜΣ 

ŀƴŘ ŦƻǊ ŀǎǎŜǎǎƛƴƎ ǊŜǇŀƛǊ ƛƴ ǘƘŜ ƳŀƳƳŀƭƛŀƴ ƎŜƴƻƳŜΦ ¢Ƙƛǎ ŀǎǎŀȅ ǊŜƭƛŜǎ ƻƴ ǘƘŜ ŀōǳƴŘŀƴŎŜΣ 

ŘƛǎǇŜǊǎƛƻƴΣ ŀƴŘ ŎƻƴǎŜǊǾŀǝƻƴ ƻŦ {Lb9ǎ ƛƴ ƳŀƳƳŀƭƛŀƴ ƎŜƴƻƳŜǎΦ ¦ƴƭƛƪŜ ŎƻƴǾŜƴǝƻƴŀƭ t/w ŀƴŘ 

ǉt/wΣ ǘƘƛǎ ƳŜǘƘƻŘ ƛƴǾƻƭǾŜǎ ǘƘŜ ŀƳǇƭƛŬŎŀǝƻƴ ƻŦ ƭƻƴƎ 5b! ǎŜƎƳŜƴǘǎ ƛƴ ǘƘŜ ǘǊŀƴǎŎǊƛōŜŘ ǊŜƎƛƻƴǎ 

ƻŦ ǘƘŜ ƎŜƴƻƳŜ ƛƴ ŀ ŦŀǎǘŜǊ ŀƴŘ ƳƻǊŜ ŎƻǎǘπŜũŜŎǝǾŜ ƳŀƴƴŜǊ ώуфϐΦ 

DNA repair proteins as molecular markers  

Ku protein 

Ku protein, also known as Ku70/Ku80 or the Ku heterodimer, plays a critical role in DNA 
damage detection and repair, specifically in the non-homologous end joining (NHEJ) pathway. 
This protein complex binds to DSBs and acts as an initial sensor of damaged DNA. By 
recognizing and binding to DSB ends, Ku protein helps recruit other repair factors and initiates 
the repair process. Due to its pivotal role in DNA damage response, Ku protein has emerged 
as a promising biomarker for DNA damage detection. Analysis of Ku protein levels or its 
phosphorylation status can provide valuable insights into the extent of DNA damage and the 
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efficiency of repair mechanisms. Additionally, the aberrant expression or dysfunction of Ku 
protein has been associated with various diseases, including cancer and autoimmune 
disorders, or hypersensitivity to ionizing radiation [90] [91]. Hence, the use of Ku protein as a 
biomarker in DNA damage detection holds significant potential for assessing the effectiveness 
of therapeutic interventions, predicting treatment outcomes, and developing personalized 
approaches for managing DNA damage-related conditions [92]. 

X-ray repair cross complementing 1 (XRCC1) protein 

XRCC1 plays a crucial role in the detection and repair of DNA damage. It is a key protein 
involved in the base excision repair (BER) pathway, which is responsible for addressing various 
types of DNA lesions, including SSBs and base modifications [93]. XRCC1 acts as a scaffold 
protein, facilitating the assembly of multiprotein complexes involved in BER. By interacting 
with other repair enzymes and signaling factors, XRCC1 coordinates the repair process and 
ensures efficient and accurate DNA damage detection. Its involvement in BER makes XRCC1 
an important biomarker for assessing DNA damage and the overall repair capacity of cells. By 
studying XRCC1 expression levels or genetic variations, researchers can gain insights into the 
susceptibility of individuals to DNA damage, as well as their potential response to DNA-
damaging agents or environmental factors. Thus, XRCC1 holds promise as a valuable tool in 
DNA damage detection and personalized medicine approaches aimed at optimizing treatment 
strategies and reducing the risk of genomic instability-related diseases [94].  

Phosphorylated histone 2AX (Hɹ2AX) protein 

tƘƻǎǇƘƻǊȅƭŀǘŜŘ ƘƛǎǘƻƴŜ Iн!· όʴIн!·ύ ǇǊƻǘŜƛƴ ƛǎ ŀ ƪŜȅ ǇƭŀȅŜǊ ƛƴ ǘƘŜ ŎŜƭƭǳƭŀǊ ǊŜǎǇƻƴǎŜ ǘƻ 5b! 
DSBs. Upon encountering DSBs, H2AX undergoes phosphorylation at a specific serine (Serine-
мофύ ǊŜǎƛŘǳŜ ƴŜŀǊ ǘƘŜ ǎƛǘŜ ƻŦ 5b! ŘŀƳŀƎŜΣ ƭŜŀŘƛƴƎ ǘƻ ǘƘŜ ŦƻǊƳŀǘƛƻƴ ƻŦ ʴIн!X foci [95]. These 
foci serve as molecular beacons that attract and recruit DNA repair proteins to the damaged 
ǎƛǘŜǎΣ ƛƴƛǘƛŀǘƛƴƎ ǘƘŜ ǊŜǇŀƛǊ ǇǊƻŎŜǎǎΦ ʴIн!· ŀŎǘǎ ŀǎ ŀ ǎƛƎƴŀƭƛƴƎ ƳƻƭŜŎǳƭŜΣ ŀƳǇƭƛŦȅƛƴƎ ǘƘŜ 5b! 
damage response and facilitating the coordination of repair pathways. 

¢ƘŜ ǇǊƛƳŀǊȅ ŦǳƴŎǝƻƴ ƻŦ Iɹн!· ƛǎ ǘƻ ƳŀǊƪ ŀƴŘ ƭƻŎŀƭƛȊŜ ƎŜƴƻƳƛŎ 5b! ŘŀƳŀƎŜ ƻŎŎǳǊ ǿƛǘƘƛƴ ǘƘŜ 

ŬǊǎǘ мςо ƳƛƴΣ ǘƘŜǊŜōȅ ŀƛŘƛƴƎ ƛƴ ǘƘŜ ƛŘŜƴǝŬŎŀǝƻƴ ŀƴŘ ǉǳŀƴǝŬŎŀǝƻƴ ƻŦ 5{.ǎΦ .ȅ ŀǎǎŜǎǎƛƴƎ ǘƘŜ 

ƭŜǾŜƭǎ ŀƴŘ ŘƛǎǘǊƛōǳǝƻƴ ƻŦ Iɹн!· ŦƻŎƛΣ ǊŜǎŜŀǊŎƘŜǊǎ Ŏŀƴ Ǝŀƛƴ ƛƴǎƛƎƘǘǎ ƛƴǘƻ ǘƘŜ ŜȄǘŜƴǘ ƻŦ 5b! 

ŘŀƳŀƎŜ ƛƴ ŎŜƭƭǎΦ !ŘŘƛǝƻƴŀƭƭȅΣ Iɹн!· ƛǎ ƛƴǾƻƭǾŜŘ ƛƴ ƳƻŘǳƭŀǝƴƎ ŎƘǊƻƳŀǝƴ ǎǘǊǳŎǘǳǊŜ ŀƴŘ 

ǊŜƳƻŘŜƭƛƴƎΣ ŀƭƭƻǿƛƴƎ ŀŎŎŜǎǎ ǘƻ ǊŜǇŀƛǊ ŦŀŎǘƻǊǎ ŀƴŘ ŦŀŎƛƭƛǘŀǝƴƎ ǘƘŜ ŜŶŎƛŜƴǘ ǊŜǇŀƛǊ ƻŦ 5b! ƭŜǎƛƻƴǎΦ 

Lǘǎ ǇǊŜǎŜƴŎŜ ŀǘ 5{. ǎƛǘŜǎ Ǉƭŀȅǎ ŀ ŎǊǳŎƛŀƭ ǊƻƭŜ ƛƴ ǘƘŜ ŀŎǝǾŀǝƻƴ ƻŦ ŘƻǿƴǎǘǊŜŀƳ 5b! ŘŀƳŀƎŜ 

ǊŜǎǇƻƴǎŜ ǇŀǘƘǿŀȅǎΣ ƛƴŎƭǳŘƛƴƎ 5b! ǊŜǇŀƛǊΣ ŎŜƭƭ ŎȅŎƭŜ ŀǊǊŜǎǘΣ ŀƴŘ ŀǇƻǇǘƻǎƛǎώфсϐ ώфтϐ ώфуϐ ώффϐΦ 

¢ƘŜ ƳŜŎƘŀƴƛǎƳ ǳƴŘŜǊƭȅƛƴƎ ǘƘŜ ŦƻǊƳŀǝƻƴ ŀƴŘ ŦǳƴŎǝƻƴ ƻŦ Iɹн!· ƛƴǾƻƭǾŜǎ ŀ ŎŀǎŎŀŘŜ ƻŦ ŜǾŜƴǘǎ 

ƛƴƛǝŀǘŜŘ ōȅ ǘƘŜ ŀŎǝǾŀǝƻƴ ƻŦ 5b! ŘŀƳŀƎŜ ǎŜƴǎƻǊǎΣ ǎǳŎƘ ŀǎ ǘƘŜ ŀǘŀȄƛŀ ǘŜƭŀƴƎƛŜŎǘŀǎƛŀ ƳǳǘŀǘŜŘ 

ό!¢aύ ƪƛƴŀǎŜΦ !¢a ǇƘƻǎǇƘƻǊȅƭŀǘŜǎ Iн!· ƴŜŀǊ 5{.ǎΣ ǊŜǎǳƭǝƴƎ ƛƴ ǘƘŜ ǊŜŎǊǳƛǘƳŜƴǘ ŀƴŘ ōƛƴŘƛƴƎ 

ƻŦ ǾŀǊƛƻǳǎ ǊŜǇŀƛǊ ǇǊƻǘŜƛƴǎΣ ŎƘǊƻƳŀǝƴ ƳƻŘƛŬŜǊǎΣ ŀƴŘ ǎƛƎƴŀƭƛƴƎ ƳƻƭŜŎǳƭŜǎ ǘƻ ŦƻǊƳ Iɹн!· ŦƻŎƛ 

ώмллϐΦ ¢ƘŜǎŜ ŦƻŎƛ ǎŜǊǾŜ ŀǎ ǇƭŀǜƻǊƳǎ ŦƻǊ ǘƘŜ ŀǎǎŜƳōƭȅ ƻŦ ǊŜǇŀƛǊ ŎƻƳǇƭŜȄŜǎ ŀƴŘ ŦŀŎƛƭƛǘŀǘŜ ǘƘŜ 

ŎƻƻǊŘƛƴŀǝƻƴ ƻŦ ǊŜǇŀƛǊ ǇǊƻŎŜǎǎŜǎΣ ǳƭǝƳŀǘŜƭȅ ƭŜŀŘƛƴƎ ǘƻ ǘƘŜ ǊŜǎǘƻǊŀǝƻƴ ƻŦ 5b! ƛƴǘŜƎǊƛǘȅΦ Iɹн!· 

ŀŎǘǎ ŀǎ ŀ ŘȅƴŀƳƛŎ ŀƴŘ ǘǊŀƴǎƛŜƴǘ ƳŀǊƪŜǊΣ ǊŀǇƛŘƭȅ ŀŎŎǳƳǳƭŀǝƴƎ ŀǘ 5{. ǎƛǘŜǎΣ ǇŜǊǎƛǎǝƴƎ ŘǳǊƛƴƎ 

ǘƘŜ ǊŜǇŀƛǊ ǇǊƻŎŜǎǎΣ ŀƴŘ ƎǊŀŘǳŀƭƭȅ ŘŜŎƭƛƴƛƴƎ ŀǎ 5b! ŘŀƳŀƎŜ ƛǎ ǊŜǎƻƭǾŜŘΦ 

Lƴ ǊŀŘƛŀǝƻƴ ŘŀƳŀƎŜ ŘŜǘŜŎǝƻƴΣ Iɹн!· Ƙŀǎ ƎŀƛƴŜŘ ǎƛƎƴƛŬŎŀƴǘ ŀǧŜƴǝƻƴ ŀǎ ŀ ōƛƻƳŀǊƪŜǊ ŦƻǊ 

ŀǎǎŜǎǎƛƴƎ ǊŀŘƛŀǝƻƴπƛƴŘǳŎŜŘ 5b! ŘŀƳŀƎŜ ώмлмϐ ώмлнϐ ώмлоϐΦ LƻƴƛȊƛƴƎ ǊŀŘƛŀǝƻƴ ŎŀǳǎŜǎ 5b! 5{.ǎΣ 

ǘǊƛƎƎŜǊƛƴƎ ǘƘŜ ǇƘƻǎǇƘƻǊȅƭŀǝƻƴ ƻŦ Iн!· ŀƴŘ ǎǳōǎŜǉǳŜƴǘ ŦƻǊƳŀǝƻƴ ƻŦ Iɹн!· ŦƻŎƛΦ .ȅ 
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ǉǳŀƴǝŦȅƛƴƎ Iɹн!· ŦƻŎƛ ƻǊ ƳŜŀǎǳǊƛƴƎ Iɹн!· ƭŜǾŜƭǎΣ ǘƘŜ ŜȄǘŜƴǘ ƻŦ ǊŀŘƛŀǝƻƴπƛƴŘǳŎŜŘ 5b! 

ŘŀƳŀƎŜ ƛǎ ŜǾŀƭǳŀǘŜŘΣ ǘƘŜ ŜŶŎŀŎȅ ƻŦ ǊŀŘƛŀǝƻƴ ǘƘŜǊŀǇƛŜǎ Ŏŀƴ ōŜ ƳƻƴƛǘƻǊŜŘΣ ŀƴŘ ƛƴŘƛǾƛŘǳŀƭ 

ǊŀŘƛƻǎŜƴǎƛǝǾƛǘȅ Ŏŀƴ ōŜ ŀǎǎŜǎǎŜŘΦ Iɹн!· ǎŜǊǾŜǎ ŀǎ ŀ ǾŀƭǳŀōƭŜ ǘƻƻƭ ƛƴ ǊŀŘƛŀǝƻƴ ōƛƻƭƻƎȅ ǊŜǎŜŀǊŎƘΣ 

ŜƴŀōƭƛƴƎ ǘƘŜ ǉǳŀƴǝŬŎŀǝƻƴ ŀƴŘ ŎƘŀǊŀŎǘŜǊƛȊŀǝƻƴ ƻŦ ǊŀŘƛŀǝƻƴπƛƴŘǳŎŜŘ 5b! ŘŀƳŀƎŜ ƛƴ ŎŜƭƭǎ ŀƴŘ 

ǝǎǎǳŜǎΣ ŀƴŘ ŀƛŘƛƴƎ ƛƴ ǘƘŜ ŘŜǾŜƭƻǇƳŜƴǘ ƻŦ ǎǘǊŀǘŜƎƛŜǎ ǘƻ ŜƴƘŀƴŎŜ ǊŀŘƛƻǘƘŜǊŀǇȅ ŜŶŎŀŎȅ ŀƴŘ 

ƳƛƴƛƳƛȊŜ ǊŀŘƛŀǝƻƴπŀǎǎƻŎƛŀǘŜŘ ǎƛŘŜ ŜũŜŎǘǎΦ 

Fluorescence strategies 

Comet assay  

Comet assay (single cell gel electrophoresis assay) is a widely used method for detecting and 
quantifying DNA damage in individual cells. To perform the comet assay, cells are embedded 
in a thin layer of agarose on a microscope slide. The cells are then lysed to remove cellular 
proteins and membranes, leaving behind the intact DNA. The DNA is subsequently subjected 
to electrophoresis, which causes the fragmented DNA to migrate towards the anode due to 
its negatively charged nature. Following electrophoresis, the DNA is stained with a fluorescent 
dye that intercalates within the DNA strands, allowing the visualization of DNA fragmentation 
under a fluorescence microscope. The fragmented DNA appears as a comet-shaped structure 
with a bright head (containing undamaged DNA) and a tail (containing fragmented DNA). The 
length and intensity of the comet tail correlate with the extent of DNA damage, providing a 
quantitative measure of genotoxicity. 

The comet assay fluorescence technique enables the analysis of individual cells, allowing for 
the assessment of heterogeneity within a population. Moreover, it requires relatively small 
cell numbers, making it suitable for various sample types, including cultured cells, tissues, and 
even whole organisms. Additionally, the comet assay can be combined with specific enzymes 
or antibodies to investigate specific types of DNA damage. Overall, the comet assay 
fluorescence technique is a powerful tool in the field of genotoxicity assessment of various 
agents, such as chemicals, radiation, and environmental pollutants, providing researchers 
with valuable information about DNA damage and aiding in the evaluation of potential 
mutagens and carcinogens [104]. 

Variants of comet assay are the alkaline comet assay (for SSBs and alkali-labile sites in DNA), 
the neutral comet assay (DSBs detection under neutral pH conditions), the enzyme-modified 
comet assay (involves specific enzymatic treatment to detect oxidative base modifications or 
DNA adducts) and the micronucleus comet assay (simultaneous evaluation of both DNA 
damage and chromosomal damage). 

Use of lesion-specific enzymes  

Utilizing enzymes that target specific DNA lesions can assist in the identification of various 
forms of DNA damage beyond SSBs and DSBs, such as oxidized bases or pyrimidine dimers. By 
eliminating the damaged base, lesion-specific enzymes generate apurinic/apyrimidinic sites. 
Endonucleases are particularly effective in detecting oxidized pyrimidines, while 
formamidopyrimidine DNA glycosylases are capable of identifying 8-oxo-7,8-dihydroguanine 
and ring opened-purines. This enzymatic approach enhances the sensitivity and specificity of 
DNA damage detection, allowing for a more comprehensive assessment of genotoxicity. 
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Fluorescence in situ hybridization (FISH)  

Fluorescence in situ hybridization (FISH) is a powerful molecular cytogenetic technique that 
allows for the visualization and localization of specific DNA sequences within cells and tissues. 
FISH employs fluorescently labeled DNA probes that are complementary to target DNA 
sequences of interest. These probes hybridize with their complementary sequences in the 
target DNA, enabling their precise localization and detection under a fluorescence 
microscope. 

To perform FISH, the cells/tissue samples are first fixed and denatured to expose the DNA 
strands. Fluorescently labeled DNA probes (synthesized with specific nucleotide sequences or 
obtained commercially) are applied and hybridize with their complementary sequences in the 
DNA, forming stable duplexes. Upon visualization using a fluorescence microscope, the 
fluorescently labeled DNA probes emit light at specific wavelengths when excited by the 
appropriate light source. This emission produces distinct fluorescent signals that indicate the 
presence and precise location of the target DNA sequences within the cell/tissue. 

FISH has a wide range of applications in genetics and cytogenetics. It can be used to detect 
chromosomal abnormalities, such as translocations, deletions, duplications, and inversions, 
providing valuable diagnostic information in clinical settings. FISH is also instrumental in 
studying gene expression patterns, as it allows for the visualization of gene loci and their 
transcriptional activity within cells. Additionally, FISH plays a crucial role in research areas such 
as cancer genetics, prenatal diagnostics, evolutionary studies, and the mapping of genomic 
regions. 

Halo assay  

This technique relies on the use of propidium iodide (PI), which intercalates into the DNA helix, 
causing the DNA to adopt a supercoiled structure. After cell lysis, the nucleoids of individual 
cells appear as "halos," representing DNA loops that can be measured to assess chromatin 
fragility. The diameter of the "halo" is directly related to the concentration of PI and reflects 
the degree of relaxed or rewound supercoiling, with low PI concentrations indicating relaxed 
supercoils and high PI concentrations indicating rewound supercoils. This method is useful for 
studying the effects of induced DNA damage, but it can only detect changes in DNA 
organization if the damage remains unrepaired, typically observed at radiation doses of 2 Gy. 
The sensitivity of this assay is limited; however, it offers the advantage of measuring DNA 
damage in individual cells without the need for radioactive labeling of DNA precursors. 

FCM-Annexin V labeling  

It is crucial to distinguish between necrosis, autolysis, and apoptosis after DNA fragmentation. 
Flow cytometry (FCM) enables the measurement of a significant quantity of cells and is 
employed to detect apoptosis, DNA strand fragmentation, chromosomal abnormalities, and 
chemical adducts in DNA. The Annexin V protein is utilized for quantifying the quantity of cells 
that are dead or undergoing apoptosis. In healthy cells, the lipid bilayer prevents Annexin V 
from binding. However, in cells undergoing apoptosis, Annexin V attaches to the outer surface 
of the cell membrane after phosphatidylserine translocates in the presence of Ca2+. The 
number of apoptotic cells can be determined using FCM. By employing a secondary antibody 
labeled with fluorescein isothiocyanate (FITC) or propidium iodide (PI), this approach can 
identify significant proteins involved in DNA repair complexes. FCM demonstrates the ability 
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to rapidly and sensitively measure DNA damage in comparison to the commonly used comet 
assay method [105] 

Terminal deoxynucleotidyl transferase (TdT) dUTP nick-end labeling (TUNEL) assay 

TUNEL assay detects SSBs or DSBs and assess apoptosis or necrosis. In this assay, the enzyme 
¢Ř¢ ƛƴŎƻǊǇƻǊŀǘŜǎ ƴǳŎƭŜƻǘƛŘŜ ŀƴŀƭƻƎǳŜǎ ŎƻƴƧǳƎŀǘŜŘ ǿƛǘƘ ŀ ŦƭǳƻǊƻŎƘǊƻƳŜ ƻƴǘƻ ǘƘŜ ŦǊŜŜ о-OH 
of a DNA strand, visualizing the nuclei containing fragmented DNA. Fluorescence detection 
can be achieved using an antibody conjugated with a fluorescent dye that recognizes biotin- 
or digoxigenin-tagged nucleotides. Various techniques such as microscopy, FCM, photo-
multipliers, and charge-coupled device arrays can be employed to detect and quantify damage 
by visualizing DNA fragments. The morphological changes occurring in the nucleus (alterations 
in structural organization and chromatin collapse) facilitate the visualization of DNA damage. 
Endonucleases enzymes generate a specific pattern of fragments during DNA degradation, 
resulting in the fragmentation of genomic DNA into lower molecular weight fragments. TUNEL 
assay cannot distinguish the origin of DNA fragmentation in cells undergoing apoptosis or non-
apoptotic DNA damage and it should be accompanied by a complementary method.  

Radioimmunoassay (RIA)  

Radioimmunoassay (RIA) is a sensitive and precise technique used to measure the 
concentration of specific substances, such as hormones, drugs, or antigens. It relies on the 
principle of competitive binding between a radioactive-labeled molecule (tracer) and the 
target molecule for a limited number of antibody binding sites. A known amount of the 
radioactive tracer is mixed with the sample containing the target molecule and a fixed amount 
of specific antibody. As the target molecules compete with the tracer for binding to the limited 
antibody sites, the amount of tracer bound to the antibody is inversely proportional to the 
concentration of the target molecule in the sample. After separating the bound and unbound 
fractions, the radioactivity is measured, and the concentration of the target molecule is 
determined based on the degree of competition. 

RIA has also been utilized in the field of DNA damage detection by invlonving radiolabeled 
antibodies that can selectively recognize and bind to the DNA adducts or damage sites of 
interest. However, due to the involvement of radioactive isotopes, RIA requires specialized 
handling and disposal procedures to ensure safety and minimize radiation exposure. 
Alternative non-radioactive methods, such as enzyme immunoassays (EIAs) or fluorescent 
immunoassays (FIAs), are now often preferred for DNA damage detection due to their 
improved safety profiles while maintaining comparable sensitivity and accuracy. 

Chemiluminescence strategies 

Enzyme-linked immunosorbent assay (ELISA) 

ELISA is a widely used immunological method for detection and quantification of DNA damage. 
The method involves special absorbant microplates, that provide a surface for the target 
antigen to be mounted on, and an antibody linked to an enzyme that may be quantified via 
the addition of an appropriate substrate (colored, fluorescent or radioactive) [106] [107] [106]. 
Each ELISA measures a specific antigen, and kits for a variety of antigens are widely available. 
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Immunohistochemical assay 

Immunohistochemical (IHC) assay is a technique employed to visualize specific proteins or 
antigens in tissue samples (formalin fixed paraffin/plastic embedded tissues or frozen 
sections). It involves specific antibodies that bind to the target proteins within tissue sections. 
The antibodies are labeled with a detectable marker, such as an enzyme or a fluorescent dye, 
allowing for the visualization of the target proteins under a microscope (optic or 
fluorescence). This assay is commonly used in research and diagnostic settings to study 
protein expression patterns, to detect alterations in certain metabolites and identify specific 
cell types within tissue samples [108]. 

Immunological assay  

¢Ƙƛǎ ƳŜǘƘƻŘ ŎƻƳōƛƴŜǎ ǘƘŜ ƛƳƳǳƴƻǎƭƻǘπōƭƻǘ ǎȅǎǘŜƳ ǿƛǘƘ ŎƘŜƳƛƭǳƳƛƴŜǎŎŜƴǘ ŘŜǘŜŎǝƻƴ ŀƴŘ 

ǎŜŎƻƴŘŀǊȅ ŀƴǝōƻŘƛŜǎ ǘƘŀǘ ŀǊŜ ŎƻƴƧǳƎŀǘŜŘ ǘƻ ŀƭƪŀƭƛƴŜ ǇƘƻǎǇƘŀǘŀǎŜ ŜƴȊȅƳŜǎ ŀƴŘ ǊŀŘƛƻŀŎǝǾŜ 

ƛƻŘƛƴŜ ƛƴ ƻǊŘŜǊ ǘƻ ƳŜŀǎǳǊŜ ƻȄƛŘŀǝǾŜ 5b!Φ  ¢Ƙƛǎ ŀǎǎŀȅ ƛǎ ŜũŜŎǝǾŜΣ ōǳǘ ƛǎ ƭƛƳƛǘŜŘ ōȅ ǘƘŜ ŎǊƻǎǎπ

ǊŜŀŎǝǾƛǘȅ ƻŦ ǘƘŜ ŀƴǝōƻŘƛŜǎ ǿƛǘƘ ƴƻǊƳŀƭ 5b! ōŀǎŜǎ ώулϐΦ 

 

Analytical strategies 

High performance liquid chromatography (HPLC)-electrospray tandem mass spectrometry 

(MS)  

HPLC is used to separate and purify DNA samples, enabling the isolation of specific DNA 
adducts or damage products of interest, based on their chemical properties (size, charge, or 
hydrophobicit), ensuring the isolation of the target analytes from complex DNA mixtures. The 
collected fraction is directed into the electrospray ionization source of the tandem mass 
spectrometer. In the electrospray process, the isolated fraction is ionized and analyzed in the 
mass spectrometer, where the mass-to-charge ratios are measured with high accuracy. By 
comparing the mass spectra obtained from the fraction of interest with reference standards, 
the specific types of DNA damage can be identified. 

HPLC coupled to tandem MS with an electrospray ionization mode, may be a sensitive and 
accurate method for Quantification of oxidized nucleosides within isolated and cellular DNA 
ŜȄǇƻǎŜŘ ǘƻ ʴ-rays [109], detection of the type, location and quantity of damage and tandem 
DNA lesions [110]. Although this assay offers the benefit of accuracy, there are drawbacks such 
as high cost and requiring a significant level of expertise to effectively employ the technique 
in monitoring low levels of damage. Nevertheless, it continues to be the preferred method for 
quantifying DNA bases modification. 

Gas chromatography-mass spectrometry (GC-MS) 

GC-MS is a powerful analytical technique that combines the separation capabilities of gas 
chromatography with the detection and identification capabilities of mass spectrometry [111]. 
In GC-MS, the sample is first vaporized and introduced into a gas chromatograph, where it is 
separated into its individual components based on their differing chemical properties. The 
separated compounds are then directed into the mass spectrometer, where they are ionized, 
fragmented and analyzed based on their mass-to-charge ratios. This method enables the 
identification and quantification of a wide range of products of DNA damage. MS can provide 
the sensitivity to detect a single lesion in DNA samples with multiple lesions, monitor the 
kinetics of repair enzymes and the expression levels of repair proteins [112] [113]. 
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Electrochemical methods (EM)  

Electrochemical DNA-based sensors that exploit the inherent sensitivity of DNA-mediated 
charge transport (CT) to base pair stacking perturbations are capable of detecting base pair 
mismatches and the majority of common base damage products [114]. Electrocatalysis has 
provided as a foundation for innovative assays aimed at detecting low levels of lesions. It holds 
potential as an early diagnostic tool for identifying various forms of damage. While this 
method offers advantages such as high sensitivity, selectivity, and affordability in detecting 
DNA damage, it also has a limitation: it cannot identify thymidine dimer lesions before the 
DNA double helix distortion [107]. 
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3. Materials and methods 
 

Proton radiation effects on plasmid PBR322 

Plasmids are small circular pieces of extra-chromosomal DNA with the ability to 
replicate independently from the host chromosomal DNA. Unlike the large 
chromosomes that carry all the essential for life genetic information, plasmids contain 
specific additional genes that are used in certain conditions and are naturally found in 
bacteria. There are single copy plasmids (one plasmid DNA/cell), multi-copy plasmids 
(maintained as 10-12 genomes/cell) and plasmids under relaxed replication control 
(can increase their number up to 100/cell). 

Artificial plasmids are used in molecular cloning as easily manipulated vectors, driving 
the replication of recombinant DNA sequences within a host organism. However, in 
order to use a type of plasmid as cloning vector should meet with the following 
criteria: 

- Plasmid should be easily isolated from the host cells. 

- Plasmid should have single restriction site for one or more restriction enzymes. 

- Insertion of a linear foreign DNA at one end of these sites should not alter its 
replication properties. 

- Plasmid should be reintroduced into the host cells, with the cells that carry the 
plasmid having the ability to be identified/selected. 

pBR vector plasmids were created in 1977 in the laboratory of Herbert Boyer at the 
University of California, San Francisco, and is one of the first widely used E. coli cloning 
vectors [115]. ¢ƘŜȅ ǿŜǊŜ ƴŀƳŜŘ ŀŦǘŜǊ ƛǘǎ ŎǊŜŀǘƻǊǎΥ Ǉ ǎǘŀƴŘǎ ŦƻǊ άǇƭŀǎƳƛŘέΣ . ŦƻǊ 
ά.ƻƭƛǾŀǊέ ŀƴŘ w ŦƻǊ άwƻŘǊƛƎǳŜȊέΣ ŀŦǘŜǊ Francisco Bolivar Zapata, the postdoctoral 
researcher and Raymond L. Rodriguez. The pBR group of plasmids is the most widely 
used as  

- cloning vehicles  

- a model system for procariotic transcription and translation studies 

- a model system to investigate the effects of topological changes on DNA 
conformation. 

pBR322 molecule is a double-stranded circle 4361 base pairs (1482 nm) in length 
(considered middle-sized), its molecular weight is 2.83 x 106 daltons and its circular 
nucleotide sequence is presented in Figure 3. 1. At the present study, plasmid serves 
as a simplified model to study the effect of radiation on DNA. This model does not 
include repair mechanisms, the natural reaction of cells to such a stimulus, allowing 
to study the initial interactions between radiation and DNA. Furthermore, since 
plasmid is long-term stable, the molecules are identical and conveniently small, it 
excels in topological studies towards actual DNA molecules, since chromosomes are 
larger, with rather complex cell-cycle dependent structure.  

https://en.wikipedia.org/wiki/Recombinant_DNA
https://en.wikipedia.org/wiki/University_of_California,_San_Francisco
https://en.wikipedia.org/wiki/E._coli
https://en.wikipedia.org/wiki/Cloning
https://en.wikipedia.org/wiki/Vector_(molecular_biology)
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Figure 3. 1 A schematic representation of the pBR322 vector with restriction sites indicated. 
https://international.neb.com/ 

 

3.1 DNA sample preparation 
tƭŀǎƳƛŘ Ǉ.wоннΣ ŀ ǾŜŎǘƻǊ ƻŦ посм ōŀǎŜ ǇŀƛǊǎΣ ŘƛǎǎƻƭǾŜŘ ƛƴ мл Ƴa ¢ǊƛǎςI/ƭΣ м Ƴa 95¢! ǿƛǘƘ 

ǇI у Ϫ нрϲ/ όbŜǿ 9ƴƎƭŀƴŘ .ƛƻ[ŀōǎ LƴŎΦύ ǿŀǎ ǇǳǊƛŬŜŘ ŦǊƻƳ ǎŀƭǘǎ Ǿƛŀ Řƛŀƭȅǎƛǎ ƛƴ ǳƭǘǊŀǇǳǊŜ ǿŀǘŜǊ 

όtǳǊπ!π[ȅȊŜǊ Řƛŀƭȅǎƛǎ ƪƛǘ ŦǊƻƳ {ƛƎƳŀπ!ƭŘǊƛŎƘύΦ hǳǊ ǎǘǳŘȅ ƛƴŎƭǳŘŜŘ ǘǿƻ ǘȅǇŜǎ ƻŦ ǎŎŀǾŜƴƎŜǊǎΥ 

ŎƻǳƳŀǊƛƴπоπŎŀǊōƻȄȅƭƛŎ ŀŎƛŘ ό/о/!ύ όŀ ǿŀǘŜǊπǎƻƭǳōƭŜ ŎƻǳƳŀǊƛƴ ŘŜǊƛǾŀǝǾŜύ ŀƴŘ нπŀƳƛƴƻπнπ

όƘȅŘǊƻȄȅƳŜǘƘȅƭύǇǊƻǇŀƴŜπмΣоπŘƛƻƭ ό¢Ǌƛǎύ ǿƛǘƘ ƘȅŘǊƻȄȅƭ ǊŀŘƛŎŀƭǎ όωhIύ ǊŜŀŎǝƻƴ ǊŀǘŜ Ŏƻƴǎǘŀƴǘ 

ƪ/о/! ҐсΦуҎмлф  aπм ǎπм  ώммсϐ ŀƴŘ ƪ¢ǊƛǎҐмΦрҎмлф aπм ǎπм ώммтϐΦ ¢ƘǊŜŜ ŦƻǊƳǎ ƻŦ ǇƭŀǎƳƛŘ 

ǎŀƳǇƭŜǎ ǿŜǊŜ ǇǊŜǇŀǊŜŘΥ ǇƭŀǎƳƛŘ ǿƛǘƘƻǳǘ ǎŎŀǾŜƴƎŜǊΣ ǇƭŀǎƳƛŘ ǿƛǘƘ /о/! ŀƴŘ ǇƭŀǎƳƛŘ ǿƛǘƘ ¢Ǌƛǎ 

ƛƴ ǘƻǘŀƭ ǎŎŀǾŜƴƎƛƴƎ ŎŀǇŀŎƛǘȅ ƻŦ млс ǎπмΣмлт ǎπм ŀƴŘ млу ǎπм ŦƻǊ ŜŀŎƘ ŎƻƳǇƻǳƴŘΦ {ŎŀǾŜƴƎƛƴƎ 

ŎŀǇŀŎƛǘȅ Ŝǉǳŀƭǎ ǘƻ ǘƘŜ ǇǊƻŘǳŎǘ ƪҎ{Σ ǿƘŜǊŜ { ƛǎ ǘƘŜ ǎŎŀǾŜƴƎŜǊ ŎƻƴŎŜƴǘǊŀǝƻƴΦ 9ǾŜǊȅ ǎŀƳǇƭŜ 

ŎƻƴǘŀƛƴŜŘ мл ƴƎκƭ˃ ƻŦ ǘƘŜ ǇƭŀǎƳƛŘ ƛƴ нл Ƴa ǇƻǘŀǎǎƛǳƳ ǇƘƻǎǇƘŀǘŜ ōǳũŜǊΣ ǇI тΣ ǳƭǘǊŀǇǳǊŜ ǿŀǘŜǊ 

ŀƴŘ ǎŎŀǾŜƴƎŜǊ ǎƻƭǳǝƻƴ ƛƴ ŀ ǘƻǘŀƭ ǾƻƭǳƳŜ ƻŦ мсл˃ƭ ƛǊǊŀŘƛŀǘŜŘ ƛƴ ŀ ǇƻƭȅǇǊƻǇȅƭŜƴŜ ƳƛŎǊƻǘǳōŜ όлΦр 

Ƴƭύ ǿƛǘƘ лΦурπƳƳπǘƘƛŎƪ ǿŀƭƭǎΦ  

3.2 Irradiation and dosimetry 
 

{ŀƳǇƭŜǎ ǿŜǊŜ ƛǊǊŀŘƛŀǘŜŘ ŀǘ aŜŘ!ǳǎǘǊƻƴ Lƻƴ .ŜŀƳ ¢ƘŜǊŀǇȅ /ŜƴǘŜǊ ƛƴ ²ƛŜƴŜǊ bŜǳǎǘŀŘǘΣ !ǳǎǘǊƛŀ 

ώммуϐΣ ǿƛǘƘ ŘƻǎŜǎ ǳǇ ǘƻ рл Dȅ ŀǘ ǊƻƻƳ ǘŜƳǇŜǊŀǘǳǊŜ ŀƴŘ ƪŜǇǘ ƻƴ ƛŎŜ ōŜŦƻǊŜ ŀƴŘ ŀƊŜǊ ƛǊǊŀŘƛŀǝƻƴΦ 
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3.2.1. Set-up 
¢ƘŜ ǎŜǘπǳǇ ǘƘŀǘ ƘŜƭŘ ŀƭƭ ǎŀƳǇƭŜπǘǳōŜǎ ŎƻƴǎƛǎǘŜŘ ƻŦ ŀ ¢Ŝƅƻƴ ŦǊŀƳŜπƘƻƭŘŜǊ ǘƘŀǘ ŀƭƭƻǿŜŘ 

ǇƻǎƛǝƻƴƛƴƎ ŀ ǇƭŀǎǝŎ ǊŜƳƻǾŀōƭŜ ōŀǎŜ ƛƴ ŘƛũŜǊŜƴǘ ƘƛƎƘΦ ¢Ƙƛǎ ŦǊŀƳŜ ǿŀǎ ŀƭǿŀȅǎ ǇƭŀŎŜŘ ǾŜǊǝŎŀƭƭȅ 

ƛƴ ǘƘŜ ƳŜǘŀƭ ōŀǎŜ ƻŦ ǘƘŜ ǎƻƭƛŘ ǿŀǘŜǊ w²о ǎƭŀō ǇƘŀƴǘƻƳΣ ǘƘŀǘ ǿŀǎ ŀƭǎƻ ǳǎŜŘ ŦƻǊ ŀ ǎǘŀƴŘŀǊŘ 

ŘƻǎƛƳŜǘǊƛŎ ǉǳŀƭƛǘȅ ŀǎǎǳǊŀƴŎŜ ǇǊƻŎŜŘǳǊŜ ōȅ ƳŜŀƴǎ ƻŦ ¦bL5h{ǿŜōƭƛƴŜ ǿƛǘƘ ǘƘŜ ƛƻƴƛȊŀǝƻƴ 

ŎƘŀƳōŜǊ whh{ όt¢²Σ CǊŜƛōǳǊƎΣ DŜǊƳŀƴȅύΦ 

 

 

 
Figure 3. 2. (left) Illustration of the Teflon frame that holds the sample-tubes in the correct position inside the 
radiation field. (right) The metal base of the solid water RW3 slab phantom, as it was set in front of the nozzle of 
the beam for dosimetric quality assurance procedure with the ionization chamber ROOS (PTW, Freiburg, Germany). 
The frame with the DNA samples was placed vertically behind water-equivalent PMMA plates. Behing the metal 
base and at the end of the beam pathway, water containers are placed for safety reasons.    

 

3.2.2. Proton irradiation 
¢ǊŜŀǘƳŜƴǘ ǇƭŀƴƴƛƴƎ ŀƴŘ ŘƻǎŜ ŎŀƭŎǳƭŀǝƻƴǎ ǿŜǊŜ ǇŜǊŦƻǊƳŜŘ ǿƛǘƘ ǘƘŜ wŀȅ{ǘŀǝƻƴ ¢t{ ±рΦфф 

όwŀȅ{ŜŀǊŎƘΣ {ǿŜŘŜƴύ ŦƻǊ ŀ ƘȅǇƻǘƘŜǝŎŀƭ ǎŎŜƴŀǊƛƻ ƻŦ ŀƴ ŜȄƛǎǝƴƎ ǘǳƳƻǊΣ п ŎƳ ǘƘƛŎƪ ŀƴŘ мо ŎƳ 

ōŜƘƛƴŘ ǘƘŜ ǎƪƛƴΦ ¢ƘŜ ǎŜǘπǳǇ ǿŀǎ ǇƭŀŎŜŘ ƻƴ ŀ ǊƻōƻǝŎ ǘŀōƭŜ όY¦Y! ǊƻōƻǘΣ wŜǳǘƭƛƴƎŜƴ .9/ DƳōIύ 

ŀƴŘ ǘƘŜƴ ǘƘŜ ǘŀōƭŜ ǿŀǎ ǇƭŀŎŜŘ ƛƴ ŦǊƻƴǘ ƻŦ ǘƘŜ ōŜŀƳΣ ƛƴ ŀ Ǉƻǎƛǝƻƴ ǘƘŀǘ ǿŀǎ ŎŀƭŎǳƭŀǘŜŘ ŘǳǊƛƴƎ 

ǘƘŜ ǘǊŜŀǘƳŜƴǘ ǇƭŀƴƴƛƴƎΦ tƻǎƛǝƻƴƛƴƎΣ ōǳǘ ŀƭǎƻ ǘƘŜ ŎƻƳǇǊŜƘŜƴǎƛǾŜ ǿƻǊƪƅƻǿ ƳŀƴŀƎŜƳŜƴǘ ƻŦ 

ǘƘŜ ǇǊƻŎŜŘǳǊŜΣ ƛǎ ŀŎƘƛŜǾŜŘ ǘƘǊƻǳƎƘ ǘƘŜ wŜŎƻǊŘ ϧ ±ŜǊƛŦȅ ǎȅǎǘŜƳ w¢{н όwŀŘƛŀǝƻƴ ¢ƘŜǊŀǇȅ 

{ƻƊǿŀǊŜ {ȅǎǘŜƳύΣ ǿƘƛŎƘ ǿŀǎ ŘŜǾŜƭƻǇŜŘ ōȅ ǘƘŜ ǊŀŘ!w¢ LƴǎǝǘǳǘŜ ŀǘ ǘƘŜ tŀǊŀŎŜƭǎǳǎ aŜŘƛŎŀƭ 

¦ƴƛǾŜǊǎƛǘȅ ƛƴ {ŀƭȊōǳǊƎΦ Lƴ ƻǊŘŜǊ ǘƻ ŀǎǎǳǊŜ ƘƛƎƘ ǇƻǎƛǝƻƴƛƴƎ ŀŎŎǳǊŀŎȅ ŀƴŘ ǘƻ ōŜ ƛƴŘŜǇŜƴŘŜƴǘ ƻŦ 

ǘƘŜ ǇŀȅƭƻŀŘΣ ǘƘŜ ŎƻǊǊŜŎǘ Ǉƻǎƛǝƻƴ ƻŦ ǘƘŜ ǊƻōƻǝŎ ǘŀōƭŜ ǿŀǎ ǾŜǊƛŬŜŘ όŀƴŘ ŎƻǊǊŜŎǘŜŘ ƛŦ ƴŜŜŘŜŘύ ōȅ 

ŀ ƅƻƻǊπƳƻǳƴǘŜŘ ǇƘƻǘƻƎǊŀƳƳŜǘǊƛŎ ǘǊŀŎƪƛƴƎ ŎŀƳŜǊŀ ŀƴŘ ǊŜƅŜŎǘƻǊǎ ƻƴ ǘƘŜ ōƻǧƻƳ ǎƛŘŜ ƻŦ ǘƘŜ 

ǘŀōƭŜπǘƻǇΦ  
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Figure 3. 3. Patient alignment system (PAS) in the treatment room at MedAustron Ion Beam Therapy Center (Wiener 
Neustadt, Austria). The robotic PPS consists of a six axes KUKA robot (Augsburg, Germany) that is mounted on an 
additional linear axis on the ceiling.  

¢ƘŜ ǇǊƻǘƻƴ ōŜŀƳǎ ǿŜǊŜ ƻŦ ŜƴŜǊƎȅ ǊŀƴƎŜ мотπмфу aŜ± ǿƛǘƘ ǘƘŜ ŎƻǊǊŜǎǇƻƴŘƛƴƎ [9¢ ǾŀƭǳŜǎ мπ

мл ƪŜ±κƳ˃ ŀƭƻƴƎ ǘƘŜ ŎƭƛƴƛŎŀƭ {h.t όCƛƎǳǊŜ оΦ пύΣ ŀ [9¢ ǊŀƴƎŜ ǿƘƛŎƘ ƛǎ ƛƳǇƻǊǘŀƴǘ ǘƻ ŎŜƭƭ ƪƛƭƭƛƴƎ 

ώммфϐΦ ¢ƘŜ ǎŀƳǇƭŜǎ ǿŜǊŜ ƛǊǊŀŘƛŀǘŜŘ ƛƴ ƻǊŘŜǊ ƻŦ ƳƛƴǳǘŜǎ ǳƴŘŜǊ ǊƻƻƳ ǘŜƳǇŜǊŀǘǳǊŜ ŀƴŘ ǘƘŜȅ ǿŜǊŜ 

ƻǘƘŜǊǿƛǎŜ ƪŜǇǘ ƻƴ ƛŎŜΦ 5ƻǎŜǎ ƻŦ лΣ мΣ нΣ пΣ уΣ млΣ мрΣ нлΣ ол ŀƴŘ рл Dȅ ǿŜǊŜ ŘŜƭƛǾŜǊŜŘ ƛƴ ŘƛũŜǊŜƴǘ 

Ǉƻǎƛǝƻƴǎ ŀƭƻƴƎ ǘƘŜ ǇǊƻǘƻƴ ǘǊŜŀǘƳŜƴǘ Ǉƭŀƴ ŀƴŘ ŀƴ ƛƻƴƛȊŀǝƻƴ ŎƘŀƳōŜǊ ǿŀǎ ǳǎŜŘ ŦƻǊ ŘƻǎŜ 

ƳƻƴƛǘƻǊƛƴƎΦ ¢ƘŜ ŎƘƻǎŜƴ Ǉƻǎƛǝƻƴǎ ǿŜǊŜ ŀŎƘƛŜǾŜŘ ōȅ ƛƴǘŜǊŦŜǊƛƴƎ ǇƻƭȅƳŜǘƘȅƭ ƳŜǘƘŀŎǊȅƭŀǘŜ 

όtaa!ύ ǇƭŀǘŜǎ ƻŦ ŎŀƭŎǳƭŀǘŜŘ ǘƘƛŎƪƴŜǎǎŜǎ ƛƴ ŦǊƻƴǘ ƻŦ ǘƘŜ ǎŀƳǇƭŜǎ ό¢ŀōƭŜ оΦ  мύΦ 

 

 

Figure 3. 4 General treatment plan dose distribution: the %dose (dashed line) deposited when irradiating a volume 
of a hypothetical tumor of 4 cm thickness and approximately 13 cm under the skin (grey tumor area), as exported 
by TPS and the equivalent LET change over depth in water (sƻƭƛŘ ƭƛƴŜύΦ ¢ƘŜ ǘƘǊŜŜ Ǉƻǎƛǘƛƻƴǎ ƻŦ 5b! ƛǊǊŀŘƛŀǘƛƻƴ όҎύ 



ƙƘ 

 

along the treatment plan are also marked: the beam entrance (A), the middle of SOBP plateau (B) and the SOBP 
fall-off (C). 

Table 3.  1 Irradiation parameters along the therapeutic proton SOBP. 

Irradiation position Depth in PMMA (cm) [9¢ όƪŜ±κ˃Ƴύ Energy range (MeV) 

A ς beam entrance 2 1 198 

B ς plateau of SOBP 15 3 137-167 

C ï tail of SOBP 16.8 9 137-167 

 

3.2.3.  X-Rays 
!ƴ ¸·[hb ·πǊŀȅ ǳƴƛǘ ό¸Ȅƭƻƴ LƴǘŜǊƴŀǝƻƴŀƭ ·πǊŀȅ DƳōIΣ IŀƳōǳǊƎΣ DŜǊƳŀƴȅύ ǿŀǎ ŜƳǇƭƻȅŜŘ ŦƻǊ 

ǇƭŀǎƳƛŘ ƛǊǊŀŘƛŀǝƻƴΦ ¢ƘŜ ·πǊŀȅ ǘǳōŜ ǿŀǎ ŀŘƧǳǎǘŜŘ ǘƻ нлл ƪ±Σ нл Ƴ! ŀƴŘ ǘƘŜ ŘƻǎŜ ǊŀǘŜ ǿŀǎ ŦƻǳƴŘ 

ǘƻ ōŜ Ŏƻƴǎǘŀƴǘ ŀǘ мΦнр DȅκƳƛƴΦ {ƛƴŎŜ ǘƘŜ ǎƻǳǊŎŜ ǘǳōŜ ǿŀǎ ƘƻǊƛȊƻƴǘŀƭ ŀƴŘ whh{ ŎƘŀƳōŜǊ ǎŜǘπ

ǳǇ ǇǊŜǊŜǉǳƛǎƛǘŜǎ мƳƳ taa! ǇƭŀǘŜ ǘƻ Ǉƻǎƛǝƻƴ ǘƘŜ ǇƭŀƴŜ ǇŀǊŀƭƭŜƭ ŎƘŀƳōŜǊ ǾŜǊǝŎŀƭƭȅ ǘƻ ǘƘŜ 

ƛǊǊŀŘƛŀǝƻƴ ŀȄƛǎΣ ŀƭƭ ǎŀƳǇƭŜǎ ǿŜǊŜ ŜȄǇƻǎŜŘ ǘŀǇŜŘ ƻƴ ǘƘŜ ōŀŎƪ ǎƛŘŜ ƻŦ ǘƘŀǘ taa! ǇƭŀǘŜ ŀƴŘ ƪŜǇǘ 

ƻƴ ƛŎŜ ōŜŦƻǊŜ ŀƴŘ ŀƊŜǊ ƛǊǊŀŘƛŀǝƻƴΦ 

3.3 Post-irradiation treatment ς DNA damage detection  

3.3.1 Agarose Gel Electrophoresis in Tris-acetate-EDTA (TAE) buffer 

Gel electrophoresis is a routinely used method to concentrate, separate, purify, identify and 
perform molecular weight characterization on biological macromolecules, based on their 
ability to move in an electric field. The method is based on the phenomenon that most 
biomolecules are electrically-charged particles, possessing ionizable functional groups. 
Biological macromolecules in a solution of a given pH exist as either positively or negatively 
charged ions. Charged molecules under an electric field migrate at a different velocity, 
depending on their mass and net charge in the solution: negatively charged molecules (anions) 
migrate towards the cathode (pulled by the positively-charged electrode and pushed by the 
negatively-charged anode), while positively-charged molecules (cations) migrate towards the 
anode. A migration pattern is formed by molecules with similar properties, leading to the 
separation of samples components. 

Lƴ ŎŀǎŜ ƻŦ !ƎŀǊƻǎŜ DŜƭ 9ƭŜŎǘǊƻǇƘƻǊŜǎƛǎΣ ǘƘŜ άŘŀǎƘōƻŀǊŘέ ƻŦ biomolecules migration is an 
agarose gel bathed in buffer solution. The gel is a non-fluid cross-linked polymer network, that 
serves as a support medium, but also as a separation matrix, that filters the molecules 
according to their size in its porous volume. The buffer solution ensures a safe electrically 
conductive environment to ŜƴƘŀƴŎŜ ǘƘŜ ŎƘŀǊƎŜŘ ƳƻƭŜŎǳƭŜǎΩ ƳƛƎǊŀǘƛƻƴΣ ǿƘƛƭŜ ƳŀƛƴǘŀƛƴƛƴƎ 
stable pH value and temperature. The gel is cast into slabs with sample wells and when it is 
completely polymerized, it is submerged in buffer solution and each sample is loaded into 
each well. The electric current is applied and the electrophoretic separation initiates. By 
adjusting the gel polymer composition, the pore size can be modified, allowing the use of 
electrophoresis to a variety of biomolecules. 

CƻǊ ǘƘŜ ǇǊŜǎŜƴǘ ǎǘǳŘȅΣ ǘƘǊŜŜ ǎǳōǎŀƳǇƭŜǎ ƻŦ р ƭ˃Σ ŘŜǊƛǾŜŘ ŦǊƻƳ ŜŀŎƘ ǎŀƳǇƭŜΣ ǿŜǊŜ ƛƴŎǳōŀǘŜŘ ŀǘ 

отƻ / ŦƻǊ мƘƻǳǊ ǿƛǘƘƻǳǘ ƻǊ ǿƛǘƘ ŜƴȊȅƳŜǎΥ CƻǊƳŀƳƛŘƻǇȅǊƛƳƛŘƛƴŜ 5b! ƎƭȅŎƻǎȅƭŀǎŜ όCǇƎύ ƻǊ 

9ƴŘƻƴǳŎƭŜŀǎŜ LLL όbǘƘύ ƛƴ ǎǇŜŎƛŬŎ ŎƻƳǇƭŜƳŜƴǘŀǊȅ ǊŜŀŎǝƻƴ ōǳũŜǊǎ όbŜǿ 9ƴƎƭŀƴŘ .ƛƻ[ŀōǎ LƴŎύΦ 

.ƻǘƘ ŜƴȊȅƳŜǎ ŀǊŜ 9Φ Ŏƻƭƛ ōŀǎŜ ŜȄŎƛǎƛƻƴ ǊŜǇŀƛǊ ŜƴȊȅƳŜǎ ŀƴŘ ŎŀǘŀƭȅȊŜ ŎƭŜŀǾŀƎŜ ƻŦ ƻȄƛŘƛȊŜŘ 

ƴƛǘǊƻƎŜƴƻǳǎ ōŀǎŜǎΦ CǇƎ ŎŀǘŀƭȅȊŜǎ ƭŜǎƛƻƴǎ ƛƴ ǇǳǊƛƴŜǎ ό!ŘŜƴƛƴŜ ŀƴŘ DǳŀƴƛƴŜύΣ ǿƘƛƭŜ bǘƘ ƛƴ 



ƙƙ 

 

ǇȅǊƛƳƛŘƛƴŜǎ ό¢ƘȅƳƛƴŜ ŀƴŘ /ȅǘƻǎƛƴŜύ ŀƴŘΣ ŘǳŜ ǘƻ ŀǎǎƻŎƛŀǘŜŘ ƭȅŀǎŜ ŀŎǝǾƛǘȅΣ ǘƘŜȅ ŎƻƴǾŜǊǘ ōƻǘƘ 

ŜȄƛǎǝƴƎ ŀƴŘ ǊŜǎǳƭǝƴƎ ŀōŀǎƛŎ ǎƛǘŜǎ ŀƴŘ ƻȄƛŘƛȊŜŘ ōŀǎŜǎ ƛƴǘƻ 5b! ǎǘǊŀƴŘ ōǊŜŀƪǎώоуϐΦ ¢ƘŜ ƻǇǝƳŀƭ 

ŜƴȊȅƳŜ ŎƻƴŎŜƴǘǊŀǝƻƴ ǿŀǎ ŦƻǳƴŘ ōȅ ǝǘǊŀǝƻƴ ƻŦ ŜŀŎƘ ŜƴȊȅƳŜΣ ǘƻ ǎǳŎŎŜŜŘ ƳŀȄƛƳǳƳ ǎǇŜŎƛŬŎ 

ŀƭƻƴƎ ǿƛǘƘ ƳƛƴƛƳǳƳ ƴƻƴπǎǇŜŎƛŬŎ ŎǳǩƴƎ ŀŎǝǾƛǘȅΣ ŀƴŘ ōȅ ŎƻƳǇŀǊƛƴƎ ƛǊǊŀŘƛŀǘŜŘ ǿƛǘƘ ƴƻƴπ

ƛǊǊŀŘƛŀǘŜŘ ǎŀƳǇƭŜǎ ǘǊŜŀǘŜŘ ǿƛǘƘ ŘƛũŜǊŜƴǘ ŜƴȊȅƳŜ ŎƻƴŎŜƴǘǊŀǝƻƴǎΦ 9ƴȊȅƳŀǝŎ ǊŜŀŎǝƻƴǎ ǿŜǊŜ 

ǉǳŜƴŎƘŜŘ ōȅ ŀŘŘƛƴƎ ƻŦ н ƭ˃ ƻŦ 5b! ƭƻŀŘƛƴƎ ŘȅŜ όaŀǎǎwǳƭŜǊΣ ¢ƘŜǊƳƻCƛǎƘŜǊύΣ ŎƻƴǘŀƛƴƛƴƎ 

ōǊƻƳƻǇƘŜƴƻƭ ōƭǳŜΣ оΦо Ƴa ¢ǊƛǎςI/ƭ ŀƴŘ мм Ƴa 95¢!Φ ¢ƘŜ ŘƛũŜǊŜƴǘ ŦƻǊƳǎ ƻŦ ǇƭŀǎƳƛŘ 5b! 

ǿŜǊŜ ǎŜǇŀǊŀǘŜŘ ŀƴŘ ǘƘŜƴ ǾƛǎǳŀƭƛȊŜŘ ōȅ ŜƳǇƭƻȅƛƴƎ ŀƎŀǊƻǎŜ ƎŜƭ ŜƭŜŎǘǊƻǇƘƻǊŜǎƛǎ ƻƴ м҈ ŀƎŀǊƻǎŜ 

ƎŜƭ ǎǘŀƛƴŜŘ ǿƛǘƘ ƅǳƻǊŜǎŎŜƴǘ ŘȅŜ {¸.w DǊŜŜƴ L ό{ƛƎƳŀπ!ƭŘǊƛŎƘύ ǳƴŘŜǊ ŜƭŜŎǘǊƛŎ ŬŜƭŘ ƻŦ млл ± ƛƴ 

лΦрҎ¢!9Φ  

!ǘ ǘƘƛǎ ǎǘŀƎŜ ŀƴŘ ǳƴŘŜǊ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ǎƛƴƎƭŜ ŀƴŘ ŘƻǳōƭŜ ǎǘǊŀƴŘ ōǊŜŀƪǎΣ ǇƭŀǎƳƛŘ 5b! ƛǎ 

ǎŜǇŀǊŀǘŜŘ ƛƴǘƻ ōŀƴŘǎπŦǊŀŎǝƻƴǎ ƻŦ ŘƛũŜǊŜƴǘ ŎƻƴŦƻǊƳŀǝƻƴǎΥ ǎǳǇŜǊŎƻƛƭŜŘ ό{/ύΣ ŎƛǊŎǳƭŀǊ ό/ύ ŀƴŘ 

ƭƛƴŜŀǊ ό[ύ ŀƴŘ ŦǊŀƎƳŜƴǘǎ όCύΣ ǿƛǘƘ ǘƘŜ ƭŀǎǘ ƻƴŜ ōŜƛƴƎ ƴƻƴπŘŜǘŜŎǘŀōƭŜ ŘǳŜ ǘƻ ƳŜǘƘƻŘ ƭƛƳƛǘŀǝƻƴǎ 

όCƛƎǳǊŜ оΦ рύΦ  

 

 

 Figure 3. 5. The electrophoresis concept: Each plasmid sample is added in a well (cathode side), electric field is 
applied at the gel edges and under the electric potential difference, the negatively charged DNA is migrating to the 
anode side through the gel-net. Due to the net-like agarose gel, different DNA forms are separated according to the 
size of each form that created three clearly distinguishable bands. Supercoiled (SC) plasmid (small sized twisted 
DNA) is moving easier and faster, crossing a larger pathway inside the gel and appears as a more distant band. The 
large circular (C) and linear (L) molecules have lower mobility than SC and they are trapped in areas closer to the 
well. Therefore, the unfolded C appears as higher band in the gel and L forms a band in between. Additionally, 
smaller DNA fragments (F) of higher mobility appear as a smear inside the gel. SC is the compact initial DNA with 
no break, C is caused by the cleavage of one DNA strand (SSB) and L by the cleavage of two strands (DSB). F results 
from further nicking, cannot be safely measured via AGE and is excluded from present analysis. By defining the 
amount of SC, C and L and employing Cowan model [42] (equations above) we translate it into number of SSB and 
DSB.   

¢ƘŜǎŜ ǇŀǧŜǊƴǎ ǿŜǊŜ ǾƛǎǳŀƭƛȊŜŘ ǿƛǘƘ ƎǊŜŜƴ ŬƭǘŜǊ ƻƴ ŀ a¸9/[ LƳŀƎŜǊ ŀƴŘ ōŀƴŘ ŀƴŀƭȅǎƛǎ ǿŀǎ 

ǇŜǊŦƻǊƳŜŘ ǿƛǘƘ ǘƘŜ ƛƳŀƎŜ ǇǊƻŎŜǎǎƛƴƎ ǇǊƻƎǊŀƳ a¸LƳŀƎŜ!ƴŀƭȅǎƛǎϰ {ƻƊǿŀǊŜ ό¢ƘŜǊƳƻ 

{ŎƛŜƴǝŬŎύ όCƛƎǳǊŜ оΦ сύΦ ¢ƘŜ ŦǳƭƭπƭŜƴƎǘƘ ƳƻƭŜŎǳƭŜ ōŀƴŘǎ ƻŦ {/Σ w ŀƴŘ [ ǿŜǊŜ ƛŘŜƴǝŬŜŘ ŀƴŘ 

ƛƴǘŜƎǊŀǘŜŘΦ ¢ƘŜ ŀǧŜƳǇǘ ǘƻ ƛƴŎƭǳŘŜ C ƛƴǘƻ ǘƘŜ ŀƴŀƭȅǎƛǎ ǿŀǎ ƴƻǘ ŀƭǿŀȅǎ ǇƻǎǎƛōƭŜΣ ŀǎ ǎƘƻǊǘŜǊπǘƘŀƴπ

ƭƛƴŜŀǊ ǇƭŀǎƳƛŘ ƭŜƴƎǘƘǎ ƘŀǾŜ ƎǊŜŀǘŜǊ Ƴƻōƛƭƛǘȅ ƛƴ ǘƘŜ ŜƭŜŎǘǊƛŎ ŬŜƭŘΣ ŀǇǇŜŀǊƛƴƎ ŀǎ ŀ ǎƳŜŀǊ ǳƴŘŜǊ [ 

ŀƴŘ {/ ōŀƴŘǎ ǘƘŀǘ ǿŀǎ ƴƻǘ ŀƭǿŀȅǎ ŎƻǳƴǘŀōƭŜΦ !ǾŜǊŀƎŜŘ {/Σ / ŀƴŘ [ ǊŜƭŀǝǾŜ ŦǊŀŎǝƻƴǎ ŀǊŜ 

ǉǳŀƴǝŬŜŘ ōȅ ƎŜƭ ƭǳƳƛƴƻǎƛǘȅ ŀƴŘ ǘǊŀƴǎƭŀǘŜŘ ƛƴǘƻ 5b! ōǊŜŀƪǎ ǳǎƛƴƎ /ƻǿŀƴ ƳƻŘŜƭ ώмнлΣмнмϐ 

όŜǉǳŀǝƻƴǎ ƛƴ CƛƎǳǊŜ оΦ рύΦ 
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Figure 3. 6. A representative example of gel image analysis program MYImageAnalysisϰ Software, Thermo 
Scientific, after the agarose gel is visualized with green filter on a MYECL Imager transilluminator. With this 
software the relative luminosity of a band is converted into useful quantitative information.    

 

¢ƘŜ ǎƭƻǇŜ ƻŦ {{. ŀƴŘ 5{. Ǿǎ ŘƻǎŜ ǇƭƻǘǎΣ ŎƻƴǾŜǊǘǎ ǊŜǎǳƭǘǎ ƛƴǘƻ ǘƘŜ ǳǎŜŦǳƭ ǉǳŀƴǝǘȅ ƻŦ DπǾŀƭǳŜǎ 

όōǊŜŀƪǎ ǇŜǊ Dȅ ǇŜǊ aōǇύΦ ¢ƻ ƛƳǇǊƻǾŜ ǘƘŜ ǎǘŀǝǎǝŎǎΣ !D9 ǿŀǎ ǇŜǊŦƻǊƳŜŘ ǘǿƛŎŜ ŦƻǊ ŜŀŎƘ 

ƛǊǊŀŘƛŀǝƻƴ ŎƻƴŘƛǝƻƴΣ ŀƴŘ ƛƳŀƎŜ ŀƴŀƭȅǎƛǎ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ǘǿƛŎŜ ŦƻǊ ŜŀŎƘ ƎŜƭΦ ¢ƘŜ ƛǊǊŀŘƛŀǝƻƴ ǿŀǎ 

ƻƴƭȅ ǊŜǇŜŀǘŜŘ ŦƻǊ ǘƘŜ ƳƛŘŘƭŜ ƻŦ {h.tΦ wŜǎǳƭǘǎ ŀǊŜ ǘƘŜ ƳŜŀƴ ǾŀƭǳŜǎ ŀŎŎƻƳǇŀƴƛŜŘ ōȅ ǘƘŜ ŜǊǊƻǊ 

ƻŦ ǘƘŜ ƳŜŀƴΦ  

.ŀǎŜ ƭŜǎƛƻƴǎ ŀƴŘ ƴƻƴπ5{. ŎƭǳǎǘŜǊŜŘ ŘŀƳŀƎŜ ŀǊŜ ŎŀƭŎǳƭŀǘŜŘ Ǿƛŀ ǘƘŜ ŘƛũŜǊŜƴŎŜ ƻŦ ŜƴȊȅƳŀǝŎ 

ŎƭŜŀǾŀƎŜ ŀƴŘ ǎǘǊŀƴŘ ōǊŜŀƪǎΦ .ŀǎŜ ƭŜǎƛƻƴǎ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ǘƘŜ ŜȄŎŜǎǎƛǾŜ {{. ŀƴŘ ƴƻƴπ5{. 

ŎƭǳǎǘŜǊŜŘ ŘŀƳŀƎŜ ƛǎ ǘƘŜ ŜȄŎŜǎǎƛǾŜ 5{. ǘƘŀǘ ŀǊŜ ǇǊƻŘǳŎŜŘ ōȅ bǘƘ ŀƴŘ CǇƎ ŜƴȊȅƳŜǎΦ   

3.3.2 The Cowan model 
¢ƘŜ /ƻǿŀƴ ƳƻŘŜƭ ƛǎ ŀ ƳŀǘƘŜƳŀǝŎŀƭ ƳƻŘŜƭ ŘŜǾŜƭƻǇŜŘ ōȅ wƛŎƘŀǊŘ /ƻǿŀƴ ŜǘΦŀƭΦ ƛƴ мфус ώмнлϐΣ 

ŘŜǎŎǊƛōƛƴƎ ǘƘŜ ǘǊŀƴǎƛǝƻƴ ōŜǘǿŜŜƴ ǘƘŜ ŦƻǊƳǎ ƻŦ ŀ ŎƛǊŎǳƭŀǊΣ ǎǳǇŜǊŎƻƛƭŜŘΣ ŘƻǳōƭŜπǎǘǊŀƴŘŜŘ 5b! 

ƳƻƭŜŎǳƭŜ ŘǳǊƛƴƎ ǊŜǎǘǊƛŎǝƻƴ ŜƴȊȅƳŜ ǘǊŜŀǘƳŜƴǘΦ !ƭƛƪŜ ǊŀŘƛŀǝƻƴΣ ŜȄǇƻǎǳǊŜ ǘƻ ŀƴ ŜƴȊȅƳŜ ƴƛŎƪǎ 

ŜŀŎƘ ƻŦ ǘƘŜ 5b! ǎǘǊŀƴŘǎ ŀǘ ǊŀƴŘƻƳ ǎƛǘŜǎ ŀƴŘ ǝƳŜǎΦ hƴŜ ƴƛŎƪ ōǊŜŀƪǎ ǘƘŜ ōƻƴŘ ōŜǘǿŜŜƴ ǘǿƻ 

ǎǳŎŎŜǎǎƛǾŜ ōŀǎŜǎ ƻƴ ƻƴŜ 5b! ǎǘǊŀƴŘ ŀƴŘ ǘƘŜ ǎǳǇŜǊŎƻƛƭŜŘ ό{/ύ ƳƻƭŜŎǳƭŜ ǘǳǊƴǎ ǘƻ ŎƛǊŎǳƭŀǊ 

άǊŜƭŀȄŜŘέ ŦƻǊƳ ό/ύΦ {ǳōǎŜǉǳŜƴǘ ƴƛŎƪǎ ƭŜŀŘ ǘƻ ŦǳǊǘƘŜǊ ōǊŜŀƪƛƴƎ ŀƴŘ ǇƭŀǎƳƛŘ ƭƛƴŜŀǊƛȊŀǝƻƴ ό[ύΣ 

ǎƛƴŎŜ ǎǳŶŎƛŜƴǘƭȅ ŎƭƻǎŜ ƴƛŎƪǎ ƻƴ ǘƘŜ ǘǿƻ ƻǇǇƻǎƛǘŜ 5b! ǎǘǊŀƴŘǎ ŎǊŜŀǘŜ ŀ Ŏǳǘ ŀƴŘ ŘŜǎǘǊƻȅ ǘƘŜ 

ŎƛǊŎǳƭŀǊ ŦƻǊƳΦ CǳǊǘƘŜǊ ŜƴȊȅƳŜ ŜȄǇƻǎǳǊŜ ǿƛƭƭ ŎŀǳǎŜ ŦǳǊǘƘŜǊ ōǊŜŀƪƛƴƎ ƛƴǘƻ CǊŀƎƳŜƴǘŜŘ 5b! ŦƻǊƳ 

όCύΦ .ȅ ƛƴŎƭǳŘƛƴƎ ŜȄǇƻǎǳǊŜ ǘƻ ŀ ǎŜŎƻƴŘ ŜƴȊȅƳŜ ǘƘŀǘ ŎŀǳǎŜǎ ŘƛǊŜŎǘ ŎƭŜŀǾŀƎŜ ƻŦ ǘƘŜ ŘƻǳōƭŜ 5b! 

ƘŜƭƛȄΣ ŀ ƎŜƴŜǊŀƭ 5b! ŘŀƳŀƎŜ ƳŀǘƘŜƳŀǝŎŀƭ ŜƴǾƛǊƻƴƳŜƴǘ ƛǎ ŎǊŜŀǘŜŘΦ /ƻǿŀƴ ƳƻŘŜƭ Ŏŀƴ ŀƭǎƻ 

ŘŜǎŎǊƛōŜ ǊŀŘƛŀǝƻƴπƛƴŘǳŎŜŘ 5b! ōǊŜŀƪŀƎŜ ǎƛƴŎŜ ƛǘ ƛǎ ŎŀǳǎŜŘ ōȅ ǘƘŜ ǎŀƳŜ ǎǘƻŎƘŀǎǝŎ ǿŀȅΦ  



ƙƛ 

 

!ǎǎǳƳƛƴƎ ǘƘŀǘ ǘƘŜǊŜ ƛǎ ŀ Ǉƻƻƭ ƻŦ {/ 5b! ƳƻƭŜŎǳƭŜǎ ŜȄǇƻǎŜŘ ǘƻ ŜƴȊȅƳŜǎκǊŀŘƛŀǝƻƴ ŀǘ ǝƳŜ ȊŜǊƻΣ 

ŀ ƴƛŎƪ ƛǎ ŎŀǳǎŜŘ ƻƴ ǘƘŜ 5b! ƳƻƭŜŎǳƭŜ ŀǘ ǾŀǊƛƻǳǎ ǝƳŜǎ ŀƴŘ ǘƘŜƴ ƳƻƭŜŎǳƭŜǎ ǊŜǘǳǊƴ ǘƻ ǘƘŜ ƛƴƛǝŀƭ 

ǇƻƻƭΦ ¢ƘŜ ǇǊƻōŀōƛƭƛǘȅ ƻŦ ƴ ƴƛŎƪǎ ƛƴ ŀƴȅ ǝƳŜ ǇŜǊƛƻŘ ƻŦ ŘǳǊŀǝƻƴ ¢ ƛǎ ‗Ὕ ȾὲȦ Σ ǿƘŜǊŜ  ˂ƛǎ ǘƘŜ 

ŀǾŜǊŀƎŜ ƴǳƳōŜǊ ƻŦ ƴƛŎƪǎ ǇŜǊ ǝƳŜ ǳƴƛǘ ǇŜǊ ƳƻƭŜŎǳƭŜΦ 9ǾŜǊȅ ƴƛŎƪΩǎ Ǉƻǎƛǝƻƴ ƛǎ ǳƴƛŦƻǊƳƭȅ 

ŘƛǎǘǊƛōǳǘŜŘ ŀǊƻǳƴŘ ǘƘŜ ŎƛǊŎǳƭŀǊ ƳƻƭŜŎǳƭŜΣ ǿƘƛŎƘ ƳŜŀƴǎ ǘƘŀǘ ǘƘŜ ƴƛŎƪ ƻŎŎǳǊǎ ǊŀƴŘƻƳƭȅ ŀƴŘ ƛǎ 

Ŝǉǳŀƭƭȅ ƭƛƪŜƭȅ ǘƻ ōŜ ƻƴ ŜƛǘƘŜǊ ƻŦ ǘƘŜ ǘǿƻ ǎǘǊŀƴŘǎ ŀƴŘ ƻƴ ŀƴȅ ǎƛǘŜ ƻƴ ǘƘŜ ŎƛǊŎƭŜΦ tƭŀǎƳƛŘ Ŏƻƴǎƛǎǘǎ 

ƻŦ ŦƻǳǊ ǇƻǇǳƭŀǝƻƴǎ ό{/Σ /Σ [ ŀƴŘ CύΥ 

Ὓὅ‘ ὅ‘ ὒ‘ ὊὛὅ‘ ρ (3.1) 
  
²ƘŜǊŜ Ґ˃˂ǘ ǊŜǇǊŜǎŜƴǝƴƎ ǘƘŜ ƴƛŎƪƛƴƎ ǊŀǘŜ ŀƴŘ ǘ ǊŜǇǊŜǎŜƴǝƴƎ ǘƘŜ ŜȄǇƻǎǳǊŜ ǝƳŜ ƘƛŘƛƴƎ ǘƘŜ ŘƻǎŜ 

ŦŀŎǘƻǊ ŦƻǊ ǘƘŜ ǇǊŜǎŜƴǘ ŎŀǎŜΦ 

¢ƻ ōŜƎƛƴ ǿƛǘƘ ǘƘŜ ǎƛƴƎƭŜ ǎǘǊŀƴŘŜŘ ƴƛŎƪƛƴƎ ŀǎ ǘƘŜ ƻƴƭȅ ŘŀƳŀƎƛƴƎ ŀƎŜƴǘΣ ŎƘŀƴƎŜǎ ƛƴ {/ 5b! ŦƻǊƳ 

ƭŜǾŜƭǎ ŀǊŜ ŀǎǎǳƳŜŘ ǘƻ Ŧƻƭƭƻǿ ŀƴ ŜȄǇƻƴŜƴǝŀƭ ƭƻǎǎ ƻŦ ǘƘŜ ƛƴƛǝŀƭ ŀƳƻǳƴǘ ǿƛǘƘ ǝƳŜ όǘΣ ǘƘŀǘ ƛǎ 

άƘƛŘŘŜƴέ ƛƴ ύ˃ 

Ὓὅ‘ Ὡ  (3.2) 
  
{ǳōǎŜǉǳŜƴǘƭȅ ŀ ǎŜŎƻƴŘ ŘŀƳŀƎŜ ŦŀŎǘƻǊ ƛǎ ŀŘŘŜŘ ŎŀǳǎƛƴƎ ŀ 5{. ŦƻǊƳŀǝƻƴ ό5b! ŎƭŜŀǾŀƎŜύ 

ǎƛƳǳƭǘŀƴŜƻǳǎƭȅ ǘƻ ǎƛƴƎƭŜ ǎǘǊŀƴŘŜŘ ƴƛŎƪƛƴƎ ό{{.ύ ŀǇǇŜŀǊŀƴŎŜ ǿƛǘƘ ŜŶŎƛŜƴŎȅ  ˒όŎƭŜŀǾƛƴƎ ǊŀǘŜ 

ǘƘŀǘ άƘƛŘŜǎέ ǘƘŜ ŎǳǩƴƎ ŘƻǎŜύΦ Lƴ ǘƘŜ ŎŀǎŜ ƻŦ ŘƻǳōƭŜ ŘŀƳŀƎŜ ŀƎŜƴǘǎ  ˃ŀƴŘ ˒Σ ǘƘŜ Ŝǉǳŀǝƻƴǎ 

ǘƘŀǘ ŘŜǎŎǊƛōŜ ǘƘŜ 5b! ŦƻǊƳǎ ŀǊŜ ǘƘŜ ŦƻƭƭƻǿƛƴƎΥ 

Ὓὅ‘ȟ• Ὡ  Ὓὅ‘ (3.3) 
ὅ‘ȟ• Ὡ  Ὑ‘ (3.4) 

ὒ‘ȟ• Ὡ  ὒ‘ •Ὓὅ‘ ὅ‘  (3.5) 
  
Lƴ ŀ ǎŎŜƴŀǊƛƻ ǿƘŜǊŜ ǘƘŜ ŎƭŜŀǾƛƴƎ ƳŜŎƘŀƴƛǎƳ ŘƻƳƛƴŀǘŜǎ ƻǾŜǊ ǘƘŜ ǎƛƴƎƭŜ ǎǘǊŀƴŘ ŎǳǘΣ ǘƘŜ ǘƘŜƻǊȅ 

ƛǎ ǎƛƳǇƭƛŬŜŘ ƛƴ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ǎƛƳǇƭƛŬŜŘ ŜǉǳŀǝƻƴǎΥ  

Ὓὅ‘ȟ• Ὡ  (3.6) 
ὅ‘ȟ• ρ Ὡ Ὡ  (3.7) 
ὒ‘ȟ• •Ὡ  (3.8) 

Ὂ‘ȟ• ρ Ὡ ρ •  (3.9) 
  

.ȅ ŘƛǾƛŘƛƴƎ ŜǉΦоΦсπоΦф ōȅ ρ Ὂ‘ȟ•Σ ŀ ǎŜǘ ƻŦ ŦƻǊƳǳƭŀǎ ǘƘŀǘ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ƎŜƭ ōŀƴŘǎ ŀǊŜ 

ƻōǘŀƛƴŜŘΥ 

Ὓὅ‘ȟ• Ὡ ρ •ϳ  (3.10) 
ὅ‘ȟ• ρ Ὡ ρ •ϳ  (3.11) 
ὒ‘ȟ• • ρ •ϳ  (3.12) 

  
{ƛƴŎŜ {/Σ / ŀƴŘ [ ŀǊŜ ŘŜǘŜǊƳƛƴŜŘ ōȅ ŜƭŜŎǘǊƻǇƘƻǊŜǎƛǎΣ  ˃ŀƴŘ  ˒Ŏŀƴ ōŜ ŎŀƭŎǳƭŀǘŜŘ ŦǊƻƳ ǘƘŜ 

ŦƻƭƭƻǿƛƴƎ ŜǉǳŀǝƻƴǎΥ 

‘ ÌÎ Ὓρ •  (3.13) 
• ὒ ρ ὒϳ  (3.14) 

  
²ƛǘƘ  ˃ŀƴŘ  ˒ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǘƻ {{. ŀƴŘ 5{. ǊŜǎǇŜŎǝǾŜƭȅΦ 
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3.3.3 AFM analysis 
{ŀƳǇƭŜǎ ǿŜǊŜ ŀƭǎƻ ŀƴŀƭȅȊŜŘ ǿƛǘƘ ŀƴ ŀǘƻƳƛŎ ŦƻǊŎŜ ƳƛŎǊƻǎŎƻǇŜ ό!CaύΦ !ǘƻƳƛŎ CƻǊŎŜ ƳƛŎǊƻǎŎƻǇȅ 

ƛǎ ŀ ǘȅǇŜ ƻŦ ǘƘŜ ōǊƻŀŘ ŦŀƳƛƭȅ ƻŦ {ŎŀƴƴƛƴƎ tǊƻōŜ aƛŎǊƻǎŎƻǇȅ ό{taύ ǿƛǘƘ ǊŜǎƻƭǳǝƻƴ ƻƴ ǘƘŜ ƻǊŘŜǊ 

ƻŦ ŦǊŀŎǝƻƴǎ ƻŦ ŀ ƴŀƴƻƳŜǘŜǊΣ ǿƘƛŎƘ ƛǎ ǘƘǊŜŜ ƻǊŘŜǊǎ ƻŦ ƳŀƎƴƛǘǳŘŜ ƘƛƎƘŜǊ ǘƘŀƴ ǘƘŜ ƻǇǝŎŀƭ 

ŘƛũǊŀŎǝƻƴ ƭƛƳƛǘ ώмннϐΦ ¢Ƙƛǎ ǘȅǇŜ ƻŦ ƳƛŎǊƻǎŎƻǇȅ Ŏŀƴ ǇǊƻǾƛŘŜ ǘƻǇƻƎǊŀǇƘƛŎ ƛƳŀƎƛƴƎΣ ŀǎ ǿŜƭƭ ŀǎ 

ŦƻǊŎŜ ƳŜŀǎǳǊŜƳŜƴǘ όŦƻǊŎŜ ǎǇŜŎǘǊƻǎŎƻǇȅ ǘƻ ǎǇŜŎƛŦȅ ƳŜŎƘŀƴƛŎŀƭ ǇǊƻǇŜǊǝŜǎύ ŀƴŘ ǎŀƳǇƭŜ 

ƳŀƴƛǇǳƭŀǝƻƴ όŜΦƎΦ ǎŎŀƴƴƛƴƎ ǇǊƻōŜ ƭƛǘƘƻƎǊŀǇƘȅ ŀƴŘ ƭƻŎŀƭ ŎŜƭƭ ǎǝƳǳƭŀǝƻƴύΣ ǿƛǘƘ ǇǊƻƳƛǎƛƴƎ 

ǇŜǊǎǇŜŎǝǾŜ ƛƴ ƴŀƴƻōƛƻƳŜŎƘŀƴƛŎǎ ώмноϐΦ  

!Ca Ŏƻƴǎƛǎǘǎ ƻŦ ŀ ƳƛŎǊƻŦŀōǊƛŎŀǘŜŘ ŎŀƴǝƭŜǾŜǊ ǿƛǘƘ ŀ ǎƘŀǊǇ ǝǇ ǘƘŀǘ ƛǎ ƎŜƴǘƭȅ ǎŎŀƴƴƛƴƎ ǘƘŜ ǎŀƳǇƭŜ 

ǎǳǊŦŀŎŜ όCƛƎǳǊŜ оΦ тύΣ ǿƘƛƭŜ ǘƘŜ ƛƴǘŜǊŀŎǝƻƴǎ ōŜǘǿŜŜƴ ǘƘŜ ǎŀƳǇƭŜ ŀƴŘ ǘƘƛǎ ǎƘŀǊǇ ǇǊƻōŜ ŀǊŜ 

ǊŜŎƻǊŘŜŘΦ 5ǳǊƛƴƎ ǎŎŀƴƴƛƴƎΣ ǘƘŜ ŦƻǊŎŜǎ ōŜǘǿŜŜƴ ǘƘŜ ǝǇ ŀƴŘ ǘƘŜ ǎŀƳǇƭŜ ŎŀǳǎŜ ǘƘŜ ŎŀƴǝƭŜǾŜǊ ǘƻ 

ōŜƴŘΦ ¢Ƙƛǎ ŘŜƅŜŎǝƻƴ ƛǎ ŘŜǘŜŎǘŜŘ ōȅ ŀ ǇƘƻǘƻŘƛƻŘŜ ǘƘŀǘ ŎƻƭƭŜŎǘǎ ǘƘŜ ǊŜƅŜŎǝƻƴ ƻŦ ŀ ƭŀǎŜǊ ōŜŀƳ 

ƻƴ ǘƘŜ ŎŀƴǝƭŜǾŜǊΦ IƛƎƘπǇǊŜŎƛǎƛƻƴ ƳƻǾŜƳŜƴǘ ŀƴŘ όȄΣ ȅΣ Ȋύ ǇƻǎƛǝƻƴƛƴƎ ŀǊŜ ŜƴǎǳǊŜŘ ōȅ 

ǇƛŜȊƻŜƭŜŎǘǊƛŎ ŜƭŜƳŜƴǘǎΦ ¢ƘŜ ǝǇπǎŀƳǇƭŜ ŘƛǎǘŀƴŎŜ ƛǎ ŎƻƴǘǊƻƭƭŜŘ ōȅ ŦŜŜŘōŀŎƪ ŜƭŜŎǘǊƻƴƛŎǎ 

ŎƻƴƴŜŎǘŜŘ ǘƻ ǘƘŜ ǇƘƻǘƻŘŜǘŜŎǘƻǊΣ ǿƘƛŎƘ ƛǎ ŀƭǎƻ ǎǘŀōƛƭƛȊŜǎ ǘƘŜ ǝǇπǎŀƳǇƭŜ ƛƴǘŜǊŀŎǝƻƴ ǎǘŀōƭŜΦ ¢ƘŜ 

ǊŜŎƻǊŘŜŘ ŘŜƅŜŎǝƻƴ ǎƛƎƴŀƭ ƛǎ ǘƘŜ ŦƻǊŎŜǎ ǘƘŀǘ ǊŜǎǳƭǘ ŦǊƻƳ ǘƘŜ ƛƴǘŜǊŀŎǝƻƴ ōŜǘǿŜŜƴ ǘƘŜ ǝǇ ŀƴŘ 

ǘƘŜ ǎǳǊŦŀŎŜ ǿƛǘƘ ǇƛŎƻƴŜǿǘƻƴ ǎŜƴǎƛǝǾƛǘȅ ŀƴŘ ƛǎ ŎƻƴǾŜǊǘŜŘ ƛƴǘƻ ŀƴ о5 ƛƳŀƎŜ ƻŦ ǘƘŜ ǎǳǊŦŀŎŜ 

ǘƻǇƻƎǊŀǇƘȅ όǇǎŜǳŘƻŎƻƭƻǊ Ǉƭƻǘύ ōȅ ŀ ŎƻƳǇǳǘŜǊΦ 

¢ƻ ŀǾƻƛŘ ǘƘŜ ŘǊŀƎƎƛƴƎ ŦƻǊŎŜǎ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ǘƘŜ ƭŀǘŜǊŀƭ ƳƻǾŜƳŜƴǘ ƻŦ ǘƘŜ 

ǝǇ ƛƴ Ŏƻƴǎǘŀƴǘ ŎƻƴǘŀŎǘ ǿƛǘƘ ǘƘŜ ǎŀƳǇƭŜΣ ǘƘŜ !Ca ǿŀǎ ƻǇŜǊŀǘŜŘ ƛƴ ǘŀǇǇƛƴƎ ƳƻŘŜΦ Lƴ ǘƘƛǎ 

ƻǇŜǊŀǝƻƴ ƳƻŘŜ ǘƘŜ ŎŀƴǝƭŜǾŜǊ ǎǘŀǊǘǎ ŦǊƻƳ ŀ ŦǊŜŜ ƻǎŎƛƭƭŀǝƻƴ ŀƳǇƭƛǘǳŘŜ ŀǘ ŀ ŦǊŜǉǳŜƴŎȅ ƴŜŀǊ ƛǘǎ 

ǊŜǎƻƴŀƴŎŜΦ .ȅ ƛƴǘŜǊƳƛǧŜƴǘƭȅ ǘƻǳŎƘƛƴƎ ǘƘŜ ǎŀƳǇƭŜΣ ǘƘŜ ǝǇ ƎƻŜǎ ǘƘǊƻǳƎƘ ŀǧǊŀŎǝǾŜ ŀƴŘ ǊŜǇǳƭǎƛǾŜ 

ŦƻǊŎŜǎ ŘǳǊƛƴƎ ƻǎŎƛƭƭŀǝƻƴΦ ¢ƘŜ ƻǎŎƛƭƭŀǝƻƴ ŀƳǇƭƛǘǳŘŜ Ŧƻƭƭƻǿǎ ǘƘŜ ŎƘŀƴƎŜǎ ƳŜǘ ƻƴ ǘƘŜ ǎŀƳǇƭŜ 

ǎǳǊŦŀŎŜ ŀƴŘ ǘƻǇƻƎǊŀǇƘƛŎ ƛƳŀƎŜǎ ŀǊŜ ŀŎǉǳƛǊŜŘ ōȅ ǊŜŎƻǊŘƛƴƎ ǘƘŜ ŦŜŜŘōŀŎƪ ǎƛƎƴŀƭ ǘƘŀǘ ƛǎ ǘƘŜ ŦƻǊŎŜ 

ǊŜǉǳƛǊŜŘ ŦƻǊ ǘƘŜ ŀƳǇƭƛǘǳŘŜ ǘƻ ǊŜƳŀƛƴ ŎƻƴǎǘŀƴǘΦ ¢ƘŜ ŎŀƴǝƭŜǾŜǊπǝǇ ǎŜǘǳǇ ƛǎ ŎŀƭƛōǊŀǘŜŘ 

ǎǳŶŎƛŜƴǘƭȅ  ƘƛƎƘ ŀōƻǾŜ ǘƘŜ ǎŀƳǇƭŜ ƛƴ ƻǊŘŜǊ ǘƻ ƛƴŎǊŜŀǎŜ ǘƘŜ ǊŜǎƻƭǳǝƻƴ ŀƴŘ ŀƭǎƻ ƪŜŜǇ ǘƘŜ 

ǘŜŎƘƴƛǉǳŜ ƴƻƴπŘŜǎǘǊǳŎǝǾŜΣ ōȅ ƳŀƪƛƴƎ ǘƘŜ ŀǧǊŀŎǝǾŜ ŦƻǊŎŜǎ ŘƻƳƛƴŀƴǘ ώмнпϐΦ  

 

 

Figure 3. 7. The experimental atomic force microscopy (AFM) setup. The sample is scanned by a nanofabricated tip 
mounted on the cantilever. The oscillation amplitude changes as the AFM cantilever senses the forces from the 
ǎŀƳǇƭŜΩǎ ǎǳǊŦŀŎŜΦ ! ǎŜǘ ƻŦ ƭŀǎŜǊ ŀƴŘ ǇƘƻǘƻŘŜǘŜŎǘƻǊ ǊŜŎƻǊŘǎ ǘƘŜ ƻǎŎƛƭƭŀǘƛƻƴ ƻŦ ǘƘŜ ŎŀƴǘƛƭŜǾŜǊ ŀƴŘ ǘƘŜ ŦŜŜŘōŀŎƪ ǎƛƎƴŀƭ 

is recorded by electronics[125]. 
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CƻǊ ǘƘŜ ǇǊŜǎŜƴǘ ǎǘǳŘȅΣ ŀ ǇŀǊǘ ƻŦ ǘƘŜ ŘƛŀƭȅȊŜŘ όƻǊκŀƴŘ ŀƭǎƻ ƛǊǊŀŘƛŀǘŜŘύ ǇƭŀǎƳƛŘ ǎŀƳǇƭŜ ǿŀǎ 

ŘƛƭǳǘŜŘ ǘƻ мƴƎκƭ˃ Ǉ.wонн ƛƴ мƳa aƎ/ƭнΦ aƎнҌ Ŏŀǝƻƴǎ ƻŦ ǎǳŎƘ ŀ ŎƻƴŎŜƴǘǊŀǝƻƴ ǎǘŀōƛƭƛȊŜǎ 

ŘƻǳōƭŜ ǎǘǊŀƴŘŜŘ 5b!Σ ǇǊŜǾŜƴǘǎ ŎƻƳǇƭŜǘŜ ŘŜƴŀǘǳǊŀǝƻƴ ƻŦ ǘƘŜ 5b! ŀƴŘ ŜƴƘŀƴŎŜǎ ŀŘǎƻǊǇǝƻƴ 

όǾƛŀ ŀ ǿŜŀƪ ŜƭŜŎǘǊƻǎǘŀǝŎ ŀǧŀŎƘƳŜƴǘύ ƻŦ ǘƘŜ ƳƻƭŜŎǳƭŜ ƻƴǘƻ ƳƛŎŀ ǎǳōǎǘǊŀǘŜ ώмнсϐ ώмнтϐ ώмнуϐΦ 

!Ca ƛƳŀƎŜǎ ǿŜǊŜ ŀŎǉǳƛǊŜŘ ǿƛǘƘ bŀƴƻǎŎƻǇŜ ŘƛLƴƴƻǾŀ ŘŜǾƛŎŜ ό±ŜŜŎƻ aŜǘǊƻƭƻƎȅΣ {ŀƴǘŀ .ŀǊōŀǊŀ 

/!ύ ǿƛǘƘ ŀƴ LƴƴƻǾŀ ǎŎŀƴƴŜǊ ǇƻǎǎŜǎǎƛƴƎ ŀ ƳŀȄƛƳǳƳ ǊŀƴƎŜ ƻŦ мллƳ˃ҎмллƳ˃ ƛƴ ǘŀǇǇƛƴƎ ƳƻŘŜ 

όCƛƎǳǊŜ оΦ уύΦ !ƴǝƳƻƴȅ όƴύ ŘƻǇŜŘ ǎƛƭƛŎƻƴ ǝǇǎ ǿƛǘƘ ŀ ƴƻƳƛƴŀƭ Ŏƻƴǎǘŀƴǘ о bκƳ ŀƴŘ пн bκƳ 

ό.ǊǳƪŜǊύ ǿŜǊŜ ǳǎŜŘ ǘƻ ŀŎǉǳƛǊŜ ǎŜǾŜǊŀƭ ƘƛƎƘπǊŜǎƻƭǳǝƻƴ 5b! ǘƻǇƻƎǊŀǇƘƛŜǎ ƻŦ рҎр Ƴ˃н ŀǘ ŀ 

ǎŎŀƴƴƛƴƎ ǎǇŜŜŘ м IȊ ŀƴŘ ǿƛǘƘ ƭŀǘŜǊŀƭ ǊŜǎƻƭǳǝƻƴ рмнҎрмн ǇƛȄŜƭǎΦ ¢ƘŜ ƛƳŀƎŜǎ ǿŜǊŜ ǇǊƻŎŜǎǎŜŘ 

ǿƛǘƘ ǘƘŜ !Ca ŀǇǇŀǊŀǘǳǎ ǎƻƊǿŀǊŜ ό{ta[ŀō рΦлмύΣ ǘƘŜȅ ǿŜǊŜ ƅŀǧŜƴŜŘΣ ŀƴŘ ŀ ƘƛǎǘƻƎǊŀƳ 

ŜǉǳŀƭƛȊŀǝƻƴ ǿŀǎ ŀǇǇƭƛŜŘ ŦƻǊ ǘƘŜ ōŀŎƪƎǊƻǳƴŘ ƴƻƛǎŜ ǎǳōǘǊŀŎǝƻƴ ŀƴŘ ƛƳŀƎŜ ŎƻƴǘǊŀǎǘ ƛƴŎǊŜŀǎŜΦ 

 

 

Figure 3. 8. The setup of Nanoscope diInnova device (Veeco Metrology, Santa Barbara CA). The DNA sample lies 
on the mica disc in the center of the picture. 

 

LƳŀƎŜǎ ǿŜǊŜ ƛƴǇǳǘ ƛƴǘƻ ǘƘŜ ǎŜƳƛπŀǳǘƻƳŀǝŎ ŀƭƎƻǊƛǘƘƳ άƭŜƳŜ5b!έ ό[ŜƴƎǘƘ aŜŀǎǳǊŜƳŜƴǘ ƻŦ 

5b!ύ ƛƳǇƭŜƳŜƴǘŜŘ ōȅ YŀǘŜǊƛƴŀ tŀŎƘƴŜǊƻǾł .ǊŀōŎƻǾł ŜǘΦŀƭ ώмнфϐΦ ¢Ƙƛǎ ŀƭƎƻǊƛǘƘƳ ǳǎŜǎ CǊŜŜƳŀƴ 

ŎƘŀƛƴ ŎƻŘŜ ǘƻ ŎƻƳǇǳǘŜ ǘƘŜ ǇƛȄŜƭ ƭŜƴƎǘƘǎ ŀƴŘ ŜǎǝƳŀǘŜ ǘƘŜ ƭŜƴƎǘƘ ƻŦ ŜŀŎƘ ƳƻƭŜŎǳƭŜ ƛƴ ǇƛȄŜƭǎ 

όCƛƎǳǊŜ оΦ фύΦ  

 



ƚƔ 

 

 

Figure 3. 9. A simple pixel object described with the displayed 8-
connected Freeman chain code (A) and a more realistic complex 

structure with the used 4-connected system (B) [129]. 

 

 

¢ƘŜ уπŎƻƴƴŜŎǘŜŘ CǊŜŜƳŀƴ ŎƘŀƛƴ ŎƻŘŜ ŎŀƭŎǳƭŀǘŜǎ ǘƘŜ ƭŜƴƎǘƘ ƻŦ ŀ ōƛƴŀǊȅ ƻōƧŜŎǘ όōƭŀŎƪ ŀƴŘ ǿƘƛǘŜ 

ƛƳŀƎŜύ ōȅ ŎƻƴǎƛŘŜǊƛƴƎ ƛǘ ŀǎ ŀ ǎǘǊƛƴƎ ƻŦ ŎƻƴƴŜŎǘŜŘ ǇƛȄŜƭǎ ǇƭŀŎŜŘ ƻƴ ŀ ƎǊƛŘΦ 9ŀŎƘ ǇƛȄŜƭ Ƙŀǎ у 

ǇƻǎǎƛōƭŜ ƴŜƛƎƘōƻǊƛƴƎ ǇƛȄŜƭǎ ǿƛǘƘ ƴǳƳōŜǊŜŘ Ǉƻǎƛǝƻƴǎ ŦǊƻƳ л ǘƻ т όCƛƎǳǊŜ оΦ ф !ύΦ ¢ƘŜ ŀƭƎƻǊƛǘƘƳ 

ǊŜŎƻǊŘǎ ǘƘŜ ǿŀȅ ƻƴŜ ǿƘƛǘŜ ǇƛȄŜƭ ƛǎ ƭƛƴƪŜŘ ǿƛǘƘ ǘƘŜ ƴŜƛƎƘōƻǊƛƴƎ ǿƘƛǘŜ ǇƛȄŜƭǎ ŀƴŘ ǊŜǘǳǊƴǎ ŀ 

ǎŜǉǳŜƴŎŜ ƻŦ Ǉƻǎƛǝƻƴ ƴǳƳōŜǊǎ ŎŀƭƭŜŘ ŎƘŀƛƴ ŎƻŘŜΦ ¢Ƙƛǎ ǎŜǉǳŜƴŎŜ ǇǊƻǾƛŘŜǎ ŀ ǘƻǘŀƭ ƴǳƳōŜǊ ƻŦ 

ŜǾŜƴ ŀƴŘ ƻŘŘ ǇŀƛǊ ƻŦ ǇƛȄŜƭǎ όbŜΣ bƻύΣ ǿƛǘƘ ŜǾŜƴ ǇƛȄŜƭǎ ŀƭƛƎƴŜŘ ŀƭƻƴƎ ǘƘŜ ƎǊƛŘΣ ǿƘƛƭŜ ƻŘŘ ǇƛȄŜƭǎ 

ŀƭƛƎƴ ŘƛŀƎƻƴŀƭƭȅΦ !ǎǎǳƳƛƴƎ ŜǾŜƴ ǇƛȄŜƭǎ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ǘƘŜ ƭŜƴƎǘƘ ƻŦ ǘƘŜ ƎǊƛŘ ǎƛȊŜΣ ŀΣ ǘƘŜ ƻŘŘ 

ǇƛȄŜƭǎ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ὦ ὥ Ѝς Σ ǘƘŜ ŘƛŀƎƻƴŀƭ ƻŦ ǘƘŜ ǎǉǳŀǊŜŘ ƎǊƛŘΣ ƭŜŀŘƛƴƎ ǘƻ ŀ ƎŜƴŜǊŀƭ 

ŦƻǊƳǳƭŀ ƻŦ ǇƛȄŜƭ ƭŜƴƎǘƘΣ ὖὒ ὥὔ ὦὔΦ Lƴ ƻǊŘŜǊ ǘƻ ƳŜŀǎǳǊŜ ǘƘŜ ƭŜƴƎǘƘ ƻŦ ƳƻǊŜ ŎƻƳǇƭŜȄ 

ǎǘǊǳŎǘǳǊŜǎ ƭƛƪŜ 5b!Σ ŀ ǎƛƳǇƭƛŬŜŘ ǾŜǊǎƛƻƴ ƻŦ CǊŜŜƳŀƴ ŎƻŘŜ ƛǎ ŜƳǇƭƻȅŜŘ όCƛƎǳǊŜ оΦ ф .ύΦ  

/ŀƭƛōǊŀǝƻƴ ŦǊƻƳ ǇƛȄŜƭǎ ǘƻ ƴŀƴƻƳŜǘŜǊǎ ƛǎ ŦŜŀǎƛōƭŜ ƻƴƭȅ ōȅ Ŧǳƭƭ ƭŜƴƎǘƘ ŎƛǊŎǳƭŀǊ ƳƻƭŜŎǳƭŜǎΣ ǎƛƴŎŜ 

ǘƘŜ ƭŜƴƎǘƘ ƻŦ ŀƴ ƛƴǘŀŎǘ ǇƭŀǎƳƛŘ Ǉ.wонн ƳƻƭŜŎǳƭŜ ƛǎ ƪƴƻǿƴ ǘƻ ōŜ посм ōŀǎŜ ǇŀƛǊǎΣ ǿƛǘƘ ŜŀŎƘ 

ōŀǎŜ ǇŀƛǊ лΦоп ƴƳ ƭƻƴƎ ό·πǊŀȅ ŎǊȅǎǘŀƭƭƻƎǊŀǇƘȅ ǎǘǳŘƛŜǎύΦ !ǊōƛǘǊŀǊȅ ŦǊŀƎƳŜƴǘǎ ƻŦ 5b! Ŏŀƴ ōŜ 

ƻǊƎŀƴƛȊŜŘ ƛƴ ƭŜƴƎǘƘ ŘƛǎǘǊƛōǳǝƻƴǎΦ  

 

Low X-Ray doses on Lymphocytes 
 

¢ƘŜ ŦƻǳǊ ōŀǎƛŎ ŎƻƳǇƻƴŜƴǘǎ ŎƻƳǇǊƛǎƛƴƎ ƘǳƳŀƴ ōƭƻƻŘ ŀǊŜΥ 

¶ Plasma (~55% of total blood volume), transports nutrients, hormones and proteins 

¶ Red blood cells/erythrocytes (~40-45% of total blood volume), oxygen/carbon dioxide 

carriers to/away from cells, hemoglobin in their cytoplasm is responsible for the red 

color of the blood   

¶ Platelets/thrombocytes (<1% of total blood volume), control bleeding by forming clots 

(hemostatic action)  

¶ White blood cells/leukocytes (<1% of total blood volume), part of the immune system 

involved in protecting the organism from infections. 

²ƘƛǘŜ ōƭƻƻŘ ŎŜƭƭǎ ŀǊŜ ǘƘŜ ƻƴƭȅ ōƭƻƻŘ ŎƻƳǇƻƴŜƴǘ ǘƘŀǘ ƘŀǾŜ ƴǳŎƭŜƛ ŀƴŘ ǘƘŜȅ ŀƭƭ ŘŜǊƛǾŜ ŦǊƻƳ 

ƘŜƳŀǘƻǇƻƛŜǝŎ ǎǘŜƳ ŎŜƭƭǎ ƛƴ ǘƘŜ ōƻƴŜ ƳŀǊǊƻǿΦ ²ƘƛǘŜ ōƭƻƻŘ ŎŜƭƭǎ ǘȅǇŜǎ ŀǊŜ ƎǊŀƴǳƭƻŎȅǘŜǎ 

όƴŜǳǘǊƻǇƘƛƭǎΣ ŜƻǎƛƴƻǇƘƛƭǎΣ ŀƴŘ ōŀǎƻǇƘƛƭǎύΣ ƳƻƴƻŎȅǘŜǎΣ ŀƴŘ ƭȅƳǇƘƻŎȅǘŜǎΦ ¢ƘŜ ǇǊŜǎŜƴǘ ǎǘǳŘȅ 

ŦƻŎǳǎŜǎ ƻƴ ǇŜǊƛǇƘŜǊŀƭ ōƭƻƻŘ ƭȅƳǇƘƻŎȅǘŜǎΥ ƳŀǘǳǊŜ ƭȅƳǇƘƻŎȅǘŜǎ ŎƛǊŎǳƭŀǝƴƎ ƛƴ ǘƘŜ ōƭƻƻŘΦ  

https://en.wikipedia.org/wiki/Monocyte
https://en.wikipedia.org/wiki/Lymphocyte


ƚƕ 

 

[ȅƳǇƘƻŎȅǘŜǎ ŀǊŜ ŀǇǘƭȅ ǳǎŜŘ ƛƴ ƛƳƳǳƴƻǎǘŀƛƴƛƴƎ ǇǊƻǘƻŎƻƭǎΣ ŘŜǎǇƛǘŜ ǘƘŜ ŦŀŎǘ ǘƘŀǘ ǘƘŜȅ ŀǊŜ ƴƻƴπ

ŀŘƘŜǊŜƴǘΣ ŦƻǊ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ǊŜŀǎƻƴǎΥ 

¶ Easy, non-invasive and safe isolation of a large cell population from one donor 

¶ Peripheral blood lymphocytes are a naturally occurring population of G0 cells ensuring 

independence of the cell cycle phase 

¶ They have low ɹ ɶ2ɮʋ background and as a result they form bright ʴɶ2ɮʋ foci 

¶ They show a low detection threshold of a few mGy. 

 

3.4 Patient cohort and exposure conditions 
! ŎƻƘƻǊǘ ƻŦ мс ǇŜŘƛŀǘǊƛŎ ǇŀǝŜƴǘǎ ǿƛǘƘ ŎƻƴƎŜƴƛǘŀƭ ƘŜŀǊǘ ŘƛǎŜŀǎŜǎ ǘƻƎŜǘƘŜǊ ǿƛǘƘ мн ŀŘǳƭǘ 

ǇŀǝŜƴǘǎΣ ǿƘƻ ǳƴŘŜǊǿŜƴǘ ŘƛŀƎƴƻǎǝŎ ŀƴŘκƻǊ ǘƘŜǊŀǇŜǳǝŎ ƛƴǘŜǊǾŜƴǝƻƴŀƭ ŎŀǊŘƛƻƭƻƎȅ ǇǊƻŎŜŘǳǊŜǎ 

ŦƻǊ ǾŀǊƛƻǳǎ ƘŜŀǊǘ ŘŜŦŜŎǘǎ ƛƴŎƭǳŘƛƴƎ ŀǘǊƛŀƭ ǎŜǇǘŀƭ ŘŜŦŜŎǘΣ ǘŜǘǊŀƭƻƎȅ ƻŦ CŀƭƭƻǘΣ ǇŀǘŜƴǘ ŘǳŎǘǳǎ 

ŀǊǘŜǊƛƻǎǳǎΣ ǇǳƭƳƻƴŀǊȅ ŀǊǘŜǊȅ ǎǘŜƴƻǎƛǎ ŀƴŘ ŎƻŀǊŎǘŀǝƻƴ ƻŦ ǘƘŜ ŀƻǊǘŀΣ ǿŜǊŜ ŜƴǊƻƭƭŜŘ ƛƴ ǘƘŜ ǎǘǳŘȅΦ 

5ŜƳƻƎǊŀǇƘƛŎ ŀƴŘ ǎƻƳŀǘƻƳŜǘǊƛŎ Řŀǘŀ όƎŜƴŘŜǊΣ ŀƎŜ ǿŜƛƎƘǘ ŀƴŘ ƘŜƛƎƘǘύ ǿŜǊŜ ǊŜŎƻǊŘŜŘ ŦƻǊ ŀƭƭ 

ǇŀǝŜƴǘǎΦ ²ǊƛǧŜƴ ƛƴŦƻǊƳŜŘ ŎƻƴǎŜƴǘ ǿŀǎ ƻōǘŀƛƴŜŘ ŀǎ ǘƘŜ ǇǊƻƧŜŎǘ ƛƴǾƻƭǾŜǎ ǘƘŜ ǳǎŜ ƻŦ ƘǳƳŀƴ 

ƎŜƴŜǝŎ ƳŀǘŜǊƛŀƭ ŀƴŘ ōƛƻƭƻƎƛŎŀƭ ǎŀƳǇƭŜǎΦ 

{ǘǳŘȅ ƛƴŎƭǳǎƛƻƴ ŎǊƛǘŜǊƛŀ ƛƴŎƭǳŘŜŘ ƅǳƻǊƻǎŎƻǇȅ ǝƳŜ όҗнΦр Ƴƛƴύ ŀƴŘ ƴǳƳōŜǊ ƻŦ ƛƳŀƎŜ ŀŎǉǳƛǎƛǝƻƴǎ 

όҗпύΣ ǿƘƛƭǎǘ ŜȄŎƭǳǎƛƻƴ ŎǊƛǘŜǊƛŀ ƛƴŎƭǳŘŜŘ ŎƻƳƻǊōƛŘ ŘƛǎŜŀǎŜΣ ǘƻ ŀǾƻƛŘ ǇƻǘŜƴǝŀƭƭȅ ŀũŜŎǝƴƎ 

ƭŜǳƪƻŎȅǘŜ ŎƻƴŘƛǝƻƴǎΦ !ƭƭ ŎŀǊŘƛƻƭƻƎȅ ǇǊƻŎŜŘǳǊŜ ǿŜǊŜ ǇŜǊŦƻǊƳŜŘ ōȅ ǘƘŜ ǎŀƳŜ ŜȄǇŜǊƛŜƴŎŜŘ 

ŎŀǊŘƛƻƭƻƎƛǎǘΣ {ǇȅǊƛŘƻƴ wŀƳƳƻǎΣ ǘƘŜ 5ƛǊŜŎǘƻǊ ƻŦ tŜŘƛŀǘǊƛŎ /ŀǊŘƛƻƭƻƎȅ ŀƴŘ !Řǳƭǘ ǿƛǘƘ /ƻƴƎŜƴƛǘŀƭ 

IŜŀǊǘ 5ƛǎŜŀǎŜ 5ŜǇŀǊǘƳŜƴǘΣ hƴŀǎǎƛǎ /ŀǊŘƛŀŎ {ǳǊƎŜǊȅ /ŜƴǘŜǊΣ !ǘƘŜƴǎΣ DǊŜŜŎŜΦ !ƭƭ ŎŀǊŘƛƻƭƻƎȅ 

ǇǊƻŎŜŘǳǊŜǎ ǿŜǊŜ ǇŜǊŦƻǊƳŜŘ ǳǎƛƴƎ ŀ ōƛǇƭŀƴŜ ŀƴƎƛƻƎǊŀǇƘƛŎ ǎȅǎǘŜƳ ό!Ǌǝǎ ½ŜŜΣ {ƛŜƳŜƴǎ 

IŜŀƭǘƘŎŀǊŜύ ŜǉǳƛǇǇŜŘ ǿƛǘƘ ŀ ƅŀǘ ǇŀƴŜƭ ŘŜǘŜŎǘƻǊ ŀƴŘ ŀǳǘƻƳŀǝŎ ŜȄǇƻǎǳǊŜ ǘŜŎƘƴƛǉǳŜΦ ¢ƘŜ 

ǎȅǎǘŜƳ ǳǎŜŘ ƘŀŘ ŀƴ ƛƴƘŜǊŜƴǘ ŬƭǘŜǊ ƻŦ нΦр ƳƳ !ƭ ŀƴŘ ŀŘŘƛǝƻƴŀƭ ŎƻǇǇŜǊ ŬƭǘŜǊǎ ǊŀƴƎƛƴƎ ŦǊƻƳ лΦм 

ǘƻ лΦф ƳƳ /ǳΦ 9ȄǇƻǎǳǊŜ ǇŀǊŀƳŜǘŜǊǎ ƛƴŎƭǳŘƛƴƎ ǘǳōŜ ǾƻƭǘŀƎŜΣ ƅǳƻǊƻǎŎƻǇȅ ǝƳŜΣ ŎƛƴŜ ǊǳƴǎΣ 

ƴǳƳōŜǊ ƻŦ ŦǊŀƳŜǎ ŀƴŘ ǘƻǘŀƭ ŘƻǎŜ ŀǊŜŀ ǇǊƻŘǳŎǘ ό5!tύ ǇŜǊ ǇǊƻƧŜŎǝƻƴ ŀƴƎƭŜ ǿŜǊŜ ŎƻƭƭŜŎǘŜŘ ŦǊƻƳ 

ǘƘŜ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ŘƻǎŜ ǊŜǇƻǊǘǎΦ ¢ƻǘŀƭ 5!t ǊŜǇǊŜǎŜƴǘǎ ǘƘŜ ŎǳƳǳƭŀǝǾŜ 5!t ŦƻǊ ōƻǘƘ ƅǳƻǊƻǎŎƻǇȅ 

ŀƴŘ ŎƛƴŜ ŀƴƎƛƻƎǊŀǇƘȅΦ ¢ƘŜ ǇƘȅǎƛŎŀƭ ŘƻǎƛƳŜǘǊȅ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ōȅ !ƎŀǇƛ tƭƻǳǎƛΣ aŜŘƛŎŀƭ 

tƘȅǎƛŎƛǎǘΣ wŜǎŜŀǊŎƘ CŜƭƭƻǿ ŀǘ ǘƘŜ нƴŘ 5ŜǇŀǊǘƳŜƴǘ ƻŦ wŀŘƛƻƭƻƎȅ ƻŦ aŜŘƛŎŀƭ {ŎƘƻƻƭ ŀǘ bŀǝƻƴŀƭ 

ŀƴŘ YŀǇƻŘƛǎǘǊƛŀƴ ¦ƴƛǾŜǊǎƛǘȅ ƻŦ !ǘƘŜƴǎ όbY¦!ύΣ ǇǊƻǾƛŘƛƴƎ ǘƘŜ ŜũŜŎǝǾŜ ŘƻǎŜ ŦƻǊ ŜŀŎƘ ŎŀǎŜΦ 

tŜǊƛǇƘŜǊŀƭ ōƭƻƻŘ ŦǊƻƳ ŜŀŎƘ ǎǘǳŘȅ ǇŀǊǝŎƛǇŀƴǘ ǿŀǎ ŎƻƭƭŜŎǘŜŘ ōŜŦƻǊŜ όǘƻ ǎŜǊǾŜ ŀǎ ŎƻƴǘǊƻƭύ ŀƴŘ 

ǊƛƎƘǘ ŀƊŜǊ ǘƘŜ ŎŀǊŘƛƻƭƻƎȅ ǇǊƻŎŜŘǳǊŜ όƛǊǊŀŘƛŀǘŜŘύΦ ¢ƘŜ ōƭƻƻŘ ǎŀƳǇƭŜǎ ŎƻƴǎƛǎǘŜŘ ƻŦ ŎƛǊŎǳƭŀǝƴƎ 

ōƭƻƻŘ ƻōǘŀƛƴŜŘ ŦǊƻƳ ǘƘŜ ŎŀǘƘŜǘŜǊΣ ǎƻ ƴƻ ŀŘŘƛǝƻƴŀƭ ǾŜƴƛǇǳƴŎǘǳǊŜ ǿŀǎ ƴŜŎŜǎǎŀǊȅΣ ŀƴŘ ǎǘƻǊŜŘ ƛƴ 

Yн95¢! ǾŀŎǳǘŀƛƴŜǊ ǘǳōŜǎΦ 95¢! ōƛƴŘǎ ǘƘŜ ŎŀƭŎƛǳƳ ƛƻƴǎ ŀƴŘ ǘƘŜǊŜŦƻǊŜ ōƭƻŎƪǎ ǘƘŜ ŎƻŀƎǳƭŀǝƻƴ 

ŎŀǎŎŀŘŜΣ ŀƭƭƻǿƛƴƎ ǘƘŜ ǎǘŀōƛƭƛǘȅ ƻŦ ōƭƻƻŘ ŎŜƭƭǎ ƛƴ ŀƴ 95¢! ŀƴǝŎƻŀƎǳƭŀǘŜŘ ōƭƻƻŘ ǎŀƳǇƭŜ ŦƻǊ ǳǇ ǘƻ 

нп ƘƻǳǊǎΦ {ŀƳǇƭŜǎ ǿŜǊŜ ǎǘƻǊŜŘ ŀƴŘ ǘǊŀƴǎŦŜǊǊŜŘ ǘƻ ǘƘŜ ƭŀō ƛƴ ŎƻƭŘ ŜƴǾƛǊƻƴƳŜƴǘ όϤпƻ/ύΦ {ƘŀǊǇ 

ǘŜƳǇŜǊŀǘǳǊŜ ŘƛũŜǊŜƴŎŜǎ ǿŜǊŜ ŀǾƻƛŘŜŘ ŘǳǊƛƴƎ ǘƘŜ ǿƘƻƭŜ ǎŀƳǇƭŜ ƘŀƴŘƭƛƴƎ ǇǊƻŎŜŘǳǊŜΦ 

3.5 Lymphocyte isolation 
tŀǝŜƴǘΩǎ ƭȅƳǇƘƻŎȅǘŜǎ ǿŜǊŜ ƛǎƻƭŀǘŜŘ ŦǊƻƳ ŜŀŎƘ ǎŀƳǇƭŜ Ǿƛŀ ŎŜƴǘǊƛŦǳƎŀǝƻƴ ǿƛǘƘ ƭȅƳǇƘƻŎȅǘŜ 

ǎŜǇŀǊŀǝƴƎ ǎƻƭǳǝƻƴ ό[ȅƳǇƘƻǎŜǇ мΦлтт ƎκƳƭΣ .ƛƻǿŜǎǘύΦ 9ŀŎƘ ōƭƻƻŘ ǎŀƳǇƭŜ ǿŀǎ ŘƛƭǳǘŜŘ мΥм ǘƻ 

wtaL мспл ƭƛǉǳƛŘ ƳŜŘƛǳƳ ǎǳǇǇƭŜƳŜƴǘŜŘ ǿƛǘƘ м҈ [πƎƭǳǘŀƳƛƴŜ ŀƴŘ ŀƴǝōƛƻǝŎǎΦ ! ǾƻƭǳƳŜ ƻŦ 

пƳ[ ƭȅƳǇƘƻŎȅǘŜ ǎŜǇŀǊŀǝƻƴ ǎƻƭǳǝƻƴ ǿŀǎ ƎƛǾŜƴ ǘƻ ŜŀŎƘ ŎŜƴǘǊƛŦǳƎŀƭ ǘǳōŜǎ ŀƴŘ Ŝǉǳŀƭ ŀƳƻǳƴǘ ƻŦ 

ŘƛƭǳǘŜŘ ōƭƻƻŘ ǿŀǎ ƎƛǾŜƴ ƻƴ ǘƻǇ ƻŦ ƛǘΣ ŀǎ ǇƛŎǘǳǊŜŘ ƛƴ CƛƎǳǊŜ оΦ млΦ !ƊŜǊ ол ƳƛƴǳǘŜǎ ŎŜƴǘǊƛŦǳƎŀǝƻƴ 

όмурл ǊǇƳύ ōƭƻƻŘ ŎƻƳǇƻƴŜƴǘǎ ǿŜǊŜ ǎŜǇŀǊŀǘŜŘ ƛƴ ŘƛũŜǊŜƴǘ ǿŜƭƭπŘŜŬƴŜŘ ƭŀȅŜǊǎ όCƛƎǳǊŜ оΦмлύΥ 



ƚƖ 

 

ǘƘŜ ƘŜŀǾȅ ǊŜŘ ōƭƻƻŘ ŎŜƭƭǎ ŀƴŘ ƎǊŀƴǳƭƻŎȅǘŜǎ ŦƻǊƳŜŘ ŀ ǊŜŘ ƭŀȅŜǊ ŀǘ ǘƘŜ ōƻǧƻƳ ƻŦ ǘƘŜ ǾŜǎǎŜƭΣ 

ǊƛƎƘǘ ōŜƭƭƻǿ ǘƘŜ ǎŜǇŀǊŀǝƻƴ ƳŜŘƛǳƳ ǘƘŀǘ ǿƻǊƪŜŘ ŀǎ ŀ ŬƭǘŜǊ ǘƻ ƪŜŜǇ ǘƘŜ ƭƛƎƘǘ ŎƻƳǇƻƴŜƴǘǎ ƻƴ 

ǘƘŜ ǳǇǇŜǊ ǇŀǊǘ ƻŦ ǘƘŜ ǘǳōŜΦ tƭŀǎƳŀ ŀƴŘ ǇƭŀǘŜƭŜǘǎΣ ŀǎ ǘƘŜ ƭƛƎƘǘŜǊ ōƭƻƻŘ ŎƻƳǇƻƴŜƴǘǎ ŦƻǊƳ ŀ 

ȅŜƭƭƻǿƛǎƘ ǎǳǇŜǊƴŀǘŀƴǘ ƭƛǉǳƛŘ ƭŀȅŜǊΦ .ŜǘǿŜŜƴ ǘƘƛǎ ƭŀȅŜǊ ŀƴŘ ǘƘŜ ǎŜǇŀǊŀǝƻƴ ƳŜŘƛǳƳΣ ŀ ƴŀǊǊƻǿ 

ǿƘƛǘŜ ƳŜƴƛǎŎǳǎ ŎƻƴǘŀƛƴŜŘ ǘƘŜ ƭȅƳǇƘƻŎȅǘŜǎΣ ǘƘŀǘ ǿŀǎ Ŝŀǎƛƭȅ ǇƛǇŜǧŜŘ ƻǳǘ ƻŦ ǘƘŜ ǘǳōŜΦ  

 

 

Figure 3. 10 Blood components before and after centrifugation of blood with Lymphosept solution [130]. 

 

¢ƘŜ ƛǎƻƭŀǘŜŘ ƭȅƳǇƘƻŎȅǘŜǎ ǿŜǊŜ ǿŀǎƘŜŘ ǘǿƛŎŜ ǊŜǎǳǎǇŜƴŘŜŘ ƛƴ wtaL мспл ŎŜƭƭ ŎǳƭǘǳǊŜ ƳŜŘƛǳƳ 

ǎǳǇǇƭŜƳŜƴǘŜŘ ǿƛǘƘ мл҈ ŦŜǘŀƭ ōƻǾƛƴŜ ǎŜǊǳƳ όC.{ύΣ м҈ [πƎƭǳǘŀƳƛƴŜ ŀƴŘ ŀƴǝōƛƻǝŎǎ όнҎмр Ƴƛƴ 

ŎŜƴǘǊƛŦǳƎŀǝƻƴ Ϫмрлл ǊǇƳ Ϫпƻ/ύΦ ! тπƳƛƴǳǘŜ ŎŜƴǘǊƛŦǳƎŀǝƻƴ όϪмолл ǊǇƳ Ϫпƻ/ύ ƛƴ трƳa Y/ƭ 

ǎƻƭǳǝƻƴ ŦƻƭƭƻǿŜŘΦ Y/ƭ ƛǎ ŀ ƘȅǇƻǘƻƴƛŎ ǎŀƭǘ ǎƻƭǳǝƻƴ ǘƘŀǘ ŀũŜŎǘǎ ǘƘŜ ƛƻƴƛŎ ŀƴŘ ƻǎƳƻǝŎ 

ƘƻƳŜƻǎǘŀǎƛǎ ƻŦ ǘƘŜ ŎŜƭƭǎ ŎŀǳǎƛƴƎ ǎǿŜƭƭƛƴƎΦ ¢ƘŜ ǘƻǘŀƭ ǝƳŜ ƻŦ ŎŜƭƭ ŜȄǇƻǎǳǊŜ ƛƴ ǎǳŎƘ ŀƴ 

ŜƴǾƛǊƻƴƳŜƴǘ ǎƘƻǳƭŘ ƴƻǘ ŜȄŎŜŜŘ мл ƳƛƴǳǘŜǎ ǘƻ ǎŜŎǳǊŜ ŎŜƭƭ ƛƴǘŜƎǊƛǘȅΦ hƴŜ ƭŀǎǘ ŎŜƴǘǊƛŦǳƎŀǝƻƴ ƛƴ 

мҎt.{ όǇƘƻǎǇƘŀǘŜ ōǳũŜǊ ǎŀƭƛƴŜύ ŦƻƭƭƻǿŜŘ ǘƻ ǊŜƳƻǾŜ ǘƘŜ ǊŜƳŀƛƴƛƴƎ Y/ƭ ǎƻƭǳǝƻƴΣ ǊŜπƘȅŘǊŀǘŜ ǘƘŜ 

ŎŜƭƭǎ ŀƴŘ ǇǊƻŘǳŎŜ ŀ ŎƭŜŀǊ ŎŜƭƭ ǎƻƭǳǝƻƴΦ  

¢ƘŜ ƛǎƻƭŀǘŜŘ ƭȅƳǇƘƻŎȅǘŜǎ ǿŜǊŜ ŀǧŀŎƘŜŘ ƻƴ ƳƛŎǊƻǎŎƻǇŜ ǎƭƛŘŜǎ Ǿƛŀ /ȅǘƻǎǇƛƴ ǎŀƳǇƭŜ ŎƘŀƳōŜǊ 

όп Ƴƛƴ ŎŜƴǘǊƛŦǳƎŀǝƻƴ Ϫулл ǊǇƳ Ϫпƻ/ύ ŀƴŘ ƛŦ ƴŜŜŘŜŘ ǿŜǊŜ ǊŜπŘƛƭǳǘŜŘ ƛƴ мҎt.{ ǳƴǝƭ ǘƘŜ 

ŘŜǎƛǊŜŘ ƻǳǘŎƻƳŜΥ ŀ ƳƻƴƻƭŀȅŜǊ ƻŦ ƭȅƳǇƘƻŎȅǘŜǎ ƻƴ ǘƘŜ Ǝƭŀǎǎ ǎǳǊŦŀŎŜΦ {ƭƛŘŜǎ ǿŜǊŜ ƛƳƳŜǊǎŜŘ ƛƴ 

п҈ tC! ŬȄŀǝǾŜ ǿƛǘƘ ǎǳŎǊƻǎŜ ǎƻƭǳǝƻƴ όп҈ tC! ŀƴŘ п҈ ǎǳŎǊƻǎŜ ƛƴ мҎt.{ ŀƴŘ ǇI ŀŘƧǳǎǘƳŜƴǘ 

ǿƛǘƘ п b bŀhIύ ŦƻǊ мр ƳƛƴǳǘŜǎΦ tŀǊŀŦƻǊƳŀƭŘŜƘȅŘŜ όtC!ύ ŀŎǘǎ ŀǎ ŎǊƻǎǎπƭƛƴƪƛƴƎ ŀƎŜƴǘ ǘƘŀǘ ǊŜŀŎǘǎ 

ǿƛǘƘ ǇǊƻǘŜƛƴǎ ŀƴŘ ƴǳŎƭŜƛŎ ŀŎƛŘǎ ƛƴ ǘƘŜ ŎŜƭƭΣ ǊŜǎǳƭǝƴƎ ƛƴ ŎŜƭƭ ŬȄŀǝƻƴ ǿƛǘƘ ƭƻǿ ƭŜǾŜƭǎ ƻŦ ǎƘǊƛƴƪŀƎŜ 

ŀƴŘ ƎƻƻŘ ǇǊŜǎŜǊǾŀǝƻƴ ƻŦ ŎŜƭƭǳƭŀǊ ǎǘǊǳŎǘǳǊŜΦ  

3.6 Indirect Immunofluorescence  
CƛȄŜŘ ƭȅƳǇƘƻŎȅǘŜǎ ǿŜǊŜ ǊŜƘȅŘǊŀǘŜŘ ǿƛǘƘ мҎt.{ όоҎрƳƛƴ ǿŀǎƘŜǎύ ŀƴŘ ǿŜǊŜ ǇŜǊƳŜŀōƛƭƛȊŜŘ ōȅ 

ǊŜǎǳǎǇŜƴǎƛƻƴ ƛƴ tπǎƻƭǳǝƻƴ όлΦр҈ ¢Ǌƛǘƻƴ ·πмллΣ рл Ƴa 95¢! ǇI у ŀƴŘ млл Ƴa ¢Ǌƛǎ ǇI тΦпύ ŦƻǊ 

мл ƳƛƴǳǘŜǎΦ tŜǊƳŜŀōƛƭƛȊŀǝƻƴ ǇǊƻǾƛŘŜǎ ŀŎŎŜǎǎ ǘƻ ƛƴǘǊŀŎŜƭƭǳƭŀǊ ŜƴǾƛǊƻƴƳŜƴǘ ōȅ ǊŜƳƻǾƛƴƎ ƭƛǇƛŘǎ 

ŦǊƻƳ ǘƘŜ ŎŜƭƭǳƭŀǊ ƳŜƳōǊŀƴŜ ǘƻ ŀƭƭƻǿ ƭŀǊƎŜ ƳƻƭŜŎǳƭŜǎ όŦǳǊǘƘŜǊ ǘǊŜŀǘƳŜƴǘύ ǘƻ Ǉŀǎǎ ǘƘǊƻǳƎƘ ŀƴŘ 

ŜƴǘŜǊ ǘƘŜ ŎŜƭƭΦ ¢ƘŜ ŀŎǝƻƴ ƻŦ tπǎƻƭǳǝƻƴ ǿŀǎ ǎǘƻǇǇŜŘ ōȅ оҎрƳƛƴ ǿŀǎƘŜǎ ǿƛǘƘ мҎt.{Φ 

!ƴ ƻǾŜǊƴƛƎƘǘ ǘǊŜŀǘƳŜƴǘ ŀǘ пƻ/ ǿƛǘƘ t.D ōƭƻŎƪƛƴƎ ǎƻƭǳǝƻƴ ŦƻƭƭƻǿŜŘ όлΦн҈ ŬǎƘ ǎƪƛƴ ƎŜƭŀǝƴΣ лΦр҈ 

.ƻǾƛƴŜ {ŜǊǳƳ !ƭōǳƳƛƴ ŦǊŀŎǝƻƴ ± ƛƴ м Ҏ t.{ύΦ .ƭƻŎƪƛƴƎ ƳƛƴƛƳƛȊŜǎ ǘƘŜ ǳƴǎǇŜŎƛŬŎ ōƛƴŘƛƴƎ ƻŦ ǘƘŜ 

ǇǊƛƳŀǊȅ ŀƴǝōƻŘȅ όƴŜȄǘ ǎǘŜǇύ ǿƛǘƘƛƴ ǘƘŜ ŎŜƭƭΣ ǊŜǎǘǊƛŎǝƴƎ άƴƻƛǎŜέ ŀƴŘ ŜƴƘŀƴŎƛƴƎ ǘƘŜ ǎǇŜŎƛŬŎ 

ŀƴǝōƻŘȅ ǎƛƎƴŀƭΦ   

https://www.sciencedirect.com/topics/chemistry/nucleic-acid


ƚƗ 

 

¢ƘŜ ǇǊƛƴŎƛǇŀƭ ǎǘŜǇǎ ƻŦ ƛƴŘƛǊŜŎǘ ƛƳƳǳƴƻƅǳƻǊŜǎŎŜƴŎŜ ŀǊŜ ǎǇŜŎƛŬŎ ŀƴǝōƻŘȅ ōƛƴŘƛƴƎ ǘƻ ǘƘŜ 

ǇǊƻǘŜƛƴ ƻŦ ƛƴǘŜǊŜǎǘ όǇǊƛƳŀǊȅ ŀƴǝōƻŘȅύ ŀƴŘ ƅǳƻǊŜǎŎŜƴǘ ŘȅƛƴƎ όǎŜŎƻƴŘŀǊȅ ŀƴǝōƻŘȅύ ƻŦ ǘƘŜ 

ƛƳƳǳƴŜ ŎƻƳǇƭŜȄŜǎ ǘƘŀǘ ŀƭƭƻǿ ǾƛǎǳŀƭƛȊŀǝƻƴ ƻŦ ǘƘŜ ǇǊƻǘŜƛƴ ƻŦ ƛƴǘŜǊŜǎǘ Ǿƛŀ ƅǳƻǊŜǎŎŜƴŎŜ 

ƳƛŎǊƻǎŎƻǇȅ όCƛƎǳǊŜ оΦ ммύΦ  

 

Figure 3. 11. The principle of indirect 
immunofluorescence: The primary antibody 
binds on the specific antigene of interest. In 
order to visualize these specific sites, a 
secondary antibody is employed which 
recognizes and binds on the primary. This 
secondary antibody carries a fluorophore 
ƻƴ ƛǘǎΩ ǘŀƛƭΣ ǘƘŜ ǎǳōǎǘŀƴŎŜ ǘƘŀǘ ƭŀōŜƭǎ ǘƘŜ 
ŀƴǘƛƎŜƴŜΩǎ ǎƛǘŜ ǇǊƻǾƛƴƎ ƛǘǎΩ ǇǊŜǎŜƴŎŜΦ 

 

¢ƻ ǘƘƛǎ ŀƛƳΣ ƛƴŎǳōŀǝƻƴ ǿƛǘƘ ǇǊƛƳŀǊȅ πɹIн!· ŀƴǝōƻŘȅ όǊŀōōƛǘ ƳƻƴƻŎƭƻƴŀƭΣ ŘƛƭǳǘŜŘ мΥмллл ƛƴ 

t.DΣ /ŀǘΥ b.мллπтффстΣ bƻǾǳǎ .ƛƻƭƻƎƛŎŀƭǎΣ !ōƛƴƎŘƻƴΣ ¦Yύ ǿŀǎ ŎŀǊǊƛŜŘ ƻǳǘ ŦƻǊ фл ƳƛƴǳǘŜǎ ŀǘ 

ǊƻƻƳ ǘŜƳǇŜǊŀǘǳǊŜΦ   

!ƊŜǊ ǘƘǊŜŜ ŎƻƴǎŜŎǳǝǾŜ ǿŀǎƘŜǎ ǿƛǘƘ м Ҏ t.{Σ ǎŀƳǇƭŜǎ ǿŜǊŜ ƛƴŎǳōŀǘŜŘ ŦƻǊ ол ƳƛƴǳǘŜǎ ŀǘ ǊƻƻƳ 

ǘŜƳǇŜǊŀǘǳǊŜ ƛƴ ǘƘŜ ŘŀǊƪ ǿƛǘƘ ǘƘŜ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǎŜŎƻƴŘŀǊȅ ƅǳƻǊŜǎŎŜƴǘ ŀƴǝōƻŘȅ όwƘƻŘŀƳƛƴŜ 

wŜŘπ· ŀƴǝπǊŀōōƛǘΣ ŘƛƭǳǘŜŘ мΥпллл ƛƴ t.DΣ /ŀǘΥ wсофпΣ [ƛŦŜ ¢ŜŎƘƴƻƭƻƎƛŜǎύΦ !ƴǝōƻŘƛŜǎ ǿŜǊŜ 

ǊŜƳƻǾŜŘ όоҎрƳƛƴ ǿŀǎƘŜǎ ǿƛǘƘ м Ҏ t.{ύ ŀƴŘ ƭȅƳǇƘƻŎȅǘŜǎΩ ƴǳŎƭŜƛ ǿŜǊŜ ŎƻǳƴǘŜǊǎǘŀƛƴŜŘ ǿƛǘƘ 

5!tL ǎƻƭǳǝƻƴ ǿƛǘƘ ŀƴǝŦŀŘŜ ƳƻǳƴǝƴƎ ƳŜŘƛŀ όtǊƻ[ƻƴƎϯ DƻƭŘ !ƴǝŦŀŘŜ wŜŀƎŜƴǘ ǿƛǘƘ 5!tL 

ІуфсмΣ /Ŝƭƭ {ƛƎƴŀƭƛƴƎύΣ ōŜŦƻǊŜ ǎŜŀƭƛƴƎ ǘƘŜ ŎŜƭƭǎ ǿƛǘƘ ŀ ŎƻǾŜǊǎƭƛǇΦ  

LƳŀƎŜǎ ǿŜǊŜ ŀǉǳƛǊŜŘ όCƛƎǳǊŜ оΦ мнύ ŀƴŘ ŀƴŀƭȅǎƛǎ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ǳƴŘŜǊ ŀ ƅǳƻǊŜǎŎŜƴǘ 

ƳƛŎǊƻǎŎƻǇŜ ό!ȄƛƻǇƭŀƴ нΣ /ŀǊƭ ½Ŝƛǎǎ aƛŎǊƻǎŎƻǇȅ DƳōIΣ IŀƳōǳǊƎΣ DŜǊƳŀƴȅύΣ ǳǎƛƴƎ ǘƘŜ Lǎƛǎ 

ƛƳŀƎƛƴƎ ǎƻƊǿŀǊŜ όaŜǘŀǎȅǎǘŜƳǎΣ !ƭǘƭǳǎǎƘŜƛƳΣ DŜǊƳŀƴȅύΦ ¢ƘŜ ƴǳƳōŜǊ ƻŦ ŦƻŎƛ ƛƴ нллπолл ƴǳŎƭŜƛ 

ǿŜǊŜ ƳŜŀǎǳǊŜŘ ōȅ ŜȅŜ ŦƻǊ ŜŀŎƘ ǎŀƳǇƭŜ ŎƻƭƭŜŎǘŜŘΦ /Ŝƭƭǎ ǿƛǘƘ ǇŀƴπƴǳŎƭŜŀǊ ǎǘŀƛƴƛƴƎ ǿŜǊŜ 

ŜȄŎƭǳŘŜŘ ŦǊƻƳ ǘƘŜ ŀƴŀƭȅǎƛǎΦ 

{ǘŀǝǎǝŎŀƭ ǎƛƎƴƛŬŎŀƴŎŜ ǿŀǎ ŘŜǘŜǊƳƛƴŜŘ ōȅ {ǘǳŘŜƴǘ ǘ ǘŜǎǘΦ tπǾŀƭǳŜǎ ǿŜǊŜ ŎŀƭŎǳƭŀǘŜŘ ǳǎƛƴƎ ŀ ςπ

ǘŀƛƭŜŘ ǳƴǇŀƛǊŜŘ {ǘǳŘŜƴǘϥǎ ǘπǘŜǎǘ όǳƴŜǉǳŀƭ ǾŀǊƛŀƴŎŜύΤ ƭŜǾŜƭ ƻŦ ǎǘŀǝǎǝŎŀƭ ǎƛƎƴƛŬŎŀƴŎŜ tҖлΦлрΦ ¢ƘŜ 

ŜǊǊƻǊ ƻŦ ǘƘŜ ǾŀƭǳŜǎ ǊŜǇǊŜǎŜƴǘǎ ǘƘŜ ǎǘŀƴŘŀǊŘ ŘŜǾƛŀǝƻƴ ƻŦ ǘƘŜ ŀǾŜǊŀƎŜ ǾŀƭǳŜǎΦ 
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Figure 3. 12. Representative images of lymphocytes stained for ɹ-H2AX detection: DAPI-
stained cell nuclei appear blue and -ɹH2AX foci appear red. Foci of different size and 
intensity are formed. Cells under stress are easily distinguishable among background cells. 

 
Lƴ ǾƛǘǊƻ ǘƻǘŀƭ ōƭƻƻŘ ƛǊǊŀŘƛŀǝƻƴ ǿƛǘƘ рлƳDȅΣ лΦрDȅ ŀƴŘ мDȅ ƻŦ πɹǊŀȅǎ ό/ƻπсл DŀƳƳŀ /Ŝƭƭ ннл 

ƛǊǊŀŘƛŀǘƻǊΣ !ǘƻƳƛŎ 9ƴŜǊƎȅ ƻŦ /ŀƴŀŘŀ [ǘŘΦΣ hǧŀǿŀΣ /ŀƴŀŘŀύ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ŀǘ ǘƘŜ bŀǝƻƴŀƭ 

/ŜƴǘŜǊ ŦƻǊ {ŎƛŜƴǝŬŎ wŜǎŜŀǊŎƘ όb/{wύ ά5ŜƳƻƪǊƛǘƻǎΣέ ǘƻ ǘŜǎǘ ǘƘŜ ŀƴǝōƻŘƛŜǎΣ ŎƻƴŬƎǳǊŜ ŀƴŘ 

ƻǇǝƳƛȊŜ ǘƘŜ ƛƳƳǳƴƻƅǳƻǊŜǎŎŜƴŎŜ ǇǊƻǘƻŎƻƭ ƻƴ ƭȅƳǇƘƻŎȅǘŜǎ ŀƴŘ ŀƭǎƻ ƘŀǾŜ ŀ ǇƻǎƛǝǾŜ ŎƻƴǘǊƻƭΦ 

wŜǎǳƭǘǎ ŀǊŜ ǇǊŜǎŜƴǘŜŘ ƛƴ CƛƎǳǊŜ оΦ мо ŀƴŘ ŀǊŜ ƛƴ ƎƻƻŘ ŀƎǊŜŜƳŜƴǘ ǿƛǘƘ ƭƛǘŜǊŀǘǳǊŜ ώмомϐ Φ ¢Ƙƛǎ 

ŜƴǎǳǊŜǎ ǘƘŜ ǎǳŎŎŜǎǎ ƻŦ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘǎ ŦǊƻƳ ǘƘŜ ƳŜǘƘƻŘ ŜȄŜŎǳǝƻƴ ǎƛŘŜΦ Lƴ ǘƘŜ ŎŀǎŜ ƻŦ ǾŜǊȅ 

ƭƻǿ ŘƻǎŜǎ ƛƴǾŜǎǝƎŀǘŜŘ ƘŜǊŜƛƴΣ ŎƻƴǎƛŘŜǊƛƴƎ CƛƎǳǊŜ оΦ мо ŀǎ ŀ άŎŀƭƛōǊŀǝƻƴ ƭƛƴŜέ ŦƻǊ ŦƻŎƛ ƛƴŘǳŎǝƻƴ 

ƛƴ ǇŀǝŜƴǘǎΩ ƭȅƳǇƘƻŎȅǘŜǎ ǿƻǳƭŘ ōŜ ǳƴǿƛǎŜΣ ŀǎ ƭƛƴŜŀǊ ŜȄǘǊŀǇƻƭŀǝƻƴ ƻŦ ōƛƻƭƻƎƛŎŀƭ ŜũŜŎǘǎ ƛƴ ǎƻ 

ƭƻǿ ŘƻǎŜǎ ŘƻŜǎ ƴƻǘ ŎƻƳǇƻǊǘ ǿƛǘƘ ƳƻŘŜǊƴπŘŀȅ ǎŎƛŜƴǝŬŎ ƪƴƻǿƭŜŘƎŜ ƻŦ ōƛƻƭƻƎȅΦ 
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Figure 3. 13. ɹ -H2AX foci induction to dose for lymphocytes after total blood irradiation with Cobalt-60. The author 
of this study was used as a blood donor. Regression analysis reveals a linear relationship between the dose and the 
number of foci that are observed (equation y=10,41x+1.20, y: number of foci per cell and x:dose (Gy)).  
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4. Results 
 

Lƴ ǘƘƛǎ ŎƘŀǇǘŜǊ ǊŜǎǳƭǘǎ ŀǊŜ ǇǊŜǎŜƴǘŜŘ ƛƴ ǘǿƻ ǇŀǊǘǎ  

A. Proton radiation effects on plasmid PBR322 

B. X-ray effects on human lymphocytes after partial body exposure 

Proton radiation effects on plasmid PBR322 
¢ƘŜ ǊŜǎǳƭǘǎ ƻŦ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘǎ ƻƴ ǘƘŜ ƛƻƴƛȊƛƴƎ ŜũŜŎǘǎ ƻŦ ǇǊƛƳŀǊƛƭȅ ƛƴŘǳŎŜŘ ǇǊƻǘƻƴ ǘƘŜǊŀǇȅ 

ōŜŀƳǎ ƻƴ ǇƭŀǎƳƛŘ Ǉ.wонн ƛƴ ŀǉǳŜƻǳǎ ǎƻƭǳǝƻƴ ŀǊŜ ǇǊŜǎŜƴǘŜŘ ƛƴ ǘƘƛǎ ǎǳōŎƘŀǇǘŜǊΦ ¢ƘŜ ŦƻƭƭƻǿƛƴƎ 

ŬƎǳǊŜ όCƛƎǳǊŜ пΦ мύ ǎǳƳƳŀǊƛȊŜǎ ǘƘŜ ƛǊǊŀŘƛŀǝƻƴ ŎƻƴŘƛǝƻƴǎ ŀǎ ŘŜǎŎǊƛōŜŘ ƛƴ ŘŜǘŀƛƭ ƛƴ ŎƘŀǇǘŜǊ о 

aŀǘŜǊƛŀƭǎ ŀƴŘ aŜǘƘƻŘǎ όǇŀǊŀƎǊŀǇƘǎ оΦмπоΦоύΥ ǇƭŀǎƳƛŘ ǿŀǎ ƛǊǊŀŘƛŀǘŜŘ ŀǘ ǘƘŜ ōŜŀƳ ŜƴǘǊŀƴŎŜΣ ŀǘ 

ǘƘŜ ƳƛŘŘƭŜ ƻŦ ǘƘŜ ǇƭŀǘŜŀǳ ŀƴŘ ŀǘ ǘƘŜ ǘŀƛƭ ƻŦ {h.tΣ ǿƘŜǊŜ [9¢ Ŝǉǳŀƭǎ ǘƻ мΣ о ŀƴŘ ф ƪŜ±κƳ˃ 

ǊŜǎǇŜŎǝǾŜƭȅ ŀƴŘ ǿƛǘƘ ǇǊƻǘƻƴ ŜƴŜǊƎȅ ǊŀƴƎŜ ƻŦ мотπмфу aŜ±Φ  

 

 

Figure 4. 1 General treatment plan dose distribution along with irradiation parameters along the therapeutic proton 
SOBP. The %dose (dashed line) deposited when irradiating a volume of a hypothetical tumor of 4 cm thickness and 
approximately 13 cm under the skin (grey tumor area), as exported by TPS and the equivalent LET change over 
depth in water (solid line). The three posiǘƛƻƴǎ ƻŦ 5b! ƛǊǊŀŘƛŀǘƛƻƴ όҎύ ŀƭƻƴƎ ǘƘŜ ǘǊŜŀǘƳŜƴǘ Ǉƭŀƴ ŀǊŜ ŀƭǎƻ ƳŀǊƪŜŘ 
together with the corresponding LET and proton energy values: the beam entrance (A), the middle of SOBP plateau 
(B) and the SOBP fall-off (C). 
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4.1 Plasmid structural analysis with AGE 
 

5b! ŜƭŜŎǘǊƻǇƘƻǊŜǎƛǎ ǊŜǾŜŀƭǎ ǘƘŜ ǘǊŀƴǎƛǝƻƴ ōŜǘǿŜŜƴ {/Σ / ŀƴŘ [ ŦƻǊƳǎ ƻŦ 5b! ŀƴŘ ƛƴŎǊŜŀǎŜŘ 

ŦǊŀƎƳŜƴǘŀǝƻƴΦ ¢Ƙƛǎ ǘǊŀƴǎƛǝƻƴ Ŧƻƭƭƻǿǎ ǘƘŜ ŘƻǎŜ ƛƴŎǊŜƳŜƴǘ όCƛƎǳǊŜ пΦ нύΦ !ǎ ǘƘŜ ŘƻǎŜ ƛƴŎǊŜŀǎŜǎ 

ǘƘŜ {/ ŦƻǊƳ Ŧƻƭƭƻǿǎ ŀ ŘǊŀƳŀǝŎŀƭ ǊŜŘǳŎǝƻƴ ǿƛǘƘƛƴ ǘƘŜ ŬǊǎǘ мл DȅΦ !ǘ ǘƘŜ ǎŀƳŜ ǝƳŜΣ ǘƘŜ 

ƛƴŎǊŜŀǎƛƴƎ ŘƻǎŜ ƻŦ Lw ǇǊƻŘǳŎŜǎ ƳƻǊŜ ōǊŜŀƪǎ ǊŜŎƻǊŘŜŘ ŀǎ ƎǊŀŘǳŀƭ ŀƳǇƭƛŬŎŀǝƻƴ ƻŦ / ŀƴŘ [ ōŀƴŘǎ 

όǘƻǇ ŀƴŘ ƳƛŘŘƭŜ ōŀƴŘǎ ŜǉǳƛǾŀƭŜƴǘƭȅ ƛƴǎƛŘŜ ǘƘŜ ƎŜƭύΦ CƻǊ ǘƘŜ ŬǊǎǘ мл DȅΣ / ŦƻǊƳ ƛǎ ŘƻƳƛƴŀƴǘΣ 

ǿƘƛƭŜ ǘƘŜ ƭƛƴŜŀǊ 5b! ǇǊƻŘǳŎǝƻƴ ǊŀǘŜ ό5{. ŦƻǊƳŀǝƻƴύ ƛƴŎǊŜŀǎŜǎ ŀƊŜǊ ǘƘŜ ǎŀǘǳǊŀǝƻƴ Ǉƻƛƴǘ ƻŦ 

ǘƘŜ ŎƛǊŎǳƭŀǊ όCƛƎǳǊŜ пΦ оύΦ 5ƻǎŜǎ ƘƛƎƘŜǊ ǘƘŀƴ мл Dȅ ǇǊƻŘǳŎŜ ŦǳǊǘƘŜǊ ŦǊŀŎǘǳǊŜǎΣ ǊŜŘǳŎƛƴƎ ǘƘŜ {/ 

ŦƻǊƳ ǘƻ ƭŜǎǎ ǘƘŀƴ м҈ ŀƴŘ ǇǊƻŘǳŎƛƴƎ ƎǊŀŘǳŀƭƭȅ ǎƳŀƭƭŜǊ ŦǊŀƎƳŜƴǘǎ ōȅ ŦǳǊǘƘŜǊ ōǊŜŀƪŀƎŜ ƻŦ / ŀƴ [ 

ǇƭŀǎƳƛŘΣ ƭŜŀŘƛƴƎ ǘƻ ǘƘŜ ŦƻǊƳŀǝƻƴ ƻŦ ǎƳŜŀǊ ƛƴ ǘƘŜ !ƎŀǊƻǎŜ DŜƭ 9ƭŜŎǘǊƻǇƘƻǊŜǎƛǎ ό!D9ύ ƎŜƭǎΦ  

 

 

Figure 4. 2 Electrophoretic plasmid analysis: (a) gel image of plasmid form transition for 10 different doses from 0 
to 50Gy with DNA ladder also included (right column). SC, C and L are separated as expected due to their different 
DNA molecule mobility in the field. The image presented oversaturated in order to visualize the fragments (smear 
in the last lanes). 

 

Figure 4. 3 Three plasmid forms transition with increasing dose as quantified according to gel band intensity. 
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Scavenging 
{ŀƳǇƭŜǎ ŎƻƴǘŀƛƴƛƴƎ wh{ ǎŎŀǾŜƴƎŜǊǎ ¢Ǌƛǎ ŀƴŘ /о/! ŀǎ ǊŀŘƛƻǇǊƻǘŜŎǘŀƴǘǎ ŀƭǎƻ Ŧƻƭƭƻǿ ǘƘŜ ǎŀƳŜ 

ǇŀǧŜǊƴ ǿƛǘƘ ƛƴŎǊŜŀǎƛƴƎ ŘƻǎŜΥ ǘƘŜ ŘƻǎŜ ƛƴŎǊŜƳŜƴǘ ŎŀǳǎŜǎ ǘƘŜ ƎǊŀŘǳŀƭ ŘŜŎƻƴǎǘǊǳŎǝƻƴ ƻŦ ǘƘŜ {/ 

ǘƻƎŜǘƘŜǊ ǿƛǘƘ ŀƳǇƭƛŬŎŀǝƻƴ ƻŦ / ŀƴŘ [ ōŀƴŘǎΦ ¢ƘŜ wh{ ǎŎŀǾŜƴƎƛƴƎ ŀŎǝƻƴ ƻŦ ōƻǘƘ ¢Ǌƛǎ ŀƴŘ /о/! 

ōŜŎƻƳŜǎ ƻōǾƛƻǳǎ ŜǾŜƴ ŦǊƻƳ ǘƘŜ ƛƴƛǝŀƭ !D9 ƛƳŀƎŜǎ όCƛƎǳǊŜ пΦ пύΣ ǿƛǘƘ ǘƘŜ ǎƛƳǇƭŜ ŦŀŎǘ ǘƘŀǘ {/ ƛǎ 

ǇŜǊǎƛǎǘŜƴǘƭȅ ǇǊŜǎŜƴǘ ŜǾŜƴ ƛƴ ǘƘŜ ƘƛƎƘŜǎǘ ŘƻǎŜ ƻŦ рл DȅΦ {ƛƳǳƭǘŀƴŜƻǳǎƭȅΣ ŀǎ ǘƘŜ ǎŎŀǾŜƴƎƛƴƎ 

ŎŀǇŀŎƛǘȅ ƛƴŎǊŜŀǎŜǎΣ ǘƘŜ [ ōŀƴŘ ŘƻŜǎ ƴƻǘ Ŧƻƭƭƻǿ ǘƘŜ ƛƴǘŜƴǎŜ ŜƴƘŀƴŎŜƳŜƴǘ ǘƘŀǘ ƛǎ ǊŜŎƻǊŘŜŘ ƛƴ 

ǘƘŜ ƴƻƴπǎŎŀǾŜƴƎƛƴƎ ŎƻƴŘƛǝƻƴǎ ŘŜǎǇƛǘŜ ǘƘŜ ƘƛƎƘ ŘƻǎŜǎΣ ŀƴŘ ŀ ŘŜŎǊŜŀǎƛƴƎ ŜȄŎƘŀƴƎŜ ōŜǘǿŜŜƴ {/ 

ŀƴŘ / ƛǎ ǊŜŎƻǊŘŜŘΣ ŀǎ wh{ ǇǊƻŘǳŎǝƻƴ ƛǎ ǎǳŶŎƛŜƴǘƭȅ ǎǘǊǳƎƎƭŜŘ ōȅ ǘƘŜ ǊŀŘƛƻǇǊƻǘŜŎǘŀƴǘǎΣ ǎŜŎǳǊƛƴƎ 

ǇƭŀǎƳƛŘ ŦǊƻƳ ŘŀƳŀƎŜΣ ŀƴŘ ǇǊƻǘŜŎǝƴƎ ǘƘŜ ƛƴǘŀŎǘ {/ ŦƻǊƳ ƻƴ ŀ ƭŀǊƎŜǊ ǎŎŀƭŜΦ ¢Ƙƛǎ ǎǳƎƎŜǎǘǎ ǘƘŀǘ 

ŀƴ ƛƴŎǊŜŀǎƛƴƎ ǎŎŀǾŜƴƎŜǊǎΩ ŎƻƴŎŜƴǘǊŀǝƻƴ ǊŜǎǳƭǘǎ ƛƴ ŀƴ ƻǾŜǊŀƭƭ ŘŜŎǊŜŀǎŜ ƻŦ {{. ŀƴŘ 5{. 

ŦƻǊƳŀǝƻƴ όǿƘƛŎƘ ƛǎ Ƴŀƛƴƭȅ ŘǳŜ ǘƻ wh{ ŀǧŀŎƪύΦ  

 

Figure 4. 4 Comparison between the gel images of samples with different scavenging concentration and identical 
irradiation conditions (protons 198 MeV at the beam entrance position). Each gel contains plasmid samples in 
increasing dose order (0-50 Gy). In the first column, where plasmid contains no scavenger (scavenging capacity is 
that of residual Tris, 105 s-1) the SC plasmid fraction almost disappears after the dose of 10 Gy, while for both TRIS 
and C3CA SC becomes more persistent with increasing scavenging capacity (106 s-1, 107 s-1 and 108 s-1 from top to 
bottom). At the same time the L band almost disappears even in 50 Gy and we observe a decreasing exchange 
between SC and C as the scavenging increases, since plasmid is secured from ROS production and remain in the 
intact form on a larger scale. 

 

CƛƎǳǊŜ пΦ р ǇǊŜǎŜƴǘǎ ǘƘŜ {/ ŦǊŀŎǝƻƴ ǘƻ ŘƻǎŜ ŦƻǊ ŘƛũŜǊŜƴǘ ¢Ǌƛǎ ǎŎŀǾŜƴƎƛƴƎ ŎŀǇŀŎƛǝŜǎΣ ŦǊƻƳ ƴƻ 

ǎŎŀǾŜƴƎƛƴƎ όмлр ǎπм ƻŦ ǊŜǎƛŘǳŀƭ ¢Ǌƛǎύ ǘƻ млу ǎπмΦ ¢ƘŜ ǇŜǊǎƛǎǘŜƴŎŜ ŀƴŘ ƭƻǿŜǊ ŘŜƎǊŀŘŀōƛƭƛǘȅ ƻŦ {/ 

ǇƭŀǎƳƛŘ ƛƴ ƘƛƎƘŜǊ ǎŎŀǾŜƴƎƛƴƎ ŎƻƴŎŜƴǘǊŀǝƻƴ ǊŜǾŜŀƭǎ ǊŀŘƛƻǇǊƻǘŜŎǝƻƴ ƻŦ ǘƘŜ ǇƭŀǎƳƛŘ ƛƴǘŜƎǊƛǘȅ ǳǇ 

ǘƻ фл҈ ŀƴŘ ǇǊƻǾŜǎ ǘƘŀǘ ŀ ǎƛƎƴƛŬŎŀƴǘ ŀƳƻǳƴǘ ƻŦ ǘƘŜ 5b! ŘŀƳŀƎŜ ƛǎ ƴƻǘ ŎŀǳǎŜŘ ōȅ ǘƘŜ ƛƴƛǝŀƭ 

ǇŀǊǝŎƭŜπǘŀǊƎŜǘ ƛƴǘŜǊŀŎǝƻƴǎΣ ŀǎ Ƴƻǎǘ ŀƳƻǳƴǘ ƻŦ ōǊŜŀƪǎ ƻƴ {/ ƛǎ ŎŀǳǎŜŘ ōȅ ǿŀǘŜǊ ǊŀŘƛƻƭȅǎƛǎ 



ƚƝ 

 

ǇǊƻŘǳŎǘǎΦ !ǘ ǘƘŜ ǎŀƳŜ ǝƳŜΣ [ ǇƭŀǎƳƛŘ ƛǎ ƭŜǎǎ ǇǊŜǎŜƴǘ ŀǎ ǘƘŜ ǎŎŀǾŜƴƎƛƴƎ ŎŀǇŀŎƛǘȅ ƛƴŎǊŜŀǎŜǎ ŜǾŜƴ 

ƛƴ ǘƘŜ ƘƛƎƘŜǎǘ ŘƻǎŜǎ ŘǳŜ ǘƻ ǘƘŜ ǎŀƳŜ ǊŀŘƛƻǇǊƻǘŜŎǝǾŜ ŀŎǝƻƴ ƻŦ ¢Ǌƛǎ όCƛƎǳǊŜ пΦ сύΦ  

 

Figure 4. 5  {/ ǇƭŀǎƳƛŘ ǘƻ ŘƻǎŜ ŦƻǊ ¢Ǌƛǎ ǎŎŀǾŜƴƎƛƴƎ ŎŀǇŀŎƛǘȅ ǊŀƴƎƛƴƎ ŦǊƻƳ ƴƻ ǎŎŀǾŜƴƎƛƴƎ όмлр ǎπм ƻŦ ǊŜǎƛŘǳŀƭ ¢Ǌƛǎύ ǘƻ 
млу ǎπмΣ ǊŜǾŜŀƭƛƴƎ ǘƘŜ ǊŀŘƛƻǇǊƻǘŜŎǘŀƴǘ ǎƘƛŜƭŘƛƴƎ ƻŦ ǘƘŜ ǇƭŀǎƳƛŘ ƛƴǘŜƎǊƛǘȅ όǳǇ ǘƻ фл҈ύ ǘƘŜ ƘƛƎƘŜǎǘ ¢Ǌƛǎ ŎƻƴŎŜƴǘǊŀǘƛƻƴΦ 
¢ƘŜ ŜǊǊƻǊ ōŀǊǎ ǊŜǇǊŜǎŜƴǘ ǘƘŜ standard deviations of the averages of experimental and analysis repeats. 

 

 

Figure 4. 6 [ ǇƭŀǎƳƛŘ ǘƻ ŘƻǎŜ ŦƻǊ ¢Ǌƛǎ ǎŎŀǾŜƴƎƛƴƎ ŎŀǇŀŎƛǘȅ ǊŀƴƎƛƴƎ ŦǊƻƳ ƴƻ ǎŎŀǾŜƴƎƛƴƎ όмлр ǎπм ƻŦ ǊŜǎƛŘǳŀƭ ¢Ǌƛǎύ ǘƻ млу 
ǎπмΣ ǊŜǾŜŀƭƛƴƎ ǘƘŜ ǊŀŘƛƻǇǊƻǘŜŎǘŀƴǘ ǎƘƛŜƭŘƛƴƎ ƻŦ ǘƘŜ ǇƭŀǎƳƛŘ ƛƴǘŜƎǊƛǘȅ ǘƘŜ ƘƛƎƘŜǎǘ ¢Ǌƛǎ ŎƻƴŎŜƴǘǊŀǘƛƻƴΦ [ ǇƭŀǎƳƛŘ ƛǎ ƭŜǎǎ 
ǇǊŜǎŜƴǘ ŀǎ ǘƘŜ ǎŎŀǾŜƴƎƛƴƎ ŎŀǇŀŎƛǘȅ ƛƴŎǊŜŀǎŜǎ ŜǾŜƴ ƛƴ ǘƘŜ ƘƛƎƘŜǎǘ ŘƻǎŜǎΦ ¢ƘŜ ŜǊǊƻǊ ōŀǊǎ ǊŜǇǊŜǎŜƴǘ ǘƘŜ standard 
deviations of the averages of experimental and analysis repeats.  



ƛƔ 

 

Lƴ ǘŜǊƳǎ ƻŦ ǎǘǊŀƴŘ ōǊŜŀƪǎΣ ƻƴ CƛƎǳǊŜ пΦ тΣ ǘƘŜ {{. ƛƴŘǳŎǝƻƴ ǊŀǘŜ ό{{. aōǇπм Dȅπмύ ǾŜǊǎǳǎ 

ǎŎŀǾŜƴƎƛƴƎ ŎŀǇŀŎƛǘȅ ŦƻǊ ¢Ǌƛǎ ŀƴŘ /о/! ŦƻǊ ǇǊƻǘƻƴǎ мфу aŜ± ŀǘ ǘƘŜ ŜƴǘǊŀƴŎŜ ƻŦ ǘƘŜ ōŜŀƳΣ ǇǊƻǾŜǎ 

ǘƘŀǘ ōƻǘƘ ǎŎŀǾŜƴƎŜǊǎ ǇǊƻǘŜŎǘ 5b! ŦǊƻƳ wh{πƳŜŘƛŀǘŜŘ ŦǊŀƎƳŜƴǘŀǝƻƴ ƛƴ ŀ ŎƻƴŎŜƴǘǊŀǝƻƴπ

ŘŜǇŜƴŘŜƴǘ ƳŀƴƴŜǊ ŦǊƻƳ рр҈ ǘƻ фу҈Φ 

 

 

Figure 4. 7   {{. aōǇπм Dȅπм ǾŜǊǎǳǎ ǎŎŀǾŜƴƎƛƴƎ ŎŀǇŀŎƛǘȅ ŦƻǊ ¢Ǌƛǎ ŀƴŘ /о/! ŦƻǊ мфу aŜ± ǇǊƻǘƻƴǎ ŀǘ ǘƘŜ ŜƴǘǊŀƴŎŜ ƻŦ 
ǘƘŜ ōŜŀƳΣ ǇǊƻǾŜǎ ŎƻƴŎŜƴǘǊŀǘƛƻƴπŘŜǇŜƴŘŜƴǘ ƳŀƴƴŜǊΦ 

 

Positioning along the Proton Treatment Plan 
!ƴƻǘƘŜǊ ŦŀŎǘƻǊ ǘƘŀǘ ƛƴƅǳŜƴŎŜǎ ǘƘŜ ƻǳǘŎƻƳŜǎ ƻŦ ƛƻƴƛȊƛƴƎ ǊŀŘƛŀǝƻƴ ŀƴŘ ƛǎ ƻŦ ƛƴǘŜǊŜǎǘ ƛƴ ǘƘƛǎ ǎǘǳŘȅ 

ƛǎ ǘƘŜ Ǉƻǎƛǝƻƴ ƻŦ ƛǊǊŀŘƛŀǝƻƴ ŀƭƻƴƎ ǘƘŜ ǘǊŜŀǘƳŜƴǘ ǇƭŀƴΦ ¢ƘŜ ŘƛũŜǊŜƴǘ Ǉƻǎƛǝƻƴǎ ŀƭƻƴƎ ǘƘŜ ǇǊƻǘƻƴ 

ǘǊŜŀǘƳŜƴǘ Ǉƭŀƴ όCƛƎǳǊŜ пΦ мύΣ ǿƛǘƘ ǘƘŜ ǎǳōǎŜǉǳŜƴǘ πǊŜƭŀǝǾŜƭȅ ǎƭƛƎƘǘπ ŘƛũŜǊŜƴŎŜ ƛƴ [9¢ ǾŀƭǳŜǎΣ 

ǇǊƻŘǳŎŜŘ ǊŜǎǳƭǘǎ ǿƘƛŎƘ ŀǊŜ ŘƛǎŎǳǎǎŜŘ ƘŜǊŜΦ .ƻǘƘ ǎǘǊŀƴŘ ōǊŜŀƪǎ ŀƴŘ ōŀǎŜ ƭŜǎƛƻƴǎ όōǊŜŀƪǎ 

ŘŜƭƛōŜǊŀǘŜƭȅ ŎǊŜŀǘŜŘ ŘǳǊƛƴƎ Ǉƻǎǘ ƛǊǊŀŘƛŀǝƻƴ ǘǊŜŀǘƳŜƴǘ ōȅ ǊŜǎǘǊƛŎǝƻƴ ŜƴȊȅƳŜǎ ƻƴ ǎƛǘŜǎ ƻŦ 

ƻȄƛŘƛȊŜŘ ǇǳǊƛƴŜǎ ŀƴŘ ǇȅǊƛƳƛŘƛƴŜǎύ ŦƻǊ ǇǊƻǘƻƴǎ ŀƴŘ · Ǌŀȅǎ ŀǊŜ ƎǊƻǳǇŜŘ ƛƴ {{. ŀƴŘ 5{. 

ƘƛǎǘƻƎǊŀƳǎ όCƛƎǳǊŜ пΦ уύΦ  

{{. ŀǊŜ ŀŎŎƻƳǇŀƴƛŜŘ ōȅ ŀ ƴǳƳōŜǊ ƻŦ ǎƛƴƎƭŜ ōŀǎŜ ƭŜǎƛƻƴǎ ǘƘŀǘ ŀǊŜ нΣт ŀƴŘ мΣм ǝƳŜǎ ǘƘŜ {{. 

ǾŀƭǳŜ ŀǘ ōŜŀƳ ŜƴǘǊŀƴŎŜ ŀƴŘ {h.t Ŧŀƭƭπƻũ όCƛƎǳǊŜ пΦ у ŀύΦ ¢Ƙƛǎ ƴƻ ǊŜƳŀǊƪŀōƭȅ ŘƛũŜǊŜƴǘ ǇŀǧŜǊƴ 

ǊŜŎƻǊŘŜŘ ƛƴ {{. ŀƭƻƴƎ ǘƘŜ ōŜŀƳƭƛƴŜΣ ƛǎ ƻǾŜǊǘǳǊƴŜŘ ŀǘ ǘƘŜ ƳƛŘŘƭŜ ƻŦ {h.t ǇƻǎƛǝƻƴΣ ǿƛǘƘ ōŀǎŜ 

ƭŜǎƛƻƴǎ ōŜƛƴƎ лΦр ǝƳŜǎ ǘƘŜ {{.Φ CǳǊǘƘŜǊƳƻǊŜΣ {{. ŀǊŜ нфπуу ǝƳŜǎ ƳƻǊŜ ǘƘŀƴ 5{. ƛƴ ŜŀŎƘ ŎŀǎŜΣ 

ǿƛǘƘ ǘƘŜ ŘƛũŜǊŜƴŎŜ ōŜǘǿŜŜƴ ŜƴǘǊŀƴŎŜ ŀƴŘ {h.t ǿƛǘƘƛƴ ǘƘŜ ŜǊǊƻǊ ǊŀƴƎŜ ŦƻǊ ōƻǘƘ {{. ŀƴŘ 5{.Σ 

ǇǊƻōŀōƭȅ ŘǳŜ ǘƻ ǎƛƳƛƭŀǊ [9¢ ǾŀƭǳŜǎΦ {ǇŜŎƛŬŎŀƭƭȅΣ ǘƘŜ ƳŜŀƴ ǊŀǘŜǎ ƻŦ ŘŀƳŀƎŜ ƛƴŘǳŎǝƻƴ ŀǘ ǘƘŜ 

ŜƴǘǊŀƴŎŜ ƻŦ ǘƘŜ ǇǊƻǘƻƴ ōŜŀƳ ŀǊŜ ǇǊŜǎŜƴǘŜŘ ƛƴ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ǘŀōƭŜ ό¢ŀōƭŜ пΦ мύΦ 

  



ƛƕ 

 

Table 4. 1 Mean damage induction rates at the entrance of the proton beam, where LET value is 1 ƪŜ±κҡƳ. 

 Damage induction rate (Mbp-1Gy-1)  

Irradiation Type SSB Base Lesions DSB non DSB 
Clusters 

Protons (beam 
entrance) 

млмΣмлмҕмсΣусу нтрΣурнҕммпΣнфр мΣфмпҕлΣнпт млΣфлуҕмΣтту 

X-Rays уфΣррфҕпΣпфл мфмΣмлнҕмлΣуст оΣмптҕлΣмпм мпΣтноҕлΣурс 

 

 

a  

b  
 

Figure 4. 8  (a) !ǾŜǊŀƎŜ ƴǳƳōŜǊ ƻŦ {{. ŀƴŘ ǎƛƴƎƭŜ ōŀǎŜ ƭŜǎƛƻƴǎ ǇǊƻŘǳŎŜŘ ŀƭƻƴƎ ǘƘŜ tǊƻǘƻƴ ¢ǊŜŀǘƳŜƴǘ tƭŀƴ ŀƴŘ ·π
wŀȅǎΦ όōύ !ǾŜǊŀƎŜ ƴǳƳōŜǊ ƻŦ 5{. ŀƴŘ ƴƻƴπ5{. ŎƭǳǎǘŜǊŜŘ ŘŀƳŀƎŜ ǇǊƻŘǳŎŜŘ ŀƭƻƴƎ ǘƘŜ tǊƻǘƻƴ ¢ǊŜŀǘƳŜƴǘ tƭŀƴ ŀƴŘ 
·πwŀȅǎΦ ¢ƘŜ Ǉƻǎƛǘƛƻƴǎ ŀǊŜ ǘƘŜ ŜƴǘǊŀƴŎŜ ƻŦ ǘƘŜ ōŜŀƳΣ ǘƘŜ ƳƛŘŘƭŜ ƻŦ ǘƘŜ {h.t ǇƭŀǘŜŀǳ όƳƛŘ{h.tύ ŀƴŘ {h.t ŦŀƭƭπƻŦŦΣ 
ŀǎ ǎŜŜƴ ƛƴ CƛƎǳǊŜ пΦмΦ 

 

/ƭǳǎǘŜǊŜŘ 5b! ŘŀƳŀƎŜǎ ǇǊƻŘǳŎŜŘ ōȅ · Ǌŀȅǎ ƻǳǘƴǳƳōŜǊ ǘƘƻǎŜ ŎǊŜŀǘŜŘ ōȅ ǇǊƻǘƻƴ ōŜŀƳ ŀǘ ǘƘŜ 

ŜƴǘǊŀƴŎŜ όCƛƎǳǊŜ пΦ уōύΦ ¢Ƙƛǎ ŎƻǳƭŘ ǎǘŜƳ ŦǊƻƳ ǘƘŜ ŜȄŎŜǇǝƻƴŀƭƭȅ ƭƻǿ [9¢ ŦƻǊ ǘƘŜ ǇǊƻǘƻƴǎ ƛƴ ǘƘŜ 



ƛƖ 

 

ŜƴǘǊŀƴŎŜΣ ǿƘƛŎƘ ƛǎ ŎƻƳǇŀǊŀōƭŜ ǘƻ ǘƘŀǘ ƻŦ · Ǌŀȅǎ όϤм ƪŜ±κҡƳύΣ ǘƘŜǊŜŦƻǊŜ ƴƻǘ ƳŀƧƻǊ ŘƛũŜǊŜƴŎŜǎ 

ŀǊŜ ŜȄǇŜŎǘŜŘ ƛƴ ƎŜƴŜǊŀƭΦ CǳǊǘƘŜǊƳƻǊŜΣ ǘƘŜ ŎƻƴǘǊƛōǳǝƻƴ ƻŦ ƴƻƴπ5{. ƻȄƛŘŀǝǾŜ ŘŀƳŀƎŜǎ ƛƴ ǘƘŜ 

ŎƭǳǎǘŜǊǎ ƳŜŀǎǳǊŜŘ ƛƴ ǘƘŜ ŎŀǎŜ ƻŦ · Ǌŀȅǎ ƛǎ ŜȄǇŜŎǘŜŘ ǘƻ ōŜ ƘƛƎƘΣ ǘǊŀƴǎƭŀǘŜŘ ƛƴǘƻ ƘƛƎƘŜǊ ƭŜǾŜƭǎ ƻŦ 

ŎƭǳǎǘŜǊŜŘ ŘŀƳŀƎŜΦ LƴǘŜǊŜǎǝƴƎƭȅ ŜƴƻǳƎƘΣ ǇǊŜǾƛƻǳǎ ǎǘǳŘƛŜǎ ώмонϐ ώмооϐ ώмопϐ Σ ǎǳǇǇƻǊǘ ǘƘŜ 

ǇǊŜǾŀƭŜƴŎŜ ƻŦ ƻȄƛŘƛȊŜŘ ōŀǎŜ ŘŀƳŀƎŜǎ ƛƴ ǘƘŜ ŎŀǎŜ ƻŦ ƭƻǿπ[9¢ ǊŀŘƛŀǝƻƴǎ ǎǳŎƘ ŀǎ ·πǊŀȅǎΦ 

/ƻƴǎƛŘŜǊƛƴƎ ǘƘŀǘ ŀ ǇŜǊŎŜƴǘŀƎŜ ƻŦ ǘƘŜǎŜ ƴƻƴπ5{. ƭŜǎƛƻƴǎ Ƴŀȅ ŀƭƳƻǎǘ ƛƴǎǘŀƴǘƭȅ ōŜ ŎƻƴǾŜǊǘŜŘ ǘƻ 

5{.ǎ ǘƘǊƻǳƎƘ ǘƘŜ ƭȅŀǎŜκŜƴŘƻƴǳŎƭŜŀǎŜ ŜƴȊȅƳŀǝŎ ŀŎǝǾƛǘȅ ǳǎŜŘ ƛƴ ǘƘŜ ǇǊŜǎŜƴǘ ŀǎǎŀȅǎΣ ǘƘŜƴ ǘƘƛǎ 

Ƴŀȅ ƭŜŀŘ ǘƻ ƘƛƎƘŜǊ ƭŜǾŜƭǎ ƻŦ ŎƭǳǎǘŜǊǎ ŀǎ ƳŜŀǎǳǊŜŘ ƛƴ ǘƘŜ ŜƭŜŎǘǊƻǇƘƻǊŜǎƛǎΦ !ƭǘƘƻǳƎƘ ŎƭǳǎǘŜǊƛƴƎ 

ƛƴŘǳŎŜŘ ōȅ · Ǌŀȅǎ ŀǇǇŜŀǊǎ ǘƻ ƴǳƳŜǊƛŎŀƭƭȅ ŜȄŎŜŜŘ ŎƭǳǎǘŜǊƛƴƎ ǇǊƻŘǳŎŜŘ ōȅ ǇǊƻǘƻƴǎ ŀǘ ǘƘŜ 

ŜƴǘǊŀƴŎŜ ƻŦ ǘƘŜ ōŜŀƳΣ ǇǊƻǘƻƴ ǊŀŘƛŀǝƻƴ ƛǎ ƳƻǊŜ ŜŶŎƛŜƴǘ ǘƘŀƴ · ǊŀȅǎΣ ŀǎ ŜǾƛŘŜƴŎŜŘ ōȅ ǘƘŜ Ǌŀǝƻ 

ƻŦ ƴƻƴπ5{. ŎƭǳǎǘŜǊǎ ǘƻ 5{. ŦƻǊ · Ǌŀȅǎ όпΣтύ ōŜƛƴƎ ƭƻǿŜǊ ǘƘŀƴ ǘƘŀǘ ŦƻǊ ǇǊƻǘƻƴǎ όрΣтύΦ  

¢ƘŜ ǾŀƭǳŜǎ ƻŦ ǘƘŜ ƳŜŀƴ ŘŀƳŀƎŜ ƛƴŘǳŎǝƻƴ ǊŀǘŜ ǊŜŎƻǊŘŜŘ ŀǘ ǘƘŜ ǘƘǊŜŜ ŘƛũŜǊŜƴǘ Ǉƻǎƛǝƻƴǎ ŀƭƻƴƎ 

ǘƘŜ tǊƻǘƻƴ ¢ǊŜŀǘƳŜƴǘ tƭŀƴ ŀǊŜ ǇǊŜǎŜƴǘŜŘ ƛƴ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ǘŀōƭŜ ό¢ŀōƭŜ пΦ нύΦ ¢ƘŜ ŘŀƳŀƎŜǎ 

ǊŜŎƻǊŘŜŘ ŀǘ ǘƘŜ Ŧŀƭƭπƻũ ƻŦ {h.tΣ ǿƘŜǊŜ ǿŜ ŜȄǇŜŎǘ ǘƻ ƘŀǾŜ ǘƘŜ ƘƛƎƘŜǊ [9¢ όф ƪŜ±κƳ˃ύΣ ǿŜǊŜ ƴƻǘ 

ƘƛƎƘŜǊ ǘƘŀƴ ǘƘŜ ǾŀƭǳŜǎ ǊŜŎƻǊŘŜŘ ƛƴ ƻǘƘŜǊ Ǉƻǎƛǝƻƴǎ ŀƭƻƴƎ ǘƘŜ tǊƻǘƻƴ ¢ǊŜŀǘƳŜƴǘ tƭŀƴΦ  ¢ƘŜ 

ƘȅǇƻǘƘŜǎƛǎ ƻŦ ƘƛƎƘŜǊ ŘŀƳŀƎŜǎ ŀǘ ǘƘŜ Ŧŀƭƭπƻũ ƻŦ {h.t ƛǎ ŀƴ ŜǎǝƳŀǝƻƴ ǇǊŜŘƛŎǘŜŘ ōȅ ǎƛƳǳƭŀǝƻƴǎ 

ŦƻǊ ƛƴŎǊŜŀǎŜŘ [9¢ ǾŀƭǳŜǎ ǘƘŀǘ ƛǎ ƴƻǘ ŀƭǿŀȅǎ ǾŜǊƛŬŜŘ ōȅ ŜȄǇŜǊƛƳŜƴǘŀƭ ǎǘǳŘƛŜǎ ώморϐΦ ¢Ƙƛǎ Ƴŀȅ 

ƘŀǾŜ ǘǿƻ ƛƴǘŜǊǇǊŜǘŀǝƻƴǎΦ  

A. In the first scenario, considering the steep slope shift in LET and the dose distribution 

at the end of the beam trajectory (Figure 4. 1), where LET increases abruptly but not 

critically, lower levels of DNA damage is an astounding proof of the successful use of 

protons for patient treatment: the healthy tissue area in very close proximity (within 

a few millimeters) of the tumor is only mildly stressed, reducing the risk of side effects 

after radiotherapy. Especially the low DSB and clustered damage levels, which are 

potentially lethal for a cell, imply a relatively safe cell environment.  

B. On the other hand, the apparent lower level of damage recorded at the SOBP fall-off 

might be a result of underestimation of the damage due to the highly complex and 

fragmented DNA molecules. This is probably due to method limitations, since in 

agarose gel electrophoresis shorter DNA fragments may escape the analysis due to 

their higher mobility.  

 

Table 4. 2 Mean damage induction rates along the tǊƻǘƻƴ ¢ǊŜŀǘƳŜƴǘ tƭŀƴ. 

  Damage induction rate (Mbp-1Gy-1)  

Position 
along the 
Proton 
Treatmen
t Plan 

LET 
(ƪŜ±κ˃Ƴ

) 
SSB Base Lesions DSB 

non DSB 
Clusters 

Beam 
Entrance 

1 
млмΣмлмҕмсΣус

8 
нтрΣурнҕммпΣнф

5 
мΣфмпҕлΣнп

7 
млΣфлуҕмΣтт

8 

middle of 
the SOBP 
plateau 

3 фсΦлмнҕнтΦнмм рнΦлурҕнΦоср 
мΦрнфҕлΦмс

9 
млΦпмрҕмΦсс

6 

SOBP fall-
off 

9 рмΦлсфҕсΦфно рпΦпроҕсΦорл 
лΦртфҕлΦлс

0 
оΦнррҕлΦлфн 
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Radioprotection/ROS scavenging along the Proton Treatment Plan 
! ŘŜŎǊŜŀǎŜ ƛƴ ǘƘŜ ƛƴŘǳŎǝƻƴ ƻŦ ǇǊƻǘƻƴπƛƴŘǳŎŜŘ 5b! ŘŀƳŀƎŜ ǿƛǘƘ ƛƴŎǊŜŀǎƛƴƎ ǎŎŀǾŜƴƎƛƴƎ 

ŎŀǇŀŎƛǘȅ ƻŦ ǘƘŜ ǎƻƭǳǝƻƴǎ ƛǎ ŘŜǘŜŎǘŜŘ ƛƴ ŀƭƭ ƛǊǊŀŘƛŀǝƻƴ ǇƻǎƛǝƻƴǎΦ ¢ƘŜ ŜȄǇŜǊƛƳŜƴǘŀƭ ǊŜǎǳƭǘǎ ŦƻǊ ŀƭƭ 

ǘƘŜ ƛǊǊŀŘƛŀǝƻƴ Ǉƻǎƛǝƻƴǎ ŀƭƻƴƎ ǘƘŜ tǊƻǘƻƴ ¢ǊŜŀǘƳŜƴǘ Ǉƭŀƴ ŀƴŘ ŦƻǊ ŀƭƭ ǎŎŀǾŜƴƎƛƴƎ ŎƻƴŘƛǝƻƴǎ ŀǊŜ 

ǇǊŜǎŜƴǘŜŘ ƛƴ CƛƎǳǊŜ пΦфΥ ǇǊƻǘƻƴ ōŜŀƳ ŜƴǘǊŀƴŎŜ ό[9¢Ґм ƪŜ±κƳ˃ύΣ ƳƛŘŘƭŜ ƻŦ {h.t ǇƭŀǘŜŀǳ 

ό[9¢Ґо ƪŜ±κƳ˃ύ ŀƴŘ {h.t Ŧŀƭƭπƻũ ό[9¢ҐфƪŜ±κƳ˃ύΣ ŦƻǊ ¢Ǌƛǎ ŀƴŘ /о/! ǊŀŘƛƻǇǊƻǘŜŎǘŀƴǘǎ ƛƴ ŀƭƭ 

ǘƘǊŜŜ ŘƛũŜǊŜƴǘ ǾŀƭǳŜǎ ƻŦ ǎŎŀǾŜƴƎƛƴƎ ŎŀǇŀŎƛǘȅ όмлс ǎπмΣ млт ǎπмΣ млу ǎπмύ ŀƴŘ млр ǎπм ƻŦ ǊŜǎƛŘǳŀƭ ¢wL{ 

όƴƻ ǎŎŀǾŜƴƎŜǊύΦ /ƻƳǇŀǊƛƴƎ ǊŜŘǳŎǝƻƴ ƛƴ ŘŀƳŀƎŜ ƭŜǾŜƭǎΣ ǘƘŜ ƎŜƴŜǊŀƭ ǘǊŜƴŘ ƛǎ ǘƘŀǘ ǿƛǘƘ 

ƛƴŎǊŜŀǎƛƴƎ [9¢ όŦǊƻƳ ŜƴǘǊŀƴŎŜ ǘƻ ƳƛŘπ{h.t ŀƴŘ Ŧŀƭƭπƻũύ ǘƘŜ ŘŜǇŜƴŘŜƴŎȅ ƻƴ ǘƘŜ ŀƴǝƻȄƛŘŀƴǘ 

ŎƻƴŎŜƴǘǊŀǝƻƴ ƛǎ ǊŜŘǳŎŜŘΦ CƻǊ ŜȄŀƳǇƭŜΣ ŦƻǊ 5{.ǎ ƛƴ ǘƘŜ ŜƴǘǊŀƴŎŜ ǊŜŘǳŎǝƻƴ ōŜǘǿŜŜƴ Ψƴƻ 

ǎŎŀǾŜƴƎŜǊΩ ǘƻ /о/! ƛǎ Ϥтс҈ ŦŀƭƭƛƴƎ ǘƻ Ϥср҈ ŦƻǊ ǘƘŜ {h.tΦ {ƛƳƛƭŀǊƭȅΣ ŦƻǊ ƴƻƴπ5{. όōŀǎŜύ ŎƭǳǎǘŜǊǎ 

ŦǊƻƳ Ϥтр҈ ǊŜŘǳŎǝƻƴ όŜƴǘǊŀƴŎŜύ ǿŜ Ǝƻ ǘƻ Ϥсл҈ ŦƻǊ ǘƘŜ {h.t ǊŜƎƛƻƴΦ 
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Figure 4. 9 Proton-induced DNA damage: όŀύ !ǾŜǊŀƎŜ ƴǳƳōŜǊ ƻŦ {{. ό{{. aōǇπм DȅπмύΣ όōύ 5{. ό5{. aōǇπм DȅπмύΣ όŎύ 
.ŀǎŜ [Ŝǎƛƻƴ ŀƴŘ όŘύ ƴƻƴ 5{. /ƭǳǎǘŜǊŜŘ 5b! ŘŀƳŀƎŜ ƛƴŘǳŎǘƛƻƴ ǊŀǘŜ ǾŜǊǎǳǎ ƛƴŎǊŜŀǎƛƴƎ ǘƘŜ ǎŎŀǾŜƴƎƛƴƎ ŎŀǇŀŎƛǘȅ ƻŦ ¢Ǌƛǎ 
ŀƴŘ /о/! ǎŎŀǾŜƴƎŜǊǎ όŦǊƻƳ млπс ǘƻ млπу ǎπмύ ŦƻǊ ǘƘŜ ǘƘǊŜŜ ƛǊǊŀŘƛŀǘƛƻƴ ǇƻǎƛǘƛƻƴǎΥ ǘƘŜ ŜƴǘǊŀƴŎŜ ƻŦ ǘƘŜ ōŜŀƳ όŜƴǘǊŀƴŎŜύΣ 
ǘƘŜ ƳƛŘŘƭŜ ƻŦ ǘƘŜ {h.t ǇƭŀǘŜŀǳ όƳƛŘ{h.tύ ŀƴŘ {h.t ŦŀƭƭπƻŦŦ όŦŀƭƭπƻŦŦύΦ 
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Literature comparison 
¢ƘŜ ƴǳƳŜǊƛŎŀƭ ǾŀƭǳŜǎ ƻŦ ǘƘŜ ǇǊƻǘƻƴ ŘŀƳŀƎŜ ƛƴŘǳŎǝƻƴ ǊŀǘŜǎ ƻŦ ǘƘŜ ǇǊŜǎŜƴǘ ǊŀŘƛŀǝƻƴ ŎƻƴŘƛǝƻƴǎ 

ŀǊŜ ǇǊŜǎŜƴǘŜŘ ƛƴ ¢ŀōƭŜ пΦ п όŀǘ ǘƘŜ ŜƴŘ ƻŦ ǘƘŜ ǇǊŜǎŜƴǘ ǎǳōŎƘŀǇǘŜǊύΣ ǘƻƎŜǘƘŜǊ ǿƛǘƘ ǾŀƭǳŜǎ ƻŦ 

ƻǘƘŜǊ ǇƭŀǎƳƛŘ ƳƻŘŜƭǎ ǘƘŀǘ Ŏŀƴ ōŜ ŦƻǳƴŘ ƛƴ ƭƛǘŜǊŀǘǳǊŜ όŀŎŎƻƳǇŀƴƛŜŘ ǿƛǘƘ ŀƭƭ ŎǊƛǝŎŀƭ ǊŀŘƛŀǝƻƴ 

ŀƴŘ ǎŀƳǇƭŜ ǇŀǊŀƳŜǘŜǊǎύΦ CƛƎǳǊŜ пΦ мл ŀπŘ ŘƛǎǇƭŀȅ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘŀƭ ǊŜǎǳƭǘǎ ƻŦ ǘƘŜ ǇǊŜǎŜƴǘ ǎǘǳŘȅΣ 

ŀƭƻƴƎǎƛŘŜ ŎƻƳǇŀǊŀōƭŜ Řŀǘŀ ŦǊƻƳ ŜȄƛǎǝƴƎ ƭƛǘŜǊŀǘǳǊŜ ǊŜƎŀǊŘƛƴƎ ǘƘŜ ǇƭŀǎƳƛŘ ƳƻŘŜƭ ŀƴŘ ǇǊƻǘƻƴǎ 

ƻŦ ŘƛũŜǊŜƴǘ ŜƴŜǊƎƛŜǎ ŀƴŘ ǳƴŘŜǊ ŘƛũŜǊŜƴǘ ǎŎŀǾŜƴƎƛƴƎ ŎŀǇŀŎƛǝŜǎΦ /ƭƻǎŜŘ ŎƛǊŎƭŜǎ ŎƻǊǊŜǎǇƻƴŘ ǘƻ 

ǘƘŜ Řŀǘŀ ŦǊƻƳ ǘƘŜ ǇǊŜǎŜƴǘ ǎǘǳŘȅ ǿƘƛŎƘ ŀǊŜ ƛƴ ƎƻƻŘ ŀƎǊŜŜƳŜƴǘ ǿƛǘƘ ƭƛǘŜǊŀǘǳǊŜ ŘŀǘŀΦ  

wŜǾƛŜǿƛƴƎ ǘƘŜ ƭƛǘŜǊŀǘǳǊŜ Řŀǘŀ όŀǎ ǇǊŜǎŜƴǘŜŘ ƛƴ ¢ŀōƭŜ пΦ пύΣ ŀ ǎƛƎƴƛŬŎŀƴǘ ŘŜƎǊŜŜ ƻŦ ǾŀǊƛŀōƛƭƛǘȅ ƛƴ 

ǾŀƭǳŜǎ ōŜŎƻƳŜǎ ŀǇǇŀǊŜƴǘΣ ŀƴŘ ƛƴ ǎƻƳŜ ƛƴǎǘŀƴŎŜǎΣ ǘƘŜǊŜ ƛǎ ŘƛǎƘŀǊƳƻƴȅ ōŜǘǿŜŜƴ ǘƘŜ ǇǊŜǎŜƴǘ 

ŜȄǇŜǊƛƳŜƴǘŀƭ ƻǳǘǇǳǘ ŀƴŘ ǘƘŜ ƻǘƘŜǊǎΩ ŘŀǘŀΦ !ǎ ŀƭǊŜŀŘȅ ŜȄǇƭŀƛƴŜŘ ŀōƻǾŜΣ ƛǊǊŀŘƛŀǝƻƴ ŜȄǇŜǊƛƳŜƴǘǎ 

ƻŦ ǘƘƛǎ ǘȅǇŜ ŘŜǇŜƴŘ ƻƴ ǎŜǾŜǊŀƭ ǇƘȅǎƛŎŀƭ ŀƴŘ ŎƘŜƳƛŎŀƭ ǇŀǊŀƳŜǘŜǊǎ ǘƘŀǘ Ƴŀȅ ŎƘŀƴƎŜ ǘƘŜ ƻǾŜǊŀƭƭ 

ƛƴǘŜǊŀŎǝƻƴ ƻŦ ǇǊƻǘƻƴǎ ǿƛǘƘ 5b!Φ  

! ŎƻƳǇŀǊƛǎƻƴ ǿƛǘƘ ǊŜǎǳƭǘǎ ǿƛǘƘƛƴ ǘƘŜ ǎŎŀǾŜƴƎƛƴƎ ǊŀƴƎŜ ƻŦ ǘƘŜ ǇǊŜǎŜƴǘ ǎǘǳŘȅ όCƛƎǳǊŜ пΦ мл ŀπŘύΣ 

ŎƻƴŬǊƳǎ ǘƘŜ ǎǘǊƻƴƎ 5b! ŘŀƳŀƎŜǎ ŜƭƛƳƛƴŀǝƻƴ ōȅ ǎŎŀǾŜƴƎŜǊǎ ŘŜǇƛŎǘŜŘ ƛƴ CƛƎǳǊŜ пΦ ф ŀπŘΦ 

!ƭǘƘƻǳƎƘ ƛǘ ƛǎ ƎŜƴŜǊŀƭƭȅ ōŜƭƛŜǾŜŘ ǘƘŀǘ слπтл҈ ƻŦ ǘƘŜ ōƛƻƭƻƎƛŎŀƭ ŜũŜŎǘǎ ƻŦ ƭƻǿ [9¢ Lw ƛƴ 

ƳŀƳƳŀƭƛŀƴ ŎŜƭƭǎ ƛǎ ŎŀǳǎŜŘ ōȅ ƛƴŘƛǊŜŎǘ ŀŎǝƻƴ ώмосΣмотϐΣ ǇƭŀǎƳƛŘ ǎǘǳŘƛŜǎ ǎƘƻǿ ƭŀǊƎŜǊ 

ǇǊƻǇƻǊǝƻƴǎ ƻŦ ƛƴŘƛǊŜŎǘ ŘŀƳŀƎŜ ǘƘǊƻǳƎƘ ƳƻǊŜ ŜŶŎƛŜƴǘ ǎŎŀǾŜƴƎƛƴƎΦ tƭŀǎƳƛŘ ǎǘǳŘƛŜǎ ǘŜǎǝƴƎ 

ǎŎŀǾŜƴƎƛƴƎ ƘƛƎƘ [9¢ ŎŀǊōƻƴ ƛƻƴπƛƴŘǳŎŜŘ ŘŀƳŀƎŜΣ ŀƭǎƻ ǊŜǇƻǊǘ ǊŜǎǳƭǘǎ ƛƳǇƭȅƛƴƎ фс҈ ƻŦ ǘƘŜ ǘƻǘŀƭ 

{{. ŀƳƻǳƴǘ ŀǧǊƛōǳǘŜŘ ǘƻ ƛƴŘƛǊŜŎǘ ŘŀƳŀƎŜ ώмоуΣмофϐΦ ¢ƘŜ ŀǉǳŜƻǳǎ ƴŀǘǳǊŜ ƻŦ ǘƘŜ ǇƭŀǎƳƛŘ 

ǎƻƭǳǝƻƴǎ ǇǊƻōŀōƭȅ ŜƴƘŀƴŎŜǎ ǎǳŎƘ ŬƴŘƛƴƎǎΣ ŘǳŜ ǘƻ ǘƘŜ ƘƛƎƘ ǊŀŘƛƻƭȅǎƛǎ ǇǊƻōŀōƛƭƛǘȅΦ 
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Figure 4. 10 tǊƻǘƻƴπƛƴŘǳŎŜŘ ŘŀƳŀƎŜ ȅƛŜƭŘ όaōǇπм Dȅπмύ ǾŜǊǎǳǎ ǎŎŀǾŜƴƎƛƴƎ ŎŀǇŀŎƛǘȅ όǎπмύ ŀǎ ŎŀƭŎǳƭŀǘŜŘ ƛƴ ǘƘŜ ǇǊŜǎŜƴǘ 
ǎǘǳŘȅ ŦƻǊ ¢Ǌƛǎ ŀƴŘ /о/! όƭƛƴŜǎ ŀǊŜ ǳǎŜŘ ŀǎ ƎǳƛŘŜǎ ǘƻ ǘƘŜ ŜȅŜǎύ ŀƴŘ ƭƛǘŜǊŀǘǳǊŜ ǾŀƭǳŜǎ ŦǊƻƳ ǎǘǳŘƛŜǎ ǘƘŀǘ ǳǎŜ ǇƭŀǎƳƛŘ 
ƳƻŘŜƭǎ ǿƛǘƘ ǎŎŀǾŜƴƎŜǊǎ ƻŦ ŎƻƳǇŀǊŀōƭŜ ǎŎŀǾŜƴƎƛƴƎ ŎŀǇŀŎƛǘȅΦ όŀύ {{.Σ όōύ 5{.Σ όŎύ .ŀǎŜ [ŜǎƛƻƴΣ όŘύ /ƭǳǎǘŜǊŜŘ 5b! 
ŘŀƳŀƎŜ ƛƴŘǳŎǘƛƻƴ ǊŀǘŜǎ ǊŜǎǳƭǘ ŦǊƻƳ ŀ ǾŀǊƛŜǘȅ ƻŦ ƛǊǊŀŘƛŀǘƛƻƴ ŎƻƴŘƛǘƛƻƴǎΣ ŜΦƎΦ ǇƭŀǎƳƛŘ ƛƴ ǎƻƭǳǘƛƻƴ ƻǊ ŘǊƛŜŘΣ ŘƛŦŦŜǊŜƴǘ 
ǇƭŀǎƳƛŘ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ŀƴŘ ǇǊƻǘƻƴ ŜƴŜǊƎȅΣ ŘŜǘŀƛƭǎ ǘƘŀǘ Ŏŀƴ ōŜ ŦƻǳƴŘ ƛƴ ¢ŀōƭŜ пΦоΦ  

 

RBE evaluation based on the yields of initial DNA DSBs  
Lƴ ŀƴ ŀǧŜƳǇǘ ǘƻ ǘǊŀƴǎƭŀǘŜ ǊŜǎǳƭǘǎ ƛƴ ǘŜǊƳǎ ƻŦ wŜƭŀǝǾŜ .ƛƻƭƻƎƛŎŀƭ 9ũŜŎǘ όw.9ύ ǘƘŀǘ ƛǎ ǳǎŜŦǳƭ ƛƴ 

ƳŜŘƛŎƛƴŜΣ w.9 ǾŀƭǳŜǎ ǿŜǊŜ ŎŀƭŎǳƭŀǘŜŘΦ w.9 ŦƻǊ ǇǊƻǘƻƴǎ ƛǎ ŘŜŬƴŜŘ ŀǎ ǘƘŜ Ǌŀǝƻ 
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ǿƘŜǊŜ Ὀ   ƛǎ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ŀōǎƻǊōŜŘ ŘƻǎŜ ƻŦ ·πǊŀȅǎ ŀƴŘ Ὀ  ǘƘŜ ŀōǎƻǊōŜŘ ŘƻǎŜ ƻŦ 

ǇǊƻǘƻƴ ǊŀŘƛŀǝƻƴ ǘƘŀǘ ƛƴŘǳŎŜǎ ǘƘŜ ǎŀƳŜ ŀƳƻǳƴǘ ƻŦ ŘŀƳŀƎŜΦ  

¢ȅǇƛŎŀƭƭȅ w.9 ǾŀƭǳŜǎ ŀǊŜ ŎŀƭŎǳƭŀǘŜŘ Ǿƛŀ ŎŜƭƭ ǎǳǊǾƛǾŀƭ ŀǎǎŀȅǎ ŀƊŜǊ ƛǊǊŀŘƛŀǝƴƎ ŎŜƭƭǎ ǿƛǘƘ ŘƛũŜǊŜƴǘ 

ŘƻǎŜǎ ƻŦ ōƻǘƘ ǘȅǇŜǎ ƻŦ ǊŀŘƛŀǝƻƴΦ !ǎ ŀƴ ŀǾŜǊŀƎŜ w.9 ŦƻǊ ŎŜƭƭ ǎǳǊǾƛǾŀƭ ŀǘ нDȅ ŀƭƻƴƎ ŀ ǘȅǇƛŎŀƭ {h.t 

ŘŜƭƛǾŜǊȅΣ ƭƛǘŜǊŀǘǳǊŜ Řŀǘŀ ώмплϐ ώмпмϐ ǎǳǇǇƻǊǘ ŀƴ ƛƴŎǊŜŀǎŜ ƻŦ ǘƘŜ ŀǾŜǊŀƎŜ w.9 ǿƛǘƘ ŘŜǇǘƘ ŦǊƻƳ 

ϤмΦм ƛƴ ǘƘŜ ŜƴǘǊŀƴŎŜ ǊŜƎƛƻƴ ό[9¢Ғлπо ƪŜ±κƳ˃ύΣ ǘƻ ϤмΦмр ƛƴ ǘƘŜ ŎŜƴǘŜǊ ό[9¢Ғоπс ƪŜ±κƳ˃ύΣ ϤмΦор 

ŀǘ ǘƘŜ Řƛǎǘŀƭ ŜŘƎŜ ό[9¢Ғсπф ƪŜ±κƳ˃ύ ŀƴŘ ϤмΦт ƛƴ ǘƘŜ Řƛǎǘŀƭ Ŧŀƭƭπƻũ ό[9¢Ғфπмр ƪŜ±κƳ˃ύΦ ¢ƘŜ ǎŀƳŜ 

Řŀǘŀ ǎǳǇǇƻǊǘ ǘƘŀǘ w.9 ǾŀƭǳŜǎ ŀǊŜ ǎƛƎƴƛŬŎŀƴǘƭȅ ƭƻǿŜǊ ŦƻǊ ƘƛƎƘŜǊ ŘƻǎŜ ŜƴŘǇƻƛƴǘǎ όǇŀǊǝŎǳƭŀǊƭȅ ŦƻǊ 

ƘƛƎƘ [9¢ ƻǊ ƭƻǿ ǊŀŘƛƻǎŜƴǎƛǝǾƛǘȅ ŎŜƭƭ ƭƛƴŜǎύΦ  

{ŎƛŜƴǝŬŎ ƎǊƻǳǇǎ ŦǊƻƳ ǘƘŜ ƳŜŘ!ǳǎǘǊƻƴ ƛƻƴ ŦŀŎƛƭƛǘȅ ǇǳōƭƛǎƘŜŘ ŜȄǇŜǊƛƳŜƴǘŀƭƭȅ ŘŜǘŜǊƳƛƴŜŘ 

ǎǳǊǾƛǾŀƭ ŎǳǊǾŜǎ ŦƻǊ ǾŀǊƛƻǳǎ ƘǳƳŀƴ ŎŜƭƭ ƭƛƴŜǎ ƛǊǊŀŘƛŀǘŜŘ ŀƭƻƴƎ  ǘƘŜ ōŜŀƳ ǇŀǘƘ ƻŦ {h.t ǿƛǘƘ 9Ґ 

ссπмус aŜ± ŀƴŘ [9¢Ґ мπпΦр ƪŜ±κƳ˃ ŀƴŘ ·πǊŀȅǎ нллƪ± ŀǎ ǊŜŦŜǊŜƴŎŜ ώмпнϐ ώмпоϐΦ  ¢ƘŜǎŜ ŘŀǘŀǎŜǘǎ  

ǎƘƻǿ ŀ ǊŀƴƎŜ ƻŦ w.9 ǾŀƭǳŜǎ ǘƘŀǘ ƴƻǘ ƻƴƭȅ ƛǎ ŦŀǊ ŦǊƻƳ Ŏƻƴǎǘŀƴǘ мΦмΣ ōǳǘ ŘƻŜǎ ƴƻǘ ƴŜŎŜǎǎŀǊƛƭȅ 

Ŧƻƭƭƻǿ ǘƘŜ ƛƴŎǊŜŀǎŜ ƛƴ [9¢Φ  



ƛƜ 

 

w.9 ǎǘǳŘƛŜǎ ōŀǎŜŘ ƻƴ ǘƘŜ ƛƴƛǝŀƭ ȅƛŜƭŘ ƻŦ 5b! 5{. ǎƘƻǿŜŘ ƴƻ ǎƛƎƴƛŬŎŀƴǘ ŘƛũŜǊŜƴŎŜǎ ōŜǘǿŜŜƴ 

ǇƘƻǘƻƴ ŀƴŘ ǇǊƻǘƻƴ ƛǊǊŀŘƛŀǝƻƴΣ ŀ ǿŜŀƪ ŘŜǇŜƴŘŜƴŎŜ ƻƴ [9¢ ŀƴŘ w.9 ǾŀƭǳŜǎ ŀǎ ƭƻǿ ŀǎ лΦус ŀƴŘ 

лΦтп ŦƻǊ ǇǊƻǘƻƴǎ ƻŦ [9¢Ґ нл aŜ±κƳ˃ ώмппϐ ώмпрϐΦ  

!ƴ ŀǧŜƳǇǘ ǘƻ ǇǊŜǎŜƴǘ w.9 ǾŀƭǳŜǎ ōŀǎŜŘ ƻƴ ǘƘŜ 5{. ƛƴŘǳŎǝƻƴ Řŀǘŀ ŦǊƻƳ ǘƘŜ ǇǊŜǎŜƴǘ ǎǘǳŘȅ ǿŀǎ 

ōŜŜƴ ƳŀŘŜΦ CƛƎǳǊŜ пΦ мм ǇǊŜǎŜƴǘǎ ǘƘŜ ŎŀƭŎǳƭŀǝƻƴ ƻŦ w.9рл҈ ŀǘ ǘƘŜ ōŜŀƳ ŜƴǘǊŀƴŎŜ ŦǊƻƳ [ƛƴŜŀǊ 

ǇƭŀǎƳƛŘ ŦƻǊƳ ǘƻ ŘƻǎŜ ŎǳǊǾŜǎΣ ŎƻƴǎƛŘŜǊƛƴƎ ŀǎ ŀƴ ŜƴŘǇƻƛƴŘ ǘƘŜ ŘƻǎŜǎ ǘƘŀǘ ŘŜƎǊŀŘŜǎ рл҈ ƻŦ ǘƘŜ 

ǘƻǘŀƭ ǇƭŀǎƳƛŘ ǘƻ ƭƛƴŜŀǊ ŦƻǊƳΦ {ƛƳƛƭŀǊƭȅΣ w.9мл҈ ǾŀƭǳŜǎ ǿŜǊŜ ŎŀƭŎǳƭŀǘŜŘ ŀƴŘ ŀǊŜ ǇǊŜǎŜƴǘŜŘ 

ǘƻƎŜǘƘŜǊ ǿƛǘƘ w.9рл҈ ƛƴ ¢ŀōƭŜ пΦ оΦ  

 

 

Figure 4. 11  Example of RBE calculation from the plot of Linear form of plasmid (%) to dose (Gy) for the entrance 
of the beam. According to the definition, RBE50% equals to the ratio of the dose of X-rays that causes 50% Linear 
plasmid to the dose of protons that cause the same result. 

 

! ǎŜŎƻƴŘ ŀǇǇǊƻŀŎƘ ŦƻǊ ŎŀƭŎǳƭŀǝƴƎ w.9 ǘƘǊƻǳƎƘ ǘƘŜ 5b! 5{. ƛƴŘǳŎǝƻƴ ǿŀǎ ŜƳǇƭƻȅŜŘΦ Lƴ ǘƘƛǎ 

ŎŀǎŜΣ ǘƘŜ ȅƛŜƭŘ ƻŦ 5{.ǎ ǿŀǎ ŎƻƴǎƛŘŜǊŜŘ ŀƴ ŜƴŘǇƻƛƴǘ ŦƻǊ w.9 ŜǾŀƭǳŀǝƻƴΦ w.95{. ǿŀǎ ŎŀƭŎǳƭŀǘŜŘ 

ŀǎ ǘƘŜ Ǌŀǝƻ ƻŦ ǘƘŜ 5{. ƛƴŘǳŎǝƻƴ ǊŀǘŜǎ ŦƻǊ ǇǊƻǘƻƴǎ ǘƻ ǘƘŀǘ ŦƻǊ ·πǊŀȅǎΥ  

ὙὄὉ
ὈὛὄ ὲὨόὧὸ έὲ ὶὥὸὩ Ὢέὶ ὴὶέὸέὲί 

ὈὛὄ ὲὨόὧὸ έὲ ὶὥὸὩ Ὢέὶ ὢ ὶὥώί
 

ŀƴŘ ǘƘŜǎŜ ǾŀƭǳŜǎ ŀǊŜ ǇǊŜǎŜƴǘŜŘ ƻƴ ʅ˒ʱ˂˃ʰΗ ʆˇ ʰˊ˔ʶʾˇ ˉˊˇʷ˂ʶˎˋʹˌ ˍʹˌ ʰ˄ʰ˒ˇˊʱˌ ʵʶ˄ 

ʲˊʷʻʹˁʶΦ Φ w.95{. ǾŀƭǳŜǎ ŎŀƭŎǳƭŀǘŜŘ ŦǊƻƳ ǘƘŜ 5{. ȅƛŜƭŘǎ ŀǊŜ ǎƛƎƴƛŬŎŀƴǘƭȅ ƭƻǿŜǊ ǘƘŀƴ ǘƘŜ мΦм 

άǎǘŀƴŘŀǊŘέ ǾŀƭǳŜΦ ¢Ƙƛǎ ŬƴŘƛƴƎ ŀƭƛƎƴǎ ǿƛǘƘ aƻƴǘŜ /ŀǊƭƻ 5ŀƳŀƎŜ {ƛƳǳƭŀǝƻƴǎ όa/5{ύ ώмпсϐ 

ŎƻƴŘǳŎǘŜŘ ōȅ ƻǳǊ ƎǊƻǳǇ όaǊΦ ±ŀǎƛƭƛƻǎ wŀƎƪƻǎ ŀƴŘ tǊƻŦΦ !ƭŜȄŀƴŘǊƻǎ DŜƻǊƎŀƪƛƭŀǎύΣ ŀǎ ǎƘƻǿƴ ƛƴ 

CƛƎǳǊŜ пΦ мнΣ ǿƘƛŎƘ ŀƭǎƻ ǊŜǇƻǊǘǎ ǾŀƭǳŜǎ ŀǎ ƭƻǿ ŀǎ лΣрр ǿƛǘƘƛƴ ǘƘŜ ǎŀƳŜ ǇǊƻǘƻƴ ŜƴŜǊƎȅ ǊŀƴƎŜ 

όмллπнлл aŜ±ύ ƛƴ ōƻǘƘ ƴƻǊƳƻȄƛŎ ŀƴŘ ƘȅǇƻȄƛŎ ŎƻƴŘƛǝƻƴǎΦ ¢ƘŜ w.9 ǾŀƭǳŜǎ ŦƻǊ ǘƘŜ Ŧŀƭƭπƻũ ǊŜƎƛƻƴ 

ŀǊŜ ǳƴŜȄǇŜŎǘŜŘƭȅ ƭƻǿΣ ŀǧǊƛōǳǘŜŘ ǘƻ ƛƴŎǊŜŀǎŜŘ 5b! ŦǊŀƎƳŜƴǘŀǝƻƴΣ ǿƘƛŎƘ Ŏŀƴƴƻǘ ōŜ ƳŜŀǎǳǊŜŘ 

ŘǳŜ ǘƻ ǘƘŜ ƭƛƳƛǘŜŘ ǊŜǎƻƭǳǝƻƴ ƻŦ ǘƘŜ ƳŜǘƘƻŘΦ 

9ƴŘǇƻƛƴǘǎ ƻǘƘŜǊ ǘƘŀƴ ŎƭƻƴƻƎŜƴƛŎ ǎǳǊǾƛǾŀƭ ǇǊƻŘǳŎŜ ǎƻ ŘƛǾŜǊǎŜ ǊŜǎǳƭǘǎ ǘƘŀǘ Řƻ ƴƻǘ ŘƛǎǇǳǘŜ ǘƘŜ 
ƎŜƴŜǊŀƭƭȅ ŀŎŎŜǇǘŜŘ ǎǘŀǘŜƳŜƴǘ ǘƘŀǘ ǘƘŜ w.9 ŦƻǊ ǇǊƻǘƻƴǎ ƛǎΣ ƻƴ ŀǾŜǊŀƎŜΣ ƛƴ ƭƛƴŜ ǿƛǘƘ ŀ ǾŀƭǳŜ ƻŦ 
ϤмΦм ώмплϐΦ ¢ƘŜ ǇǊŜǎŜƴǘ w.9 ǾŀƭǳŜǎ ŀǊŜ ōŀǎŜŘ ƻƴ ŀ ƳƻŘŜƭ ǘƘŀǘ ŜȄŎƭǳŘŜǎ ǘƘŜ ŎŜƭƭ ǊŜǎǇƻƴǎŜ ŀƴŘ 



ƛƝ 

 

ǘƘŜƛǊ ǊŜǇŀƛǊ ƳŜŎƘŀƴƛǎƳǎΥ ŀ ǎƛƳǇƭŜ 5b! ǎȅǎǘŜƳ ƻŦ ǇƭŀǎƳƛŘ ƛƴ ŀǉǳŜƻǳǎ ǎƻƭǳǝƻƴΣ ŀ ƳƻŘŜƭ ǘƘŀǘ 
ǎŜǊǾŜǎ ǿŜƭƭ ǿƘŜƴ ǘƘŜ ŦƻŎǳǎ ƛǎ ƻƴ ŘŀƳŀƎŜΦ !ǎ ŀ ǊŜǎǳƭǘΣ ǘƘŜ ǇǊŜǎŜƴǘŜŘ w.9 ǾŀƭǳŜǎ ǎƘƻǳƭŘ ōŜ 
ŎƻƴǎƛŘŜǊŜŘ ŀǎ ŘŀƳŀƎŜπŎŀƭŎǳƭŀǘŜŘ ŀƴŘ ŀ ŎƻƳǇŀǊƛǎƻƴ ǿƛǘƘ ƭƛǘŜǊŀǘǳǊŜ ǾŀƭǳŜǎ ŦǊƻƳ ŎŜƭƭ ǎǳǊǾƛǾŀƭ 
Řŀǘŀ ǿƻǳƭŘ ōŜ ǳƴŦŀƛǊΣ ŬǊǎǘ ŘǳŜ ǘƻ ǘƘŜ ŘƛũŜǊŜƴǘ ŎƻƳǇƭŜȄƛǘȅ ƻŦ ǘƘŜ ǎȅǎǘŜƳǎ ŀƴŘ ŎŀƭŎǳƭŀǝƻƴ 
ƳŜǘƘƻŘǎΣ ōǳǘ ŀƭǎƻ ŘǳŜ ǘƻ ǘƘŜ ŦŀŎǘ ǘƘŀǘ ǘƘŜ ƎŜƴŜǊŀƭƭȅ ŀŎŎŜǇǘŜŘ w.9 ǾŀƭǳŜǎ ŀǊŜ ǳƴŘŜǊ ǉǳŜǎǝƻƴΣ 
ƎƛǾŜƴ ǘƘŜ ŘƛǾŜǊǎƛǘȅ ƻŦ ǘƘŜ ǊŜǎǳƭǘǎ ŦǊƻƳ ŘƛũŜǊŜƴǘ ƛǊǊŀŘƛŀǝƻƴ ŎƻƴŘƛǝƻƴǎ ƭƛƪŜ ŎŜƭƭ ƭƛƴŜǎ όǝǎǎǳŜ 
ǘȅǇŜύΣ ōƛƻƭƻƎƛŎŀƭ ŜƴŘǇƻƛƴǘΣ ŘƻǎŜ ŀƴŘ [9¢Φ 

 

Table 4. 3 Values of RBE50% and RBEDSB along the Proton Treatment Plan.  

tƻǎƛǝƻƴ ŀƭƻƴƎ ǘƘŜ tǊƻǘƻƴ 
¢ǊŜŀǘƳŜƴǘ tƭŀƴ 

[9¢ όƪŜ±κƳ˃ύ w.9рл҈ w.9мл҈ w.95{. 

ŜƴǘǊŀƴŎŜ м лΦум мΦмс лΦсм 

{h.t ǇƭŀǘŜŀǳ о лΦту мΦмл лΦпф 

{h.t ŦŀƭƭπƻŦŦ ф bƻ ǾŀƭǳŜ лΦнн лΦму 

 

 

 

Figure 4. 12  The RBE values for different proton energies as calculated based on DSB induction for a dose of 1 Gy, 
with 1 GeV electron radiation as the reference, using simulations with the MCDS program. The data were generously 
provided by Mr. Vasilios Ragkos and Prof. Alexaxndros Georgakilas. The red line corresponds to normoxic 
conditions, and the blue line to hypoxic conditions. 
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Table 4. 4 . IR (protons, ions and electromagnetic radiation) damage induction rate on plasmid systems: results from the present study and reported in literature. 

 
type 

rad/proton 

energy (MeV) 

LET 

(keV/ɛm) 
scavenger plasmid 

plasmid 

concentrati

on (ng/ɛL) 

scav. 

capacity 

(s-1) 

SSB 

Mbp-1 

Gy-1  

error 

DSB 

Mbp-1 

Gy-1 

error 

Base 

Lesions 

Mbp-1 

Gy-1 

error 

non DSB 

clusters 

Mbp-1 

Gy-1 

error 

this study X-rays   

no scav 

(residual 

TRIS) 

pBR322 in 

solution 10 105 89.559 4.490 3.147 0.141 191.102 10.867 14.723 0.856 

   TRIS   106 30.232 1.094 0.532 0.215 65.596 3.163 3.919 0.836 

      107 4.551 0.746 0.103 0.010 18.656 3.415 0.631 0.036 

      108 1.135 0.300 0.108 0.077 4.654 1.005 0.263 0.026 

   C3CA   106 24.306 1.194 0.606 0.109 61.223 6.884 3.991 -0.054 

      107 4.921 0.108 0.117 0.011 9.562 0.111 0.726 0.037 

      108 1.370 0.054 0.121 0.077 2.139 0.133 0.137 0.032 

this study p 198 MeV 1 

no scav 

(residual 

TRIS) 

pBR322 in 

solution 10 105 101.101 16.868 1.914 0.247 275.852 114.295 10.908 1.778 

  1 TRIS   106 45.848 5.031 1.534 0.247 130.510 40.667 13.270 1.411 

  1    107 11.609 4.668 0.092 0.047 30.405 -0.222 0.426 -0.015 

  1    108 2.083 1.355 0.025 0.015 5.103 0.227 0.078 -0.011 

  1 C3CA   106 34.349 4.683 0.458 0.044 75.715 16.431 3.175 -0.042 

  1    107 9.434 1.499 0.163 0.022 32.678 8.270 0.658 0.023 

  1    108 4.141 0.861 0.041 0.014 10.709 3.961 0.052 -0.013 

 

p 167-137 

MeV 4 

no scav 

(residual 

TRIS) 

pBR322 in 

solution 10 105 96.012 27.211 1.529 0.169 52.085 2.365 10.415 1.666 

  4 TRIS   106 39.171 0.754 0.473 0.048 74.808 5.202 2.912 0.305 

  4    107 12.888 2.234 0.096 0.035 25.294 4.359 0.509 0.039 



Ɯƕ 

 

  4    108 2.727 1.152 0.028 0.005 37.634 25.479 1.727 1.516 

  4 C3CA   106 37.170 3.826 0.490 0.107 63.820 -1.111 4.053 0.178 

  4    107 9.928 2.765 0.125 0.009 18.926 0.070 0.642 0.003 

  4    108 2.220 0.786 0.039 0.006 4.596 0.446 0.081 0.005 

 

p 167-137 

MeV 9 

no scav 

(residual 

TRIS) 

pBR322 in 

solution 10 105 51.069 6.923 0.579 0.060 54.453 6.350 3.255 0.092 

  9 TRIS   106 9.581 0.945 0.138 0.052 17.400 8.311 0.671 0.338 

  9    107 2.274 0.235 0.032 0.001 3.745 1.864 0.106 0.085 

  9    108 0.299 0.089 0.005 0.009 1.269 0.619 0.115 0.121 

  9 C3CA   106 11.545 2.456 0.172 0.036 12.770 5.628 0.716 0.481 

  9    107 3.085 0.691 0.055 0.004 4.010 1.940 0.157 1.495 

  9    108 0.717 0.237 0.032 0.016 0.867 0.253 0.009 0.018 

Pachnerov§ 

2015 [147] p 30 MeV 1.9 TE buffer 

pBR322 in 

solution   1.5ϊ103 113.760 17.064 3.990   113.090   14.580   

   C3CA   6.8Ā105 24.790 3.718 1.930  18.020  1.540  

   C3CA   6.8Ā106 9.170 1.376 0.890  13.320  0.410  

   C3CA   6.8Ā107 1.220 0.182 0.760  3.390  0.000  
Sui 2013 
[148] p 15 MeV 3.6 TRIS-HCl  

pUC19 in 

solution 100 3Ā108 9.950 0.790 0.064 0.009 16.560 1.400 0.100 0.016 

Leloup 2005 
[149] p 249 MeV 0.39 glycerol 

pHAZE 

liquid film   3.8Ā106 18.850 3.900 0.338 0.039     1.495 0.260 

 p 19.3 MeV 2.7    3.8Ā106 5.005 1.950 0.104 0.026    0.377 0.163 

 p 1.03 MeV 25.5    3.8Ā106 1.690 0.260 0.163 0.020    0.533 0.130 

 p 249 MeV 0.39 glycerol    3.8Ā108 0.917 0.195 0.029 0.006     0.176 0.026 

 p 19.3 MeV 2.7    3.8Ā108 0.397 0.091 0.011 0.004    0.037 0.020 

 p 1.03 MeV 25.5    3.8Ā108 0.384 0.059 0.018 0.002    0.085 0.020 
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Vyġ²n 2015 
[150] p 10 MeV 6.39 TE buffer pBR322 dry 30   0.009 0.007 0.003 0.001 0.082   0.001   

 p 20 MeV 3.64      0.053 0.000 0.001 0.001 0.088  0.006  

 p 30 MeV 2.61      0.044 0.006 0.001 0.000 0.088  0.004  

 p 20 MeV 3.1-6.95 TE buffer 

pBR322 

liquid     58.900 2.600 2.000 0.200 45.800   4.500   

 p 30 MeV 1.96-2.34      39.700 8.200 1.500 0.800 45.900  3.900  
Ohsawa 2021 
[151] p 27.5 MeV  2.3 TE buffer 

pBR322 in 

solution 50   2.476 0.032 0.027 0.005         

 

p 27.5 MeV 

FLASH 2.3        2.016 0.156 0.025 0.004       
Small 2021 
[152] e 100 MeV   no scav  

pBR322 in 

solution     15.420 0.860 0.350 0.020         

 

e 100 MeV 

FLASH        20.310 0.200 0.370 0.030       

 e 150 MeV        17.630 0.570 0.350 0.030       

 

e 150 MeV 

FLASH         18.740 0.520 0.370 0.040       

 e 200 MeV        20.190 0.560 0.380 0.020       

 

e 200 MeV 

FLASH        21.220 0.380 0.380 0.020       

 e 100 MeV  0.22   pBR322 dry     69.810 8.720 3.660 0.430         

 e 150 MeV  0.22       80.300 3.060 3.710 0.110       

 e 200 MeV 0.23       50.270 4.190 3.830 0.450       
Small 2019 
[153] 

60-Co - 6 

MeV 0.19 no scav pBR322     7.940 0.140 0.970 0.100         

 

60-Co - 10 

MeV 0.20       11.000 0.660 1.130 0.080       

 

60-Co - 15 

MeV 0.20       7.710 0.030 1.220 0.010       
Pachnerov§ 

2019 [128] 

Carbon ions 

400MeV/u 11 TE buffer pBR322 10 1.5Ā103 128.600 1.900 4.800 0.400         

Souici 2016 
[154] 

Ultra Soft X-

Rays 1,5 keV   TRIS pBR322 5 1.5Ā106 2.477 0.130 0.228 0.026         

       1.5Ā107 0.780 0.059          
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       1.5Ā108 0.163 0.072          

     10 1.5Ā106 2.386 0.052 0.208 0.020       

       1.5Ā107 0.845 0.013          

       1.5Ā108 0.182 0.020          

     50 1.5Ā106 2.106 0.091 0.137 0.013       

       1.5Ā107 0.800 0.039          

       1.5Ā108 0.228 0.026          
Shiina 2013 
[155] X-rays   TRIS 

pUC18 in 

solution 50 1Ā106 5.720   0.111   9.035   0.481   

       1.5Ā107 1.105  0.029  1.430  0.092  

       3Ā108 0.163  0.008  0.650  0.020  

       1Ā1010 0.124  0.010        

 C6+ 290 MeV 13 TRIS 

pUC18 in 

solution 50 1Ā106 5.590   0.228   4.290   0.481   

       1.5Ā107 1.300  0.008  2.795  0.182  

       3Ā108 0.325  0.013  1.300  0.059  

Ushigome 

2012 [156] He2+ 2.2   

pUC18 

hydrated 

films     0.058 0.013 0.005 0.001 0.141   0.004   

  6       0.064 0.012 0.004 0.001 0.169  0.007  

 C5+, C6+ 13   

pUC18 

hydrated 

films     0.107 0.026 0.008 0.004 0.255   0.009   

  87       0.040 0.003 0.003 0.000 0.057  0.003  

  122       0.037 0.003 0.004 0.000 0.074  0.004  

  342       0.030 0.004 0.005 0.000 0.047  0.001  

  507       0.033 0.003 0.005 0.001 0.061  0.000  

 Ne10+  31   

pUC18 

hydrated 

films     0.092 0.023 0.005 0.001 0.180   0.006   
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  361       0.038 0.003 0.007 0.001 0.066  0.002  

  491       0.031 0.001 0.007 0.001 0.067  0.002  

  842       0.031 0.005 0.008 0.001 0.038  0.002  
Urushibara 

2008 [157] gamma 60-Co     pUC18     0.047 0.003 0.005 0.000 0.138   0.014   

 Ŭ He 19   pUC18     0.045 0.007 0.002 0.001 0.166   0.006   

 Ŭ He 63       0.047 0.001 0.005 0.001 0.085  0.006  

 Ŭ He 95       0.044 0.002 0.007 0.000 0.047  0.004  

 Ŭ He 121       0.031 0.003 0.003 0.001 0.040  0.003  

  Ŭ He 148        0.025 0.002 0.006 0.000 0.012   0.002   

Yokoya 

2003[157] Ŭ Pu         0.039 0.006 0.011 0.001 0.016  0.003  
Klimczak 

1993[158] gamma 60-Co     pBR322 100 1.5Ā106 26.00   0.26           

       1.5Ā107 5.85  0.07        

       1.5Ā108 1.30  0.02        
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4.2 Plasmid structural analysis with AFM 
 

CƛƎǳǊŜ пΦ моΣ CƛƎǳǊŜ пΦ мп ŀƴŘ CƛƎǳǊŜ пΦ мр ǎƘƻǿ ǊŜǇǊŜǎŜƴǘŀǝǾŜ ǘƻǇƻƎǊŀǇƘƛŎ ƛƳŀƎŜǎ ƻŦ ǇƭŀǎƳƛŘ 

ƻƴ ƳƛŎŀ ǎǳōǎǘǊŀǘŜ ŀǎ ŀŎǉǳƛǊŜŘ ǿƛǘƘ !CaΣ ǊŜǾŜŀƭƛƴƎ ŘƛũŜǊŜƴǘ 5b! ŎƻƴŦƻǊƳŀǝƻƴǎΥ ŦǊƻƳ ǘƘŜ 

ǎƛƳǇƭŜ ƭƛƴŜŀǊ 5b! ƳƻƭŜŎǳƭŜǎ ǘƻ ŎƻƳǇƭŜȄ ǘǿƛǎǘŜŘ ƭƻƻǇǎΦ [ŜƴƎǘƘ ƳŜŀǎǳǊŜƳŜƴǘ ǊŜǎǳƭǘǎ ŀǊŜ 

ƻǊƎŀƴƛȊŜŘ ƛƴǘƻ ƘƛǎǘƻƎǊŀƳǎ ǇǊŜǎŜƴǝƴƎ ƭŜƴƎǘƘ ŘƛǎǘǊƛōǳǝƻƴǎ ƛƴ рлπƴƳπǿƛŘŜ ōƛƴǎ ƛƴ ǘƘŜ ǊŀƴƎŜ ƻŦ л 

ǘƻ мррл ƴƳΦ ¢ƘŜ ǊŜƭŀǝǾŜ ŦǊŜǉǳŜƴŎȅ ƻŦ ŎŀƭƛōǊŀǘŜŘπŦǊƻƳπǇƛȄŜƭπǘƻπƭŜƴƎǘƘ ǇƭŀǎƳƛŘ ǎƛȊŜǎ ǿŀǎ ŎƘƻǎŜƴ 

ǘƻ ǇǊŜǎŜƴǘ ŀƴŘ ŜǾŀƭǳŀǘŜΣ ŀƴŘ ƴƻǘ ǎƘƻǿ ǘƘŜ ŀǇǇŀǊŜƴǘ ƭŜƴƎǘƘΣ ōŜŎŀǳǎŜ ƻŦ ǘƘŜ ǾŀǊƛŀƴŎŜ ƛƴ ǘƘŜ 

ƴǳƳōŜǊ ƻŦ ŜǾŀƭǳŀōƭŜ ƳƻƭŜŎǳƭŜǎ όbύ ƻƴ ƳƛŎŀ ǎǳǊŦŀŎŜǎ ŦƻǊ ŜŀŎƘ ŜȄǇŜǊƛƳŜƴǘŀƭ ŎƻƴŘƛǝƻƴΦ 

CƛƎǳǊŜ пΦ мо ǎƘƻǿǎ ǘƘŜ ǊŜƭŀǝǾŜ ŦǊŜǉǳŜƴŎȅ ŘƛǎǘǊƛōǳǝƻƴ ƻŦ ǘƘŜ ƭŜƴƎǘƘǎ ƻŦ ƴƻƴπƛǊǊŀŘƛŀǘŜŘ ǇƭŀǎƳƛŘ 

ǎŀƳǇƭŜ όл Dȅ κ ŎƻƴǘǊƻƭύ ŀƴŘ ǘƘŜ ǎŀƳǇƭŜ ƛǊǊŀŘƛŀǘŜŘ ǿƛǘƘ ŀ ŘƻǎŜ ƻŦ мл Dȅ ƻŦ ǇǊƻǘƻƴǎΦ ¢ƘŜ л Dȅ 

ŘƛǎǘǊƛōǳǝƻƴ ǎƘƻǿǎ ǘƘŜ ŘŜǘŜŎǝƻƴ ƻŦ ǝƎƘǘπōƛƴŘƛƴƎ 5b! ŎƻƴŦƻǊƳŀǝƻƴǎ ƻŦ ǘƻǘŀƭ ƭŜƴƎǘƘ Ƴƻǎǘƭȅ ƻŦ 

Ϥнллπолл ƴƳΣ ǳƴŘŜǊŜǎǝƳŀǝƴƎ ǘƘŜ ƭŜƴƎǘƘ ƻŦ ǘƘŜ ǎǳǇŜǊŎƻƛƭŜŘ ŦǊŀŎǝƻƴ ŘǳŜ ǘƻ ǘƘŜ ŀŘǎƻǊǇǝƻƴ ƻŦ 

ǘƘŜ о5 ƳƻƭŜŎǳƭŜǎ ƻƴ ǘƘŜ н5 ƳƛŎŀ ǎǳǊŦŀŎŜΦ hƴ ǘƘŜ ƻǘƘŜǊ ƘŀƴŘΣ мл Dȅ ŘƛǎǘǊƛōǳǝƻƴ ǊŜǾŜŀƭǎ ǘƘŜ 

ǎŜƎƳŜƴǘŀǝƻƴ ƻŦ ǘƘŜ ƛƴƛǝŀƭƭȅ ǎǳǇŜǊŎƻƛƭŜŘ ǇƭŀǎƳƛŘ ƛƴǘƻ ƻƴŜ ǎǘǊŀƴŘŜŘ ǳƴŦƻƭŘŜŘ 5b! ǇƛŜŎŜǎ ōȅ 

ǊŜŎƻǊŘƛƴƎ ƳƻƭŜŎǳƭŜǎ ŀƭƻƴƎ ǘƘŜ ǿƘƻƭŜ ŘƛǎǘǊƛōǳǝƻƴ ǊŀƴƎŜΦ  

! ǎƘƛƊ ǘƻ ǎƳŀƭƭŜǊ ǇƭŀǎƳƛŘ ƭŜƴƎǘƘǎ όƛƴŎǊŜŀǎŜŘ 5b! ŦǊŀƎƳŜƴǘŀǝƻƴπƳǳƭǝǇƭŜ ōǊŜŀƪǎύ ŀǎ ǘƘŜ ŘƻǎŜ 

ƛƴŎǊŜŀǎŜǎ Ŏŀƴ ōŜ ǎŜŜƴ ƛƴ CƛƎǳǊŜ пΦ мсΣ ǎƛƴŎŜ ǘƘŜ ƛƴǘŜǊŀŎǝƻƴǎ ŀǊŜ ǎŜǾŜǊ ǊŜǎǳƭǝƴƎ ƛƴ ƳƻǊŜ 5b! 

ōǊŜŀƪǎΦ ¢ƘŜ ǎŀƳŜ ǘǊŜƴŘ ǎŜŜƳǎ ǘƻ Ŧƻƭƭƻǿ ǘƘŜ [9¢ ƛƴŎǊŜŀǎŜΣ ǎƛƴŎŜ ŜǾŜƴ ƛƴ ǘƘŜ ŎŀǎŜ ƻŦ ǎƳŀƭƭ 

ƛƴŎǊŜƳŜƴǘ ŀǎ ƛƴ ƻǳǊ ŜȄǇŜǊƛƳŜƴǘ όCƛƎǳǊŜ пΦ мс ŀ ŎƻǊǊŜǎǇƻƴŘǎ ǘƻ ǇǊƻǘƻƴ ōŜŀƳ ŜƴǘǊŀƴŎŜ ŀƴŘ [9¢Ґм 

ƪŜ±κƳ˃Σ ǿƘƛƭŜ CƛƎǳǊŜ пΦ мсō ǘƻ {h.t Ŧŀƭƭπƻũ ǇƭŀǎƳƛŘ Ǉƻǎƛǝƻƴ ǿƛǘƘ [9¢Ґф ƪŜ±κƳ˃ύ ǘƘŜ ŦǊŀƎƳŜƴǘ 

ŘƛǎǘǊƛōǳǝƻƴ ǎƘƛƊǎ ǘƻ ǎƳŀƭƭŜǊ ƭƛƴŜŀǊ ǊŜŎƻǊŘŜŘ 5b! ŦƻǊƳΦ 

 

Figure 4. 13Φ Atomic Force Microscopy (AFM) measurements. ¢ƘŜ ǊŜƭŀǘƛǾŜ ŦǊŜǉǳŜƴŎȅ ŘƛǎǘǊƛōǳǘƛƻƴ ƻŦ ŀǇǇŀǊŜƴǘ 
ƳƻƭŜŎǳƭŜ ƭŜƴƎǘƘǎ ŦƻǊ ŎƻƴǘǊƻƭ ǎŀƳǇƭŜ όл Dȅύ ŀƴŘ ƛǊǊŀŘƛŀǘŜŘ ǿƛǘƘ мл Dȅ όǇǊƻǘƻƴ ōŜŀƳǎύ ǘƻƎŜǘƘŜǊ ǿƛǘƘ !Ca ƛƳŀƎŜǎ ƻŦ 
5b! ƳƻƭŜŎǳƭŜǎ ƻŦ ŘƛŦŦŜǊŜƴǘ ŦƻǊƳǎΦ ! ǊŜǇǊŜǎŜƴǘŀǘƛǾŜ !Ca ƛƳŀƎŜ όрƳ˃Ҏр˃Ƴύ ƻŦ ǇƭŀǎƳƛŘ Ǉ.wонн ƻƴ ŦǊŜǎƘƭȅ ŎƭŜŀǾŜŘ 
ƳƛŎŀ ǎǳǊŦŀŎŜΣ ǊŜǾŜŀƭƛƴƎ ǘƘŜ 5b! ƳŀŎǊƻƳƻƭŜŎǳƭŜ ŎƻƴŦƻǊƳŀǘƛƻƴǎΦ {ǳŎƘ ƛƳŀƎŜǎ ŀǊŜ ǳǎŜŘ ŀǎ ƛƴǇǳǘ ŦƻǊ ƭŜƴƎǘƘ ŜǾŀƭǳŀǘƛƻƴ 
ŀƴŘ ǎǇǊŜŀŘπƻǳǘΦ 
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Figure 4. 14  wŜǇǊŜǎŜƴǘŀǘƛǾŜ !Ca ƛƳŀƎŜ όрҎр ˃Ƴ ŦǊŀƳŜύ ŀƴŘ ŘƛŦŦŜǊŜƴǘ ǇƭŀǎƳƛŘ conformations as they appear on a mica surface. (a) Twisted plasmids that are braided together. (b) Linear, 
(c) Circular and (d) covalently closed plectonemic coiling of plasmid molecule. Molecules like (a) and (d) are excluded from the analysis since their length measurement is not countable and 
leme DNA algorithm do not support distinction between DNA forms. 
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Figure 4. 15 AFM topographic images of plasmid pBR322 on mica substrate irradiated with protons: 20 Gy (left 
column) and 30 Gy (right column). AFM reveals the different conformations of DNA from simple linear to complex 
twisted loops. The difference in plasmid concentration between the two doses is incidental. 
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Figure 4. 16 Relative frequency distributions of apparent molecule lengths measured using AFM for plasmid pBR322 
ƛǊǊŀŘƛŀǘŜŘ ǿƛǘƘ ŘƻǎŜǎ ƻŦ нлΣ ол ŀƴŘ рл Dȅ ŀǘ όŀύ ǘƘŜ ŜƴǘǊŀƴŎŜ ƻŦ ǇǊƻǘƻƴ ōŜŀƳ ό[9¢Ґм ƪŜ±κ˃Ƴύ ŀƴŘ όōύ {h.t Ŧŀƭƭ-off 
ό[9¢Ґф ƪŜ±κ˃ƳύΦ 

 

4.3 Conclusions for part A 
¢ƘŜ ŘŀƳŀƎŜ ƛƴŘǳŎǝƻƴ ǊŀǘŜ ǘƘŀǘ Ŧƻƭƭƻǿǎ ǘƘŜ ƛƴŎǊŜŀǎƛƴƎ ŎŀǇŀŎƛǘȅ ǿŀǎ ŦƻǳƴŘ ǘƻ ŘŜŎǊŜŀǎŜΦ ¢Ƙƛǎ 

ƘƛƎƘƭƛƎƘǘǎ ǘƘŜ ŘƻƳƛƴŀƴǘ ƛƴŘƛǊŜŎǘ ŜũŜŎǘǎ ŀƴŘ ǘƘŜ ƭŜŀŘƛƴƎ ǊƻƭŜ ƻŦ wh{ ƛƴ ǇǊƻǘƻƴ ƛǊǊŀŘƛŀǝƻƴ 

ǘǊŜŀǘƳŜƴǘΦ ¢ƘŜ ƭŜŀŘƛƴƎ ǘȅǇŜ ƻŦ ŘŀƳŀƎŜ ƛǎ ǘƘŜ ōŀǎŜ ƭŜǎƛƻƴǎ ŀǎ ǊŜǾŜŀƭŜŘ ōȅ ŜƴȊȅƳŜ ŀƴŀƭȅǎƛǎΦ Lǘ 

ƛǎ ŀƭǎƻ ƴƻǘŜŘ ǘƘŀǘ ōŀǎŜ ƭŜǎƛƻƴǎ ŀƴŘ ƴƻƴπ5{. ŎƭǳǎǘŜǊǎ ŀǊŜ ƛƴŎǊŜŀǎŜŘ ŎƻƳǇŀǊŜŘ ǘƻ {{. ŀƴŘ 5{. 

ǊŜǎǇŜŎǝǾŜƭȅΦ CƻŎǳǎƛƴƎ ƻƴ ǘƘŜ ŘƛũŜǊŜƴǘ ǇƻǎƛǝƻƴƛƴƎ ŀƭƻƴƎ ǘƘŜ ǇǊƻǘƻƴ ǘǊŜŀǘƳŜƴǘ ǇƭŀƴΣ ƴƻǘŀōƭȅΣ 

ǘƘŜǊŜ ƛǎ ƴƻ ǎǳōǎǘŀƴǝŀƭ ŘƛũŜǊŜƴŎŜ ōŜǘǿŜŜƴ ǘƘŜ 5b! ŘŀƳŀƎŜ ǊŜŎƻǊŘŜŘ ŀǘ ǘƘŜ ōŜŀƳ ŜƴǘǊŀƴŎŜ 

ŀƴŘ ǘƘŜ ƳƛŘŘƭŜ ƻŦ {h.t ǇƻǎƛǝƻƴΦ ¢Ƙƛǎ ǎƛƳƛƭŀǊƛǘȅ ƛǎ ƭƛƪŜƭȅ ŘǳŜ ǘƻ ǘƘŜ ŎƭƻǎŜƭȅ ƳŀǘŎƘŜŘ [9¢ ǾŀƭǳŜǎ 

ƛƴ ǘƘŜǎŜ ǊŜƎƛƻƴǎΦ ¢ƘŜǊŜ ƛǎ ŀƴ ŀǊƛǎƛƴƎ ǉǳŜǎǝƻƴ ŀōƻǳǘ ǘƘŜ ǇƻǘŜƴǝŀƭ ǳƴŘŜǊŜǎǝƳŀǝƻƴ ƻŦ ƘƛƎƘƭȅ 

ŎƻƳǇƭŜȄ ŘŀƳŀƎŜ ǎƛƴŎŜ ǘƘŜǊŜ ƛǎ ƴƻ ƘƛƎƘŜǊ ŘŀƳŀƎŜ ƛƴŘǳŎǝƻƴ ǊŀǘŜ ŀǘ ǘƘŜ Řƛǎǘŀƭ Ŧŀƭƭπƻũ ƻŦ {h.t 

ŀǎ ƘȅǇƻǘƘŜǎƛȊŜŘ ŦƻǊ ƛƴŎǊŜŀǎƛƴƎ [9¢Φ !ŘŘƛǝƻƴŀƭƭȅΣ ƛǘ ƛǎ ǳƴŎŜǊǘŀƛƴ ƛŦ ǘƘŜǊŜ ƛǎ ƳǳƭǝŦǊŀƎƳŜƴǘŜŘ 5b! 
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όŀƴŘ ǘƘŜ ŀƳƻǳƴǘ ƻŦ ƛǘύ ǘƘŀǘ ƛǎ ǳƴŘŜǘŜŎǘŀōƭŜ ǿƛǘƘ !D9 ŀƴŘκƻǊ ƻǘƘŜǊ ǘȅǇŜǎ ƻŦ ƛƴǘŜǊŀŎǝƻƴǎ 

ōŜǘǿŜŜƴ 5b! ŀƴŘ ǇǊƻǘƻƴǎ ǘƘŀǘ ǿŜ Řƻ ƴƻǘ Ŧǳƭƭȅ ŎƻƳǇǊŜƘŜƴŘΦ  

[ƛǘŜǊŀǘǳǊŜ ŎƻƳǇŀǊƛǎƻƴ ǎǳƎƎŜǎǘǎ ŀ ƎǊŜŀǘ ǾŀǊƛŀǝƻƴ ƻŦ ǊŜǎǳƭǘǎ ŘǳŜ ǘƻ ŘƛũŜǊŜƴŎŜǎ ƛƴ ŜȄǇŜǊƛƳŜƴǘŀƭ 

ŎƻƴŘƛǝƻƴǎΣ ǎǳŎƘ ŀǎ ŘƛũŜǊŜƴǘ ōŜŀƳ ŜƴŜǊƎȅΣ ƛǊǊŀŘƛŀǝƻƴ ŎƻƴŘƛǝƻƴǎ ŀƴŘ ǎŜǘπǳǇǎΦ CǳǊǘƘŜǊƳƻǊŜΣ 

ŀƭǘƘƻǳƎƘ ǘƘŜǊŜ ŀǊŜ ǎǘǳŘƛŜǎ ǘƘŀǘ ƛƴǾƻƪŜ ǘƘŜ ǇƭŀǎƳƛŘ ƳƻŘŜƭΣ ǘƘŜ ǎȅǎǘŜƳǎ Ŭƴŀƭƭȅ ŀǊŜ ŘƛũŜǊŜƴǘ 

ōŜŎŀǳǎŜ ǘƘŜǊŜ ƛǎ ǎǘǊƻƴƎ ŘŜǇŜƴŘŜƴŎŜ ƛƴ ǇƭŀǎƳƛŘ ǘȅǇŜ ŀƴŘ ƎŜƻƳŜǘǊȅΣ ǎŎŀǾŜƴƎƛƴƎ ŎŀǇŀŎƛǘȅ ŀƴŘ 

ǇƭŀǎƳƛŘ ƘȅŘǊŀǝƻƴ ƭŜǾŜƭΦ !ƭƭ ǘƘŜǎŜ ǇŀǊŀƳŜǘŜǊǎ ōƭŜƴŘ ǘƻƎŜǘƘŜǊ ŎƻƳǇƭƛŎŀǝƴƎ ǊŜǎǳƭǘ 

ƛƴǘŜǊǇǊŜǘŀǝƻƴΦ  

!Ca ǇǊƻǾƛŘŜǎ ǿƛǘƘ ƛƳǇǊŜǎǎƛǾŜ ƛƳŀƎŜǎ ƻŦ 5b! ŎƻƴŦƻǊƳŀǝƻƴǎ ŀƴŘ Ŏŀƴ ŎŀǇǘǳǊŜ ŀƴŘ ǾƛǎǳŀƭƛȊŜ 

ŦǊŀƎƳŜƴǘǎ ŀǎ ǎƘƻǊǘ ŀǎ пн ōǇ όŜǉǳŀƭǎ ǘƻ мп ƴƳύΦ ¢ƘŜ ŎǳǊǊŜƴǘ ƭŜƴƎǘƘ ŀƴŀƭȅǎƛǎ ǿƛǘƘ [ŜƳŜ5b! 

ŀƭƎƻǊƛǘƘƳ ǉǳŀƭƛǘŀǝǾŜƭȅ ǊŜŎƻǊŘǎ ǘƘŜ ǎƘƛƊ ƻŦ ǘƘŜ ǊŜƭŀǝǾŜ ŦǊŜǉǳŜƴŎȅ ŘƛǎǘǊƛōǳǝƻƴ ƻŦ ǘƘŜ ŀǇǇŀǊŜƴǘ 

5b! ƭŜƴƎǘƘΣ ǘƻǿŀǊŘǎ ǎƘƻǊǘŜǊ ƭŜƴƎǘƘǎ ŦƻƭƭƻǿƛƴƎ ǘƘŜ ŘƻǎŜ ƛƴŎǊŜƳŜƴǘΦ IƻǿŜǾŜǊΣ ŦǊƻƳ ŀ 

ǉǳŀƴǝǘŀǝǾŜ ǇŜǊǎǇŜŎǝǾŜΣ ǘƘŜǊŜ ƛǎ ǊƻƻƳ ŦƻǊ ƛƳǇǊƻǾŜƳŜƴǘΦ ¢ƘŜ ŎǳǊǊŜƴǘ ŀǇǇǊƻŀŎƘ ƭŀŎƪǎ ǘƘŜ 

ŀōƛƭƛǘȅ ǘƻ ŘƛǎŎǊƛƳƛƴŀǘŜ ōŜǘǿŜŜƴ ŘƛũŜǊŜƴǘ 5b! ŦƻǊƳǎ ŀƴŘ ƻƴƭȅ ǊŜŎƻǊŘǎ ǘƘŜ ŀǇǇŀǊŜƴǘ ǎƛȊŜ ƻŦ ŀ 

ƳƻƭŜŎǳƭŜΦ ¢ƻ ǇǊƻŘǳŎŜ ǊŜǎǳƭǘǎ ŎƻƳǇŀǊŀōƭŜ ǘƻ ǘƘƻǎŜ ƻōǘŀƛƴŜŘ ǿƛǘƘ !D9Σ ƛǘ ƛǎ ŜǎǎŜƴǝŀƭ ǘƻ ŘŜǾŜƭƻǇ 

ŀƴ ŀƭƎƻǊƛǘƘƳ ǘƘŀǘ ŀƭǎƻ ŘƛǎǝƴƎǳƛǎƘŜǎ ŀƴŘ Ŏƻǳƴǘǎ ǘƘŜ {/ ŀƴŘ /Σ ŀƴŘ ǎŜǇŀǊŀǘŜǎ ǘƘŜ [ 

ŎƻƴŦƻǊƳŀǝƻƴǎ ƛƴǘƻ ŎŀǘŜƎƻǊƛŜǎ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜƛǊ ƳŜŀǎǳǊŜŘ ƭŜƴƎǘƘΦ ¢Ƙƛǎ ǿŀȅ ǳǎŜǊǎ ǿƛƭƭ ōŜ 

ŜƳǇƻǿŜǊŜŘ ǘƻ ǇŜǊŦƻǊƳ ǎƛƳƛƭŀǊ ōǳǘ ǎǘǊƻƴƎŜǊ ŀƴŀƭȅǎŜǎ ǘƘŀƴ ǘƘƻǎŜ ƻŦ ǘǊŀŘƛǝƻƴŀƭ !D9Φ  

{ǘǳŘȅƛƴƎ ǇǊƻǘƻƴ ǘƘŜǊŀǇȅπƛƴŘǳŎŜŘ 5b! ŘŀƳŀƎŜ ƛƴ ǾƛǘǊƻ ǳǎƛƴƎ ōƛƻƭƻƎƛŎŀƭ ƳƻŘŜƭǎ ƭƛƪŜ ǇƭŀǎƳƛŘ 

5b! ƻǊ ŎŜƭƭǎΣ ǿƛǘƘ ǊŜŀƭƛǎǝŎ ŜȄǇƻǎǳǊŜ ŎƻƴŘƛǝƻƴǎ ŀƴŘ ǊŜŀƭ ǘƘŜǊŀǇŜǳǝŎ ōŜŀƳǎΣ ƛǎ ŎƘŀƭƭŜƴƎƛƴƎ ŀƴŘ 

ƭƛƳƛǘŜŘΦ ¢ƘŜ Ŏƻǎǘ ƻŦ ǇǊƻǘƻƴ ƛǊǊŀŘƛŀǝƻƴǎ ƛǎ ƘƛƎƘ ŀƴŘ ƛǊǊŀŘƛŀǝƻƴ ǝƳŜ ƛǎ ŘƛǎǘǊƛōǳǘŜŘ ƻƴ ŀ ǇǊƛƻǊƛǘȅ 

ōŀǎƛǎΣ ǿƛǘƘ ǇŀǝŜƴǘǎ ōŜƛƴƎ ǘƘŜ ƻǾŜǊǊƛŘƛƴƎ ŎƻƴŎŜǊƴΣ ǿƛǘƘ ŎƭƛƴƛŎŀƭ ǊŜǎŜŀǊŎƘ ŀƴŘ ŀǇǇƭƛŜŘ ŀƴŘ ōŀǎƛŎ 

ǊŜǎŜŀǊŎƘ ŀŎǝǾƛǝŜǎ ŦƻƭƭƻǿƛƴƎΦ !ǎ ŀ ǊŜǎǳƭǘΣ ƴƻƴπŎƭƛƴƛŎŀƭ ǊŜǎŜŀǊŎƘŜǊǎ ŀŘŘǊŜǎǎ ǘƻ ƻǘƘŜǊ ŦŀŎƛƭƛǝŜǎ 

ǿƛǘƘ ǊŀŘƛŀǝƻƴ ǎƻǳǊŎŜǎ ǿƛǘƘ ŎƘŀǊŀŎǘŜǊƛǎǝŎǎ ǘƘŀǘ ŀǊŜ ǎƻƳŜǝƳŜǎ ŀǿŀȅ ŦǊƻƳ ŎƭƛƴƛŎŀƭ ǊŜƭŜǾŀƴŎŜ ŀǎ 

ǘƘŜ ƻƴƭȅ ŀǾŀƛƭŀōƭŜΦ  

!ǘ ǘƘŜ ǎŀƳŜ ǝƳŜΣ ǘƘŜ ŎƻƳǇŀǊƛǎƻƴ ōŜǘǿŜŜƴ ƛƻƴ ŦŀŎƛƭƛǝŜǎ ƛǎ ŀƭǎƻ ŎƻƳǇƭƛŎŀǘŜŘΣ ŀǎ ŜŀŎƘ ƛƻƴ ŦŀŎƛƭƛǘȅ 

ƛǎ ŘŜǾŜƭƻǇŜŘ ǳǎƛƴƎ ŘƛũŜǊŜƴǘ ǘŜŎƘƴƻƭƻƎƛŜǎ όōŜŀƳ ǇƘȅǎƛŎŀƭ ŎƘŀǊŀŎǘŜǊƛǎǝŎǎΣ ŘƻǎŜ ŘŜƭƛǾŜǊȅ ǎȅǎǘŜƳΣ 

ƛǊǊŀŘƛŀǝƻƴ ǎŜǘπǳǇ ŜǘŎΦύΣ ǇǊƻŘǳŎƛƴƎ ǊŜǎǳƭǘǎ ǘƘŀǘ ŀǊŜ ƴƻǘ ŀƭǿŀȅǎ ǊŜǇŜŀǘŀōƭŜ ŦǊƻƳ ŀƴƻǘƘŜǊ ōŜŀƳ 

ŦŀŎƛƭƛǘȅΦ ¢ƘŜǊŜŦƻǊŜΣ ƴƻƴπŎƭƛƴƛŎŀƭ ǎǘǳŘƛŜǎ ŀǊŜ ŘƛŶŎǳƭǘ ǘƻ ǇŜǊŦƻǊƳ ŀƴŘ ǊŜǇŜŀǘ ƛƴ ƛƻƴ ǘƘŜǊŀǇȅ 

ŦŀŎƛƭƛǝŜǎΣ ǿƛǘƘ ǘƘŜ ŀǾŀƛƭŀōƭŜ ǇǊƻǘƻƴ 5b! ŘŀƳŀƎŜ Řŀǘŀ ǎƻǳǊŎƛƴƎ ŦǊƻƳ ŀ ƴƻǘ ǇƭŜƴǝŦǳƭ ƭƛǘŜǊŀǘǳǊŜ 

ƻŦ ŘƛũŜǊŜƴǘ ǇŀǊŀƳŜǘŜǊǎΦ 

¢ƘŜ ǇǊŜǎŜƴǘ ǎǘǳŘȅ ώмрфϐ ǇǊƻǾƛŘŜǎ ƛƴŦƻǊƳŀǝƻƴ ŀōƻǳǘ 5b! ŘŀƳŀƎŜ ŎŀǳǎŜŘ ōȅ ƛƻƴ ǘƘŜǊŀǇȅ ǳǎƛƴƎ 

ŀŘǾŀƴŎŜŘ ǘŜŎƘƴƛǉǳŜǎ ŦƻǊ ŀƴŀƭȅǎƛǎΦ 9ȄǇŜǊƛƳŜƴǘǎ ǿŜǊŜ ǇŜǊŦƻǊƳŜŘ ƛƴ ŀ ŎǳǩƴƎπŜŘƎŜ ƛƻƴ ǘƘŜǊŀǇȅ 

ŦŀŎƛƭƛǘȅ ǳƴŘŜǊ ƻǇǝƳǳƳ ŎƻƴŘƛǝƻƴǎΦ ¢ƘŜ ŎǳǊǊŜƴǘ ǊŜǎǳƭǘǎ ŎƻƴǎǝǘǳǘŜ ŀ ŦǊŜǎƘ ƛƴǇǳǘ ŦƻǊ ŜŀǊƭȅ 

ǇƘȅǎƛŎŀƭ ŀƴŘ ŎƘŜƳƛŎŀƭ ǇǊƻŎŜǎǎŜǎ ƛƴǾƻƭǾŜŘ ƛƴ 5b! ŘŀƳŀƎŜ ƛƴŘǳŎǝƻƴΣ ǎǘǊŜƴƎǘƘŜƴƛƴƎ ǘƘŜ 

ŎƘŀƭƭŜƴƎƛƴƎ ŀǧŜƳǇǘ ǘƻǿŀǊŘǎ ǘƘŜ ƳƻŘŜƭƛƴƎ ŀƴŘ ŘŜŜǇŜǊ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ƻŦ Lw ǘƘŜǊŀǇŜǳǝŎ 

ƳƻŘŀƭƛǝŜǎϥ ŜũŜŎǘǎ ƻƴ ōƛƻƭƻƎƛŎŀƭ ǎȅǎǘŜƳǎ ǘƘŀǘ ŎƻǳƭŘ ǇƻǘŜƴǝŀƭƭȅ ǊŜŘǳŎŜ ǘƘŜ ƴŜŜŘ ŦƻǊ ŘŜƳŀƴŘƛƴƎ 

όŜȄǘŜƴǎƛǾŜ ŀƴŘ ŜȄǇŜƴǎƛǾŜύ ŜȄǇŜǊƛƳŜƴǘǎ ƛƴ ǘƘŜ ŦǳǘǳǊŜΦ  
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X-ray effects on human lymphocytes after partial body exposure 

!ǎ ǘƘŜǊŜ ƛǎ ŘƛǊŜŎǘ ŎƻǊǊŜƭŀǝƻƴ ōŜǘǿŜŜƴ Iɹн!· ǇǊƻǘŜƛƴ ŀƴŘ ŎƭƻƴƻƎŜƴƛŎ ǊŀŘƛŀǝƻƴ ŎŜƭƭ ǎǳǊǾƛǾŀƭɯ

ώмслϐΣ ƛƳƳǳƴƻƅǳƻǊŜǎŎŜƴŎŜ ŀƴŀƭȅǎƛǎ ƻŦ πɹIн!· ŦƻŎƛ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ƛƴ ƻǊŘŜǊ ǘƻ ŜȄŀƳƛƴŜ ŀƴŘ 
ǾƛǎǳŀƭƛȊŜ ǘƘŜ 5{. ƛƴŘǳŎǝƻƴ ŀƊŜǊ ǇŀǊǝŀƭ ōƻŘȅ ·πǊŀȅ ŜȄǇƻǎǳǊŜΦ tƘƻǎǇƘƻǊȅƭŀǘŜŘ Iн!· όπɹIн!·ύ 
ƛǎ ŦƻǊƳŜŘ ǿƘŜƴ ŀ 5{. ŀǇǇŜŀǊǎΣ ŀǎǎŜƳōƭƛƴƎ ŀ ƳƛŎǊƻǎŎƻǇƛŎŀƭƭȅ ǾƛǎƛōƭŜ ŦƻŎƛ ŀǘ ǘƘŜ ǎƛǘŜ ƻŦ ŀ 5{. 
ŀƴŘ ǘƘŜ ǎǳǊǊƻǳƴŘƛƴƎ ŎƘǊƻƳŀǝƴ ŀǊŜŀΦ ¢ƘŜ ƴǳƳōŜǊ ƻŦ ŦƻŎƛ ƛƴ нллπолл ƴǳŎƭŜƛ ǿŜǊŜ ƳŜŀǎǳǊŜŘ ōȅ 
ŜȅŜ ŦƻǊ ŜŀŎƘ ǎŀƳǇƭŜ ŎƻƭƭŜŎǘŜŘΦ CƻŎƛ ƻŦ ŘƛũŜǊŜƴǘ ǎƛȊŜǎ ŀƴŘ ƛƴǘŜƴǎƛǘȅ ǿŜǊŜ ŦƻǊƳŜŘ ƛƴ ǘƘŜ ŎŜƭƭ 
ƴǳŎƭŜƛ ƻŦ ōƭƻƻŘ ǎŀƳǇƭŜǎ ŀǎ ǎŜŜƴ ƛƴ CƛƎǳǊŜ пΦ мтΦ hƴƭȅ ǘƘŜ ƭŀǊƎŜǎǘ ŦƻŎƛΣ ǘƘŜ Ƴƻǎǘ ŎƻƴǘǊŀǎǘŜŘ 
ŀƎŀƛƴǎǘ ǘƘŜƛǊ ōŀŎƪƎǊƻǳƴŘ ŀƴŘ Ƴƻǎǘ ǿŜƭƭπŘŜŬƴŜŘ ƻƴŜǎ ǿŜǊŜ ǘŀƪŜƴ ƛƴǘƻ ŀŎŎƻǳƴǘΦ [ȅƳǇƘƻŎȅǘŜǎ 
ǿƛǘƘ ǇŀƴπƴǳŎƭŜŀǊ ǎǘŀƛƴƛƴƎ ǿŜǊŜ ŜȄŎƭǳŘŜŘ ŦǊƻƳ ǘƘŜ ŀƴŀƭȅǎƛǎΦ 

Lƴ ŜȄ ǾƛǾƻ ōƭƻƻŘ ƛǊǊŀŘƛŀǝƻƴǎ ǿƛǘƘ ǊŜƭŀǝǾŜƭȅ ƘƛƎƘ ŘƻǎŜǎ όлΦнςр Dȅ πɹLwύ ώмлоϐ ǎŜǾŜǊŀƭ ƭŀǊƎŜΣ ǎƘŀǊǇ 
ŀƴŘ ōǊƛƎƘǘ ŦƻŎƛ ŀǊŜ ƻōǎŜǊǾŜŘ ƛƴ ŜǾŜǊȅ ŎŜƭƭΣ ǎƛƴŎŜ ŀƭƭ ŜȄǇŜǊƛƳŜƴǘŀƭ ŎƻƴŘƛǝƻƴǎ ŀǊŜ ǉǳƛǘŜ 
ŎƻƴǘǊƻƭƭŜŘ ŀƴŘ ŀƭƭ ŎŜƭƭǎ ǿƛǘƘƛƴ ǘƘŜ ǎŀƳǇƭŜ ǾƻƭǳƳŜ ŀǊŜ ƛǊǊŀŘƛŀǘŜŘΣ ŀƭƭƻǿƛƴƎ ƘƛƎƘ ǎǇŜŎƛŬŎƛǘȅ ƛƴ 
5{. ŦƻǊƳŀǝƻƴ ŀƴŘ ƳƻƴƛǘƻǊƛƴƎ 55w ƛƴƛǝŀǝƻƴ ŀƴŘ ǇǊƻƎǊŜǎǎ ƛƴ ǾŀǊƛƻǳǎ ǝƳŜǇƻƛƴǘǎΦ hƴ ǘƘŜ ƻǘƘŜǊ 
ƘŀƴŘΣ ƛƴ ǾƛǾƻ ƭƻǿ ŘƻǎŜ ŜȄǇƻǎǳǊŜΣ ǎǳŎƘ ƛƭƭǳǎǘǊŀǘŜŘ ƛƴ ǘƘƛǎ ǎǘǳŘȅΣ ƛƴŘǳŎŜ ŀ ŦŜǿ ǎƳŀƭƭΣ 
ǳƴǎƘŀǊǇŜƴŜŘ ŀƴŘ ƳƛƭŘ ŦƻŎƛ ƻƴƭȅ ƛƴ ŀ ŎŜƭƭ ǇƻǊǝƻƴ ƻŦ ǘƘŜ ǘƻǘŀƭ ōƭƻƻŘ ƻŦ ǘƘŜ ǇŀǝŜƴǘ ǎŀƳǇƭŜŘΦ Lƴ 
ŎŜƭƭǎ ǘƘŀǘ ƘŀǾŜ ƴƻǘ ōŜŜƴ ŜȄǇƻǎŜŘ ǘƻ ǊŀŘƛŀǝƻƴΣ ǎƳŀƭƭ ŦƻŎƛ ƳƛƎƘǘ ōŜ ŦƻǊƳ ŘǳŜ ǘƻ ŜƴŘƻƎŜƴƻǳǎ 
ŦŀŎǘƻǊǎ ǘƘŀǘ ŀǊŜ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ǇƘȅǎƛƻƭƻƎƛŎŀƭ ǇǊƻŎŜǎǎŜǎ ƻŎŎǳǊǊƛƴƎ ƛƴ ǘƘŜ ŎŜƭƭΦ !ƭǘƘƻǳƎƘ ƛƴ 
ƛǊǊŀŘƛŀǘŜŘ ŎŜƭƭǎ ƭŀǊƎŜ ŀƴŘ ǎƳŀƭƭ ŦƻŎƛ ƳƛƎƘǘ ŎƻŜȄƛǎǘ ƛƴ ǎƻ ŎƭƻǎŜ ǇǊƻȄƛƳƛǘȅ ǘƘŀǘ ǘƘŜȅ ƳƛƎƘǘ ōŜ 
ŘŜǘŜŎǘŜŘ ŀǎ ƻƴŜ ǎƛƴƎƭŜ ƭŀǊƎŜ ŦƻŎƛ ƭŜŀŘƛƴƎ ǘƻ ƛƴŎƻǊǊŜŎǘ ǎŎƻǊƛƴƎΣ ǘƘƛǎ ƛǎ ŀƴ ŀǎǇŜŎǘ ǘƘŀǘ ǿƛƭƭ ƴƻǘ 
ŎƻƴŎŜǊƴ ŦǳǊǘƘŜǊ ǘƘŜ ǇǊŜǎŜƴǘ ǎǘǳŘȅΦ 
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Figure 4. 17 Representative images of 
lymphocytes stained for -ɹH2AX 
detection: DAPI-stained cell nuclei appear 
blue and ɹ -H2AX foci appear red. Arrows 
indicate foci of different size and intensity 
that were taken into account. Cells under 
stress are easily distinguishable among 
background cells, as they show no red 
signal. 

 

 
 

4.4 Patient cohort, dose exposure and -ɹH2AX foci per cell nucleus results  
¢ŀōƭŜ пΦ р ǎǳƳƳŀǊƛȊŜǎ ǘƘŜ ǊŜǎǳƭǘǎ ƛƴ ǘŜǊƳǎ ƻŦ πɹIн!· ŦƻŎƛ ǇŜǊ ŎŜƭƭ ƴǳŎƭŜǳǎ ŦƻǊ ŜŀŎƘ ǇŀǝŜƴǘ 

ǎǘǳŘƛŜŘ ƛƴŘƛǾƛŘǳŀƭƭȅΦ tŀǝŜƴǘǎ ǘƘŀǘ ŦŀƛƭŜŘ ǘƻ ǇǊƻǾƛŘŜ ǎǳŶŎƛŜƴǘ ƛƴǇǳǘ ŦƻǊ ǘƘƛǎ ǎǘǳŘȅ όŀ ǇŀƛǊ ƻŦ 

ǎǳŎŎŜǎǎŦǳƭ ŎƻƴǘǊƻƭπŜȄǇƻǎŜŘ ŜȄǇŜǊƛƳŜƴǘύ ŀǊŜ ŜȄŎƭǳŘŜŘΣ ŀƭƭƻǿƛƴƎ ǘƘŜ ǇǊŜǎŜƴǘŀǝƻƴ ƻŦ мр 

ǇŜŘƛŀǘǊƛŎ ŀƴŘ у ŀŘǳƭǘ ŎŀǎŜǎΣ ǘƘŜ ƴǳƳōŜǊǎ ƻŦ ŦƻŎƛ ǇŜǊ ŎŜƭƭ ŦƻǊ ōƻǘƘ ŎƻƴŘƛǝƻƴǎ όōŜŦƻǊŜ ŀƴŘ ŀƊŜǊ 

ŜȄǇƻǎǳǊŜύ ŀƭƻƴƎ ǿƛǘƘ ǘƘŜ ŜǎǝƳŀǘŜŘ ŜǊǊƻǊ ŀƴŘ ǘƘŜ ƴǳƳōŜǊ ƻŦ ŎŜƭƭǎ ǘƘŀǘ ǿŜǊŜ ŜȄŀƳƛƴŜŘΦ ¢ƘŜ 

ƛƴŦƻǊƳŀǝƻƴ ŀōƻǳǘ ǘƘŜ ŘƻǎŜ ǿŀǎ ƴƻǘ ŀƭǿŀȅǎ ŀǧŀƛƴŀōƭŜΦ ¢ƘŜ ŜũŜŎǝǾŜ ŘƻǎŜ ƛƴ Ƴ{Ǿ ǿŀǎ ŘŜǊƛǾŜŘ 

ŦǊƻƳ ǘƻǘŀƭ 5!t ǳǎƛƴƎ ŀǇǇǊƻǇǊƛŀǘŜ 5!tπǘƻπŜũŜŎǝǾŜ ŘƻǎŜ ŎƻƴǾŜǊǎƛƻƴ ŦŀŎǘƻǊǎ όǇƘȅǎƛŎŀƭ 

ŘƻǎƛƳŜǘǊȅύ ώмсмϐΦ  
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Table 4. 5. Results of 23 cases (15 pediatric and 8 adult patients).   

  

 

CƻŎǳǎƛƴƎ ƻƴ ǘƘŜ ŎŀǎŜǎ ƻŦ ƪƴƻǿƴ ŜũŜŎǝǾŜ ŘƻǎŜ όƳ{Ǿύ ƛƴ CƛƎǳǊŜ пΦ му ¢ƘŜ ŀǾŜǊŀƎŜ ƴǳƳōŜǊ ƻŦ 

ŘŜǘŜŎǘŜŘ πɹɶнɮʋ ŦƻŎƛ ǇŜǊ ŎŜƭƭΣ ǎǳƎƎŜǎǘǎ ŀ ǘŜƴŘŜƴŎȅ ŦƻǊ ŀ ǎƳŀƭƭ ƛƴŎǊŜŀǎŜ ƛƴ ǘƘŜ ƴǳƳōŜǊ ƻŦ ŦƻŎƛ 

ƛƴ ŜȄǇƻǎŜŘ ǎŀƳǇƭŜǎ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ŎƻƴǘǊƻƭ ƻƴŜǎ όǇŜǊƛǇƘŜǊŀƭ ōƭƻƻŘ 

ƭȅƳǇƘƻŎȅǘŜǎ ŎƻƭƭŜŎǘŜŘ ōŜŦƻǊŜ ŜŀŎƘ ƛƴǘŜǊǾŜƴǝƻƴŀƭ ŎŀǊŘƛƻƭƻƎȅ ǇǊƻŎŜŘǳǊŜύΦ ¢ƘŜ ǎǳōƧŜŎǘ ǿƛǘƘ ǘƘŜ 

ƭƻǿŜǎǘ ŜǎǝƳŀǘŜŘ ŜũŜŎǝǾŜ ŘƻǎŜ όлΦрт Ƴ{Ǿύ ƛǎ ǘƘŜ ƻƴƭȅ ƻƴŜ ǎƘƻǿƛƴƎ ƳƻǊŜ ƛŘŜƴǝŬŜŘ ŦƻŎƛ ƛƴ ǘƘŜ 

ŎƻƴǘǊƻƭ ǎŀƳǇƭŜ ǘƘŀƴ ƛƴ ǘƘŜ ǊŜǎǇŜŎǝǾŜ ŜȄǇƻǎŜŘ ƻƴŜΦ 5ŜǎŎǊƛǇǝǾŜƭȅ ǘƘŜǊŜ ƛǎ ŀ ǇƻǎƛǝǾŜ ŎƻǊǊŜƭŀǝƻƴ 

ōŜǘǿŜŜƴ ŜũŜŎǝǾŜ ŘƻǎŜ ŀƴŘ ŦƻŎƛ ƛƴŘǳŎǝƻƴ όǊҐлΦпнύ ōǳǘ ǊŜƎǊŜǎǎƛƻƴ ŀƴŀƭȅǎƛǎ ǎƘƻǿǎ ƴƻ ǎǘŀǝǎǝŎŀƭ 

ǎƛƎƴƛŬŎŀƴŎŜ ƻŦ ǘƘƛǎ ŎƻǊǊŜƭŀǝƻƴ όǇπǾŀƭǳŜҐ лΦноΣ ǇҔлΣмύΦ  

{ǳƳƳŀǊƛȊƛƴƎ ǊŜǎǳƭǘǎ ŦǊƻƳ ŀƭƭ ǎŀƳǇƭŜǎ ǳƴŘŜǊ ǘƘŜ ƎŜƴŜǊŀƭ ŎŀǘŜƎƻǊƛŜǎ άŎƻƴǘǊƻƭέ ŀƴŘ άŜȄǇƻǎŜŘέ 

ǘƻ ŀƴ ŜũŜŎǝǾŜ ŘƻǎŜ ƻŦ ·πǊŀȅǎ ǿƛǘƘƛƴ ǘƘŜ ǊŀƴƎŜ ƻŦ ŎƻǊƻƴŀǊȅ ŀƴƎƛƻƎǊŀǇƘȅ όлΦрπрл Ƴ{ǾύΣ ŀƴŘ ŀǎ 

ǇǊŜǎŜƴǘŜŘ ƛƴ CƛƎǳǊŜ пΦ мфΦ {ǳƳƳŀǊƛȊƛƴƎ ǊŜǎǳƭǘǎ ŦǊƻƳ ŀƭƭ ǎŀƳǇƭŜǎ ƛƴ ǘƘŜ ŦƻǊƳ ƻŦ ŀǾŜǊŀƎŜ ƴǳƳōŜǊ 

ƻŦ ŦƻŎƛ ǇŜǊ ŎŜƭƭ ƻŦ ŀƭƭ άŎƻƴǘǊƻƭέ ǎŀƳǇƭŜǎ ŀƴŘ ŀƭƭ άŜȄǇƻǎŜŘέ ǎŀƳǇƭŜΦ  ¢ƘŜ ǘŜǊƳ άŜȄǇƻǎŜŘέ ƛƴŎƭǳŘŜǎ 

ŀƭƭ ǎŀƳǇƭŜǎ ŜȄǇƻǎŜŘ ǘƻ ŀƴ ŜũŜŎǝǾŜ ŘƻǎŜ ƻŦ ·πǊŀȅǎ ǿƛǘƘƛƴ ǘƘŜ ǊŀƴƎŜ ƻŦ ŎƻǊƻƴŀǊȅ ŀƴƎƛƻƎǊŀǇƘȅ 

ƭƛƳƛǘǎ όлΦрπрл Ƴ{ǾύΦ ¢ƘŜ ƳŜŀƴ ǾŀƭǳŜ ƻŦ ŦƻŎƛ ǇŜǊ ƭȅƳǇƘƻŎȅǘŜ ƴǳŎƭŜƛ ƛǎ лΦуоҕлΦмт ŦƻǊ ŎƻƴǘǊƻƭ 

ǎŀƳǇƭŜǎ ŀƴŘ мΦлфҕлΦму ŦƻǊ ǘƘƻǎŜ ŀƊŜǊ ŜȄǇƻǎǳǊŜΦ ¢ƘŜ ǇƻǎǘπŜȄǇƻǎǳǊŜ ƛƴŎǊŜŀǎŜ ƛƴ ǘƘŜ ŦƻŎƛ 

ƛƴŘǳŎǝƻƴ ƛǎ ом҈ ōǳǘ ƛǎ ǿƛǘƘƛƴ ŜǊǊƻǊΦ ¢ǿƻπǎŀƳǇƭŜ ǇŀƛǊŜŘ ǘπǘŜǎǘ όhǊƛƎƛƴtǊƻ уΦрύ ƛƴŘƛŎŀǘŜǎ ǘƘŜ 

ǎǘŀǝǎǝŎŀƭ ǎƛƎƴƛŬŎŀƴŎŜ ƻŦ ǘƘƛǎ ƛƴŎǊŜŀǎŜΣ ŀǎ ǇҐлΦлмоу ƛǎ ǎƳŀƭƭŜǊ ǘƘŀƴ ǘƘŜ ƭŜǾŜƭ ƻŦ ǎƛƎƴƛŬŎŀƴŎŜ 

лΦлрΦ  

CƻǊǘǳƴŀǘŜƭȅΣ ŘƛŀƎƴƻǎǝŎ ·πǊŀȅǎ ǿƛǘƘƛƴ ǘƘŜ ŘƻǎŜ ǊŀƴƎŜ ƻŦ лΦрπ рл Ƴ{Ǿ ǎƘƻǿ ƻƴƭȅ ŀ ǎƳŀƭƭ 

ŘƛũŜǊŜƴŎŜ ƛƴ πɹɶнɮʋ ƛƴŘǳŎǝƻƴ ǘƘŀǘ ƛǎ ǿƛǘƘƛƴ ǘƘŜ ŜǊǊƻǊ ǊŀƴƎŜΦ ¢ƘŜ ŬƴŘƛƴƎǎ ŦƻǊ ŘƛŀƎƴƻǎǝŎ ·πǊŀȅǎ 

DOSE

Age of patient 

(years)

Control 

(foci/cell)

Error 

(control)

Number of 

cells 

(control)

Exposed 

(foci/cell)

Error 

(exposed)

Number of 

cells 

(exposed)

Effective dose 

(mSv)

1 0.2 0.68 0.17 271 0.84 0.21 251 2.23

2 0.3 0.12 0.10 329 0.34 0.18 302 2.55

3 0.3 1.39 0.27 273 0.60 0.16 316 0.57

4 0.8 0.87 0.13 414 0.48 0.14 385

5 0.8 0.00 0.00 0 0.97 0.12 337

6 2 0.53 0.11 279 0.76 0.14 301

7 2 1.28 0.38 147 2.55 0.62 116 1.05

8 2 0.63 0.18 278 1.12 0.15 355

9 4 1.06 0.42 140 1.44 0.23 221 1.37

10 7 1.44 0.42 167 1.63 0.36 152 0.73

11 8 1.28 0.06 200 1.34 0.05 210 4.35

12 11 0.70 0.18 103 1.68 0.09 300 16.69

13 12 1.12 0.14 231 1.36 0.16 237 1.93

14 13 0.65 0.07 422 0.64 0.08 508

15 16 0.60 0.18 215 0.62 0.19 220 3.46

16 21 1.04 0.19 306 0.89 0.19 155

17 51 0.36 0.09 260 1.05 0.20 210

18 55 0.77 0.09 306 1.12 0.13 323

19 60 0.63 0.10 312 1.10 0.13 302

20 60 0.89 0.18 325 0.77 0.11 330

21 65 0.94 0.17 228 1.16 0.18 220

22 adult 1.31 0.29 117 1.79 0.30 151

23 adult 0.90 0.09 460 0.79 0.09 354

Mean Value 0.83 0.17 1.09 0.18

Total Number 

of Cells 5783 6256

ʴπIн!· ŦƻŎƛ ǇŜǊ ŎŜƭƭ 
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ŀǊŜ ŎƻƴǎƛŘŜǊŜŘ ŀ ŦŀǾƻǊŀōƭŜ ƻǳǘŎƻƳŜΣ ŀǎ ǘƘŜ ŘƻǎŜǎ ƛƴŎƭǳŘŜŘ ƛƴ ǘƘƛǎ ǎǘǳŘȅ ŀǊŜ ǎǳŶŎƛŜƴǘƭȅ ƭƻǿ 

όǎƛƎƴƛŬŎŀƴǘƭȅ ƭƻǿŜǊ ǘƘŀƴ ǘƘŜ ǘƘǊŜǎƘƻƭŘ ǾŀƭǳŜ ƻŦ ŘŜǘŜǊƳƛƴƛǎǝŎ ŜũŜŎǘǎ ϤмллƳDȅ [9¢ 

ƛƴŘŜǇŜƴŘŜƴǘƭȅύΦ hŦ ŎƻǳǊǎŜΣ ǘƘƛǎ ǊŜǎǳƭǘ ƛǎ ǿƛǘƘƛƴ ǘƘŜ ŘŜǘŜŎǝƻƴ ƭƛƳƛǘ ƻŦ πɹɶнɮʋ ŀǎ ŀ ōƛƻƳŀǊƪŜǊ 

ŀƴŘ ǘƘŜ ŀōǎŜƴŎŜ ƻŦ ǇǊƻǾŜƴ 5{. ŜƴƘŀƴŎŜƳŜƴǘ ŘƻŜǎ ƴƻǘ ŀǳǘƻƳŀǝŎŀƭƭȅ ŜȄŎƭǳŘŜ {{.ǎΣ ōŀǎŜ 

ƭŜǎƛƻƴǎΣ ŀƴŘ ƻǘƘŜǊ ǘȅǇŜǎ ƻŦ ōƛƻƭƻƎƛŎŀƭ ŘŀƳŀƎŜΦ  

CǳǊǘƘŜǊƳƻǊŜΣ ƴƻǘ ŀƭƭ ǇŜǊƛǇƘŜǊŀƭ ōƭƻƻŘ ŎŜƭƭǎ ŀǊŜ ŜȄǇƻǎŜŘ ǘƻ ǊŀŘƛŀǝƻƴ ǎǘǊŜǎǎ ƛƴ ƛƴπǾƛǾƻ ŎƻƴŘƛǝƻƴǎΦ 

! ƘǳƎŜ ƭȅƳǇƘƻŎȅǘŜ ǇƻǇǳƭŀǝƻƴ ƻŦ ǘƘƻǳǎŀƴŘǎ ƻŦ ŎŜƭƭǎ ǎƘƻǳƭŘ ƘŀǾŜ ōŜŜƴ ŜȄŀƳƛƴŜŘ ǇŜǊ ǎŀƳǇƭŜ 

ǘƻ ƻōǘŀƛƴ ŀ ǎǘŀǝǎǝŎŀƭƭȅ ǎŀŦŜ ǊŜǎǳƭǘΣ ōǳǘ ƛƴ ǘƘŜ ǇǊŜǎŜƴǘ ǎǘǳŘȅ ǿŀǎ ƴƻǘ ŀƴ ƻǇǝƻƴΦ Lƴ ŀƴ ŀŘǾŜǊǎŜ 

ǎŎŜƴŀǊƛƻΣ ƛǘ ǿƻǳƭŘ ōŜ ǊŀǘƘŜǊ ŀƭŀǊƳƛƴƎ ƛŦ ǘƘŜǊŜ ǿŀǎ ǎƻƭƛŘ ǇǊƻƻŦ ƻŦ ƭŜǘƘŀƭ 5b! ŘŀƳŀƎŜ ŀƊŜǊ ƛƴπ

ǾƛǾƻ ŜȄǇƻǎǳǊŜ ǘƻ ŎƻǊƻƴŀǊȅ ŀƴƎƛƻƎǊŀǇƘȅΦ  

   

 

Figure 4. 18 The average number of detected -ɹɶнɮʋ foci per cell, suggests a tendency for a small increase in the 
number of foci in exposed samples compared to the corresponding control ones (peripheral blood lymphocytes 
collected before each interventional cardiology procedure). The subject with the lowest estimated effective dose 
(0.57 mSv) is the only one showing more identified foci in the control sample than in the respective exposed one. 
Two-sample unpaired t-test reveals mostly no statistical significance (n.s.) between the pairs of control-exposed 
results, except for samples exposed to 0.57 mSv and 16.69 mSv that show p>0.05 (*). 
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Figure 4. 19. Summarizing results from all samples in ǘƘŜ ŦƻǊƳ ƻŦ ŀǾŜǊŀƎŜ ƴǳƳōŜǊ ƻŦ ŦƻŎƛ ǇŜǊ ŎŜƭƭ ƻŦ ŀƭƭ άŎƻƴǘǊƻƭέ 
samples and all άŜȄǇƻǎŜŘέ ǎŀƳǇƭŜΦ  ¢ƘŜ ǘŜǊƳ άŜȄǇƻǎŜŘέ ƛƴŎƭǳŘŜǎ ŀƭƭ ǎŀƳǇƭŜǎ ŜȄǇƻǎŜŘ to an effective dose of X-rays 
within the range of coronary angiography limits (0.5-50 mSv). The mean value of foci per lymphocyte nuclei is 
0.83ҕ0.17 for control samples and 1.09ҕ0.18 for those after exposure. The post-exposure increase in the foci 
induction is 31% but is within error. Two-sample paired t-test (OriginPro 8.5) indicates the statistical significance of 
this increase, as p=0.0138 is smaller than the level of significance 0.05. 

 

4.5 Conclusions for Part B 
 

Lƴ ǘƘŜ ǇǊŜǎŜƴǘ ǎǘǳŘȅΣ πɹIн!· ǿŀǎ ǳǝƭƛȊŜŘ ŀǎ ŀ ōƛƻƳŀǊƪŜǊ ƛƴ ŀƴ ŀǧŜƳǇǘ ǘƻ ǊŜŎƻǊŘ ǇƻǎǎƛōƭŜ 

ŎŜƭƭǳƭŀǊ ǎǘǊŜǎǎŜǎ ƛƴ ŜŀŎƘ ǇŀǝŜƴǘΩǎ ƭȅƳǇƘƻŎȅǘŜǎ ŀƊŜǊ ŀƴ ƛƴǘŜǊǾŜƴǝƻƴŀƭ ŎŀǊŘƛƻƭƻƎȅ ǇǊƻŎŜŘǳǊŜΣ 

ŘǳǊƛƴƎ ǿƘƛŎƘ ŀƴƎƛƻƎǊŀǇƘȅ ǿŀǎ ǳǎŜŘΦ ¢ƘŜ ŎƻƴǘǊŀǎǘ ƳŀǘŜǊƛŀƭ πŎƻƳƳƻƴƭȅ ǳǎŜŘ ŦƻǊ ƳŜŘƛŎŀƭ 

ƛƳŀƎƛƴƎπ ŘƻŜǎ ƴƻǘ ƛƴƅǳŜƴŎŜ ƭȅƳǇƘƻŎȅǝŎ πɹIн!· ŦƻŎƛ ŦƻǊƳŀǝƻƴώмснϐΦ Lƴ ǾƛǾƻ ŦƻǊƳŀǝƻƴ ƻŦ ŦƻŎƛ 

ǿŀǎ ƻōǎŜǊǾŜŘΣ ǊŜǾŜŀƭƛƴƎ ŀ ƳƛƭŘ ŜƴƘŀƴŎŜƳŜƴǘ ƛƴ ǘƘŜ ƛƴŘǳŎǝƻƴ ƻŦ Iн!· ŦƻŎƛ ǘƘŀǘ ƛǎ ǿƛǘƘƛƴ ǘƘŜ 

ŜǊǊƻǊ ǊŀƴƎŜ ŀƴŘ ƴƻǘ ŀƭǿŀȅǎ ǎǘŀǝǎǝŎŀƭƭȅ ǎƛƎƴƛŬŎŀƴǘΣ ƛƴŘƛŎŀǝƴƎ ǘƘŀǘ ƴƻ ǎŀŦŜ ǳƴŜǉǳƛǾƻŎŀƭ 

ŎƻƴŎƭǳǎƛƻƴ Ŏŀƴ ōŜ ŘǊŀǿƴΦ 

! ŦŀŎǘ ǘƘŀǘ ǎƘƻǳƭŘ ōŜ ǘŀƪŜƴ ƛƴǘƻ ŀŎŎƻǳƴǘ ƛǎ ǘƘŀǘ ǘƘŜ ǇŀǝŜƴǘǎ ŀǊŜ ƴƻǘ ƻƴƭȅ ǳƴŘŜǊ ǘƘŜ ǎǘǊŜǎǎ ƻŦ 

ǊŀŘƛŀǝƻƴ ŘǳǊƛƴƎ ǎǳǊƎŜǊȅ ŀƴŘΣ ŀǎ πɹIн!· ƭŀŎƪǎ ƻŦ ǎǇŜŎƛŬŎƛǘȅ ǘƻ ǊŀŘƛŀǝƻƴΣ ƛǘ ƛǎ ŘƛŶŎǳƭǘ ǘƻ ŜȄŎƭǳŘŜ 

ƻǘƘŜǊ ǇƻǎǎƛōƭŜ ŜƴŘƻƎŜƴƻǳǎ ƻǊ ǎǘǊŜǎǎ ŦŀŎǘƻǊǎ ǘƘŀǘ Ƴŀȅ ƛƴƛǝŀǘŜ ǘƘŜ 5b! ŘŀƳŀƎŜ ǊŜǎǇƻƴǎŜ 

ƳŜŎƘŀƴƛǎƳǎΦ ¢ƘŜ ŜũŜŎǘ ƻŦ ƛƴŘƛǾƛŘǳŀƭ ŦŀŎǘƻǊǎ ǎǳŎƘ ŀǎ ǊŀŘƛƻπǎŜƴǎƛǝǾƛǘȅ ŀƴŘ ǊŜƎŜƴŜǊŀǝǾŜ ŎŀǇŀŎƛǘȅ 

ǎƘƻǳƭŘ ƴƻǘ ōŜ ƛƎƴƻǊŜŘ ώмсоϐΦ 

CǳǊǘƘŜǊƳƻǊŜΣ ŘƻǎŜ ŎŀƭŎǳƭŀǝƻƴ Ƴǳǎǘ ŎƻƴǎƛŘŜǊ ǘƘŜ ŦǊŀŎǝƻƴŀǝƻƴ ƻŦ ƛǊǊŀŘƛŀǝƻƴ ŘǳǊƛƴƎ 

ŀƴƎƛƻƎǊŀǇƘƛŎ ǇǊƻŎŜŘǳǊŜǎ ŀƴŘ ǘƘŜ ǇƻǘŜƴǝŀƭ ǎƛƎƴƛŬŎŀƴǘ ǊŜǇŀƛǊ ŘǳǊƛƴƎ ŜȄŀƳƛƴŀǝƻƴΦ 

aƻǊŜƻǾŜǊΣ ƴƻǘ ŀƭƭ ǇŜǊƛǇƘŜǊŀƭ ōƭƻƻŘ ŎŜƭƭǎ ŜƴŎƻǳƴǘŜǊ ǊŀŘƛŀǝƻƴπƛƴŘǳŎŜŘ ǎǘǊŜǎǎ ǳƴŘŜǊ ƛƴπǾƛǾƻ 

ŎƻƴŘƛǝƻƴǎΦ !ƴ ŜȄǘŜƴǎƛǾŜ ŜȄŀƳƛƴŀǝƻƴ ƻŦ ǘƘƻǳǎŀƴŘǎ ƻŦ ƭȅƳǇƘƻŎȅǘŜǎ ǇŜǊ ǎŀƳǇƭŜ ǿƻǳƭŘ ƘŀǾŜ 

ōŜŜƴ ƴŜŎŜǎǎŀǊȅ ǘƻ ŜƴǎǳǊŜ ǎǘŀǝǎǝŎŀƭƭȅ ǎƻǳƴŘ ǊŜǎǳƭǘǎΣ ǿƘƛŎƘ ǿŀǎ ƴƻǘ ŦŜŀǎƛōƭŜ ƛƴ ǘƘŜ ŎǳǊǊŜƴǘ 

ǎǘǳŘȅΦ  



Ɲƙ 

 

hǘƘŜǊ ōƛƻŘƻǎƛƳŜǘǊƛŎ ƳŜŀǎǳǊŜƳŜƴǘǎ ƻŦ ƛƻƴƛȊƛƴƎ ǊŀŘƛŀǝƻƴ ŜȄǇƻǎǳǊŜ ŦǊƻƳ ŎƭƛƴƛŎŀƭ ŜȄŀƳƛƴŀǝƻƴǎ 

ǳǝƭƛȊƛƴƎ ǘƘŜ ŜȄǇǊŜǎǎƛƻƴ ƻŦ πɹɶнɮʋ ƻƴ ǇŜǊƛǇƘŜǊŀƭ ōƭƻƻŘ ƭȅƳǇƘƻŎȅǘŜǎ όǳǎƛƴƎ ŜƛǘƘŜǊ 

ƛƳƳǳƴƻƅǳƻǊŜǎŎŜƴŎŜ ƳƛŎǊƻǎŎƻǇȅ ƻǊ ŎȅǘƻƳŜǘǊȅύ ŀƭǎƻ ǊŜǇƻǊǘ ŀƴ ƛƴŎǊŜŀǎŜ ƛƴ ǘƘŜ ŦƻŎƛ ƛƴŘǳŎǝƻƴ 

ŀƊŜǊ ŜȄǇƻǎǳǊŜ ώмспϐ ώмсрϐ ώмссϐ ώмстϐ ώмсуϐ ώмсфϐ ώмтлϐ ώмтмϐΦ ¢ƘŜ ǇƻǘŜƴǝŀƭ ŦƻǊ ǘƘŜ ŘŜ ƴƻǾƻ 

ŦƻǊƳŀǝƻƴ ƻŦ 5{.ǎ ŘǳŜ ǘƻ ǘƘŜ ǊŜǇŀƛǊ ƻŦ ŎƭǳǎǘŜǊŜŘ 5b! ƭŜǎƛƻƴǎ Ŏŀƴƴƻǘ ōŜ ǊǳƭŜŘ ƻǳǘΣ ŜǾŜƴ ŀǘ ǎǳŎƘ 

ƭƻǿ ŘƻǎŜǎΦ 

Lƴ ǎǳƳƳŀǊȅΣ πɹIн!· ƛƳƳǳƴƻƅǳƻǊŜǎŎŜƴŎŜ ƳƛŎǊƻǎŎƻǇȅ ƘƻƭŘǎ ǇǊƻƳƛǎŜ ŦƻǊ ŀǎǎŜǎǎƛƴƎ ƛƴ ǾƛǾƻ 5b! 

ŘŀƳŀƎŜ ƛƴŘǳŎǝƻƴ ŀƴŘ ǊŜǇŀƛǊ ƛƴ ǇŀǝŜƴǘǎ ǳƴŘŜǊƎƻƛƴƎ ŀƴƎƛƻƎǊŀǇƘȅΦ DƛǾŜƴ ǘƘŀǘ ŎƻǊƻƴŀǊȅ 

ŀƴƎƛƻƎǊŀǇƘȅ ό/!Dύ ǎŜǊǾŜǎ ŀǎ ŀ Ǿƛǘŀƭ ŎƭƛƴƛŎŀƭ ǘƻƻƭ ƛƴ ƳŀƴŀƎƛƴƎ ŎŀǊŘƛƻǾŀǎŎǳƭŀǊ ǇŀǝŜƴǘǎΣ ƛǘϥǎ 

ƛƳǇŜǊŀǝǾŜ ŦƻǊ ōƻǘƘ ǇƘȅǎƛŎƛŀƴǎ ŀƴŘ ǇŀǝŜƴǘǎ ǘƻ ōŜ ŀǿŀǊŜ ƻŦ ǘƘŜ ǇƻǘŜƴǝŀƭ 5b! ŘŀƳŀƎŜ 

ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ǘƘƛǎ ǇǊƻŎŜŘǳǊŜΦ ¢Ƙƛǎ ŀǿŀǊŜƴŜǎǎ ƛǎ ŎǊǳŎƛŀƭ ŦƻǊ ƛƳǇƭŜƳŜƴǝƴƎ ǎǘǊŀǘŜƎƛŜǎ ŀƛƳŜŘ ŀǘ 

ǊŜŘǳŎƛƴƎ ǊŀŘƛŀǝƻƴ ŘƻǎŜǎΦ 

  



Ɲƚ 

 

5. Overall Conclusions   
 

¢Ƙƛǎ ǎǘǳŘȅ ŜȄŀƳƛƴŜŘ 5b! ŘŀƳŀƎŜ ǊŜǎǇƻƴǎŜǎ ƛƴŘǳŎŜŘ ōȅ ǊŀŘƛŀǝƻƴΣ ǇŀǊǝŎǳƭŀǊƭȅ ŦƻŎǳǎƛƴƎ ƻƴ ǘƘŜ 

ŜũŜŎǘǎ ƻŦ ǇǊƻǘƻƴ ǘƘŜǊŀǇȅ ŀƴŘ ǊŀŘƛŀǝƻƴ ŜȄǇƻǎǳǊŜ ŘǳǊƛƴƎ ƛƴǘŜǊǾŜƴǝƻƴŀƭ ŎŀǊŘƛƻƭƻƎȅ ǇǊƻŎŜŘǳǊŜǎΦ 

¢ƘŜ ŬƴŘƛƴƎǎ ŜƳǇƘŀǎƛȊŜ ǘƘŜ ŎƻƳǇƭŜȄ ƴŀǘǳǊŜ ƻŦ 5b! ŘŀƳŀƎŜ ƛƴŘǳŎǝƻƴ ŀƴŘ ǊŜǇŀƛǊ ƳŜŎƘŀƴƛǎƳǎ 

ǳƴŘŜǊ ŘƛũŜǊŜƴǘ ǊŀŘƛŀǝƻƴ ŎƻƴŘƛǝƻƴǎΣ ƘƛƎƘƭƛƎƘǝƴƎ ōƻǘƘ ǘƘŜ ƛƴŘƛǊŜŎǘ ŜũŜŎǘǎ ƳŜŘƛŀǘŜŘ ōȅ 

ǊŜŀŎǝǾŜ ƻȄȅƎŜƴ ǎǇŜŎƛŜǎ ŀƴŘ ǘƘŜ ǾŀǊƛŀǝƻƴ ƛƴ ŘŀƳŀƎŜ ǘȅǇŜǎ ŀŎǊƻǎǎ ǊŀŘƛŀǝƻƴ ǘǊŜŀǘƳŜƴǘǎΦ 

CƻǊ ǇǊƻǘƻƴ ƛǊǊŀŘƛŀǝƻƴΣ ŜƴȊȅƳŜ ŀƴŀƭȅǎƛǎ ŎƻƴŬǊƳŜŘ ǘƘŀǘ ōŀǎŜ ƭŜǎƛƻƴǎ ŀǊŜ ǘƘŜ ǇǊŜŘƻƳƛƴŀƴǘ ŦƻǊƳ 

ƻŦ ŘŀƳŀƎŜΣ ǿƛǘƘ ǎƛƎƴƛŬŎŀƴǘ ƻŎŎǳǊǊŜƴŎŜǎ ƻŦ ƴƻƴπ5{. ŎƭǳǎǘŜǊǎ ŀƭƻƴƎǎƛŘŜ 5{.ǎ ŀƴŘ {{.ǎΦ bƻǘŀōƭȅΣ 

ƴƻ ǎǳōǎǘŀƴǝŀƭ ŘƛũŜǊŜƴŎŜǎ ƛƴ 5b! ŘŀƳŀƎŜ ǿŜǊŜ ƻōǎŜǊǾŜŘ ŀƭƻƴƎ ǘƘŜ ǇǊƻǘƻƴ ǘǊŜŀǘƳŜƴǘ ǇƭŀƴΣ 

Ǉƻǎǎƛōƭȅ ŘǳŜ ǘƻ ŎƻƳǇŀǊŀōƭŜ [9¢ ǾŀƭǳŜǎ ŀǘ ŎŜǊǘŀƛƴ ǇƻǎƛǝƻƴǎΦ ¢Ƙƛǎ ƛƴǎƛƎƘǘ ǊŀƛǎŜǎ ǉǳŜǎǝƻƴǎ ŀōƻǳǘ 

ǘƘŜ ŘŜǘŜŎǝƻƴ ƭƛƳƛǘǎ ŦƻǊ ƘƛƎƘƭȅ ŎƻƳǇƭŜȄ 5b! ŘŀƳŀƎŜ ŦƻǊƳǎΣ ŀǎ ǿŜƭƭ ŀǎ ǘƘŜ ǇƻǘŜƴǝŀƭ ǇǊŜǎŜƴŎŜ 

ƻŦ ŦǊŀƎƳŜƴǘŜŘ 5b! ǳƴŘŜǘŜŎǘŀōƭŜ ōȅ ŎƻƴǾŜƴǝƻƴŀƭ ŀǎǎŀȅǎΦ !ŘŘƛǝƻƴŀƭƭȅΣ ǾŀǊƛŀǝƻƴǎ ŀŎǊƻǎǎ 

ŦŀŎƛƭƛǝŜǎΣ ŜȄǇŜǊƛƳŜƴǘŀƭ ǎŜǘǳǇǎΣ ŀƴŘ ƛǊǊŀŘƛŀǝƻƴ ŎƻƴŘƛǝƻƴǎ ŦǳǊǘƘŜǊ ŎƻƳǇƭƛŎŀǘŜ ǊŜǎǳƭǘ 

ƛƴǘŜǊǇǊŜǘŀǝƻƴ ŀŎǊƻǎǎ ƭƛǘŜǊŀǘǳǊŜΣ ǳƴŘŜǊǎŎƻǊƛƴƎ ǘƘŜ ƴŜŜŘ ŦƻǊ ǎǘŀƴŘŀǊŘƛȊŜŘ ƳŜǘƘƻŘǎ ƛƴ ǇǊƻǘƻƴ 

ǘƘŜǊŀǇȅ ǊŜǎŜŀǊŎƘΦ 

Lƴ ǘƘŜ ŎƻƴǘŜȄǘ ƻŦ ŀƴƎƛƻƎǊŀǇƘȅπƛƴŘǳŎŜŘ 5b! ŘŀƳŀƎŜΣ πɹIн!· ǇǊƻǾŜŘ ǘƻ ōŜ ŀ ǾŀƭǳŀōƭŜΣ ŀƭōŜƛǘ 

ƴƻƴπǊŀŘƛŀǝƻƴπǎǇŜŎƛŬŎΣ ōƛƻƳŀǊƪŜǊ ŦƻǊ ŀǎǎŜǎǎƛƴƎ ƛƴ ǾƛǾƻ 5b! ŘŀƳŀƎŜ ƛƴ ǇŀǝŜƴǘǎΦ !ƭǘƘƻǳƎƘ ŀƴ 

ƛƴŎǊŜŀǎŜ ƛƴ ŦƻŎƛ ŦƻǊƳŀǝƻƴ ǿŀǎ ƻōǎŜǊǾŜŘΣ ǊŜǎǳƭǘǎ ǾŀǊƛŜŘΣ ƭƛƪŜƭȅ ŘǳŜ ǘƻ ƛƴƅǳŜƴŎŜǎ ŦǊƻƳ 

ǇǊƻŎŜŘǳǊŀƭ ǎǘǊŜǎǎƻǊǎ ŀƴŘ ƛƴŘƛǾƛŘǳŀƭ ōƛƻƭƻƎƛŎŀƭ ŦŀŎǘƻǊǎ ōŜȅƻƴŘ ǊŀŘƛŀǝƻƴ ŜȄǇƻǎǳǊŜΦ CǳǊǘƘŜǊƳƻǊŜΣ 

ǘƘŜ ƴŜŜŘ ǘƻ ŀŎŎƻǳƴǘ ŦƻǊ ǊŀŘƛŀǝƻƴ ŘƻǎŜ ŦǊŀŎǝƻƴŀǝƻƴ ŀƴŘ ǊŜǇŀƛǊ ƳŜŎƘŀƴƛǎƳǎ ƘƛƎƘƭƛƎƘǘǎ ǘƘŜ 

ƭƛƳƛǘŀǝƻƴǎ ƻŦ ǳǎƛƴƎ πɹIн!· ŦƻŎƛ ŀǎ ŀƴ ŀōǎƻƭǳǘŜ ƳŜŀǎǳǊŜ ƻŦ ǊŀŘƛŀǝƻƴπƛƴŘǳŎŜŘ 5b! ŘŀƳŀƎŜΦ 

hǾŜǊŀƭƭΣ ǘƘƛǎ ǊŜǎŜŀǊŎƘ ǳƴŘŜǊƭƛƴŜǎ ǘƘŜ ƛƳǇƻǊǘŀƴŎŜ ƻŦ ŀŘǾŀƴŎŜŘ ǘŜŎƘƴƛǉǳŜǎ ƭƛƪŜ !Ca ŀƴŘ πɹIн!· 

ƛƳƳǳƴƻƅǳƻǊŜǎŎŜƴŎŜ ƛƴ ŎƘŀǊŀŎǘŜǊƛȊƛƴƎ 5b! ŘŀƳŀƎŜΣ ǿƘƛƭŜ ŀƭǎƻ ǊŜŎƻƎƴƛȊƛƴƎ ǘƘŜƛǊ ƭƛƳƛǘŀǝƻƴǎ ƛƴ 

Ŧǳƭƭȅ ŎŀǇǘǳǊƛƴƎ ǘƘŜ ŎƻƳǇƭŜȄƛǘȅ ƻŦ ƛƴ ǾƛǾƻ ǊŀŘƛŀǝƻƴ ǊŜǎǇƻƴǎŜǎΦ ¢ƘŜ ǎǘǳŘȅΩǎ ŬƴŘƛƴƎǎ ŎƻƴǘǊƛōǳǘŜ 

ǾŀƭǳŀōƭŜ ƛƴǎƛƎƘǘǎ ƛƴǘƻ ŜŀǊƭȅ 5b! ŘŀƳŀƎŜ ƳŜŎƘŀƴƛǎƳǎΣ ǇƻǘŜƴǝŀƭƭȅ ŀƛŘƛƴƎ ƛƴ ǘƘŜ ǊŜŬƴŜƳŜƴǘ ƻŦ 

ǘƘŜǊŀǇŜǳǝŎ ǎǘǊŀǘŜƎƛŜǎ ŀƴŘ ŘƻǎŜπǊŜŘǳŎǝƻƴ ƳŜŀǎǳǊŜǎ ƛƴ ŎƭƛƴƛŎŀƭ ǎŜǩƴƎǎΦ CƻǊ ƳŜŀƴƛƴƎŦǳƭ 

ŀŘǾŀƴŎŜƳŜƴǘΣ ŦǳǘǳǊŜ ǊŜǎŜŀǊŎƘ Ƴǳǎǘ ǇǳǊǎǳŜ ǊŜŬƴŜŘ ŀƴŀƭȅǝŎŀƭ ǘƻƻƭǎ ŀƴŘ ŜƴƘŀƴŎŜŘ ƳƻŘŜƭƛƴƎ 

ŀǇǇǊƻŀŎƘŜǎ ǘƻ ŀŎƘƛŜǾŜ ƳƻǊŜ ǇǊŜŎƛǎŜ ŀǎǎŜǎǎƳŜƴǘǎ ƻŦ ǊŀŘƛŀǝƻƴπƛƴŘǳŎŜŘ 5b! ŘŀƳŀƎŜ ŀŎǊƻǎǎ 

ǾŀǊƛƻǳǎ ƳŜŘƛŎŀƭ ŀƴŘ ǊŜǎŜŀǊŎƘ ŀǇǇƭƛŎŀǝƻƴǎΦ 

 

!ƎŀǊƻǎŜ DŜƭ 9ƭŜŎǘǊƻǇƘƻǊŜǎƛǎ ƛƴ 5b! ŘŀƳŀƎŜ ŘŜǘŜŎǝƻƴ 
!ƎŀǊƻǎŜ ƎŜƭ ŜƭŜŎǘǊƻǇƘƻǊŜǎƛǎ ƛǎ ŀ ǿƛŘŜƭȅ ǳǝƭƛȊŜŘ ǘŜŎƘƴƛǉǳŜ ƛƴ ƳƻƭŜŎǳƭŀǊ ōƛƻƭƻƎȅ ŦƻǊ ǘƘŜ 

ǎŜǇŀǊŀǝƻƴ ƻŦ ƴǳŎƭŜƛŎ ŀŎƛŘǎ ōŀǎŜŘ ƻƴ ǎƛȊŜΣ ǘƘŀǘ ƛǎ ŜȄǘŜƴǎƛǾŜƭȅ ŜƳǇƭƻȅŜŘ ŦƻǊ ŘŜǘŜŎǝƴƎ 5b! 

ŘŀƳŀƎŜΦ ¢Ƙƛǎ ƳŜǘƘƻŘ ŀƭƭƻǿǎ ŦƻǊ ǘƘŜ ŜũŜŎǝǾŜ ǎŜǇŀǊŀǝƻƴ ŀƴŘ ǾƛǎǳŀƭƛȊŀǝƻƴ ƻŦ 5b! ŦǊŀƎƳŜƴǘǎΣ 

ŜƴŀōƭƛƴƎ ǊŜǎŜŀǊŎƘŜǊǎ ǘƻ ŀǎǎŜǎǎ ǘƘŜ ƛƴǘŜƎǊƛǘȅ ƻŦ ƎŜƴŜǝŎ ƳŀǘŜǊƛŀƭ ŦƻƭƭƻǿƛƴƎ ŜȄǇƻǎǳǊŜ ǘƻ ǾŀǊƛƻǳǎ 

ǎǘǊŜǎǎƻǊǎΣ ǎǳŎƘ ŀǎ ƛƻƴƛȊƛƴƎ ǊŀŘƛŀǝƻƴΣ ŎƘŜƳƛŎŀƭ ŀƎŜƴǘǎΣ ƻǊ ŜƴǾƛǊƻƴƳŜƴǘŀƭ ŦŀŎǘƻǊǎΦ 

¢Ƙƛǎ ƳŜǘƘƻŘ ƛǎ ŎƘŀǊŀŎǘŜǊƛȊŜŘ ōȅ ƛǘǎ ǎƛƳǇƭƛŎƛǘȅ ŀƴŘ ŎƻǎǘπŜũŜŎǝǾŜƴŜǎǎΣ ŀǎ ŀƎŀǊƻǎŜ ƎŜƭ ƛǎ 

ŀũƻǊŘŀōƭŜ ŀƴŘ Ŝŀǎȅ ǘƻ ǇǊŜǇŀǊŜΣ ƳŀƪƛƴƎ ƛǘ ŀŎŎŜǎǎƛōƭŜ ŦƻǊ Ƴƻǎǘ ƭŀōƻǊŀǘƻǊƛŜǎΦ ¢ƘŜ ǘŜŎƘƴƛǉǳŜ 

ŜũŜŎǝǾŜƭȅ ǎŜǇŀǊŀǘŜǎ 5b! ŦǊŀƎƳŜƴǘǎΣ ǿƛǘƘ ǎƳŀƭƭŜǊ ŦǊŀƎƳŜƴǘǎ ƳƛƎǊŀǝƴƎ ŦŀǎǘŜǊ ǘƘǊƻǳƎƘ ǘƘŜ ƎŜƭ 

ƳŀǘǊƛȄ ǘƘŀƴ ƭŀǊƎŜǊ ƻƴŜǎΣ ŀƭƭƻǿƛƴƎ ŦƻǊ ŎƭŜŀǊ ǊŜǎƻƭǳǝƻƴ ŀƴŘ ǾƛǎǳŀƭƛȊŀǝƻƴ ƻŦ ŦǊŀƎƳŜƴǘ ƭŜƴƎǘƘǎΦ 

!ŘŘƛǝƻƴŀƭƭȅΣ ŀƎŀǊƻǎŜ ƛǎ ƭŜǎǎ ǘƻȄƛŎ ŎƻƳǇŀǊŜŘ ǘƻ ƻǘƘŜǊ ƎŜƭ ƳŀǘŜǊƛŀƭǎΣ ǎǳŎƘ ŀǎ ǇƻƭȅŀŎǊȅƭŀƳƛŘŜΣ 

ǿƘƛŎƘ ŜƴƘŀƴŎŜǎ ƭŀōƻǊŀǘƻǊȅ ǎŀŦŜǘȅ ŀƴŘ ŦŀŎƛƭƛǘŀǘŜǎ ŜŀǎƛŜǊ ŘƛǎǇƻǎŀƭΦ 



Ɲƛ 

 

¢ƘŜ ǾŜǊǎŀǝƭƛǘȅ ƻŦ ŀƎŀǊƻǎŜ ƎŜƭ ŜƭŜŎǘǊƻǇƘƻǊŜǎƛǎ ŜƴŀōƭŜǎ ƛǘǎ ŀǇǇƭƛŎŀǝƻƴ ǘƻ ǾŀǊƛƻǳǎ ƴǳŎƭŜƛŎ ŀŎƛŘǎΣ 

ƛƴŎƭǳŘƛƴƎ 5b!Σ wb!Σ ŀƴŘ ŎŜǊǘŀƛƴ ƭŀǊƎŜ ǇǊƻǘŜƛƴǎΦ ±ƛǎǳŀƭƛȊŀǝƻƴ ƻŦ 5b! ōŀƴŘǎ ǳƴŘŜǊ ǳƭǘǊŀǾƛƻƭŜǘ 

ƭƛƎƘǘΣ ŦƻƭƭƻǿƛƴƎ ǎǘŀƛƴƛƴƎ ǿƛǘƘ ŀƎŜƴǘǎ ǎǳŎƘ ŀǎ ŜǘƘƛŘƛǳƳ ōǊƻƳƛŘŜΣ ǇǊƻǾƛŘŜǎ ǎǘǊŀƛƎƘǜƻǊǿŀǊŘ 

ŀƴŀƭȅǎƛǎ ƻŦ ǘƘŜ ǎŀƳǇƭŜǎΦ 

Lƴ ǘƘŜ ŎƻƴǘŜȄǘ ƻŦ 5b! ŘŀƳŀƎŜ ŘŜǘŜŎǝƻƴΣ ŀƎŀǊƻǎŜ ƎŜƭ ŜƭŜŎǘǊƻǇƘƻǊŜǎƛǎ ǇǊƻǾƛŘŜǎ ŀ ƳŜŀƴǎ ǘƻ 

ŀƴŀƭȅȊŜ ǘƘŜ ŦƻǊƳŀǝƻƴ ƻŦ 5b! ōǊŜŀƪǎ ŀƴŘ ƻǘƘŜǊ ŦƻǊƳǎ ƻŦ ŘŀƳŀƎŜΦ ¢ƘŜ ƳƛƎǊŀǝƻƴ ǇŀǧŜǊƴ ƻŦ 

ǘƘŜǎŜ ŦǊŀƎƳŜƴǘǎ ǘƘǊƻǳƎƘ ǘƘŜ ƎŜƭ Ŏŀƴ ǊŜǾŜŀƭ ƴƻǘ ƻƴƭȅ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ŘŀƳŀƎŜ ōǳǘ ŀƭǎƻ ǇǊƻǾƛŘŜ 

ƛƴǎƛƎƘǘǎ ƛƴǘƻ ǘƘŜ ǘȅǇŜǎ ƻŦ ŘŀƳŀƎŜ ƛƴŎǳǊǊŜŘ ōŀǎŜŘ ƻƴ ǘƘŜ ŦǊŀƎƳŜƴǘ ǎƛȊŜǎ ƻōǎŜǊǾŜŘΦ wŜǎǘǊƛŎǝƻƴ 

ŜƴȊȅƳŜǎ ŀƴŀƭȅǎƛǎ Ŏŀƴ Ŝŀǎƛƭȅ ƘƛƎƘƭƛƎƘǘ ǎǇŜŎƛŬŎ ƭŜǎƛƻƴǎΦ  

IƻǿŜǾŜǊΣ ŀƎŀǊƻǎŜ ƎŜƭ ŜƭŜŎǘǊƻǇƘƻǊŜǎƛǎ Ƙŀǎ ƛǘǎ ƭƛƳƛǘŀǝƻƴǎΦ hƴŜ ǎƛƎƴƛŬŎŀƴǘ ŘǊŀǿōŀŎƪ ƛǎ ƛǘǎ ƭƛƳƛǘŜŘ 

ǊŜǎƻƭǳǝƻƴ ŦƻǊ ǎƳŀƭƭ ŦǊŀƎƳŜƴǘǎΣ ǇŀǊǝŎǳƭŀǊƭȅ ŦƻǊ 5b! ŦǊŀƎƳŜƴǘǎ ǳƴŘŜǊ млƪōǇΦ ¢ƘŜ ŜȄŎƭǳǎƛƻƴ ƻŦ 

ǘƘŜǎŜ ŦǊŀƎƳŜƴǘǎ Ŏŀƴ ƘŀǾŜ ŀ ǎƛƎƴƛŬŎŀƴǘ ƛƳǇŀŎǘ ƻƴ 5{. ƳŜŀǎǳǊŜƳŜƴǘǎΦ  aƻǊŜƻǾŜǊΣ ǿƘƛƭŜ 

ŀƎŀǊƻǎŜ ƎŜƭ ŜƭŜŎǘǊƻǇƘƻǊŜǎƛǎ ǇǊƻǾƛŘŜǎ ǾŀƭǳŀōƭŜ ƛƴŦƻǊƳŀǝƻƴ ǊŜƎŀǊŘƛƴƎ ǘƘŜ ǎƛȊŜ ƻŦ 5b! 

ŦǊŀƎƳŜƴǘǎΣ ƛǘ ƛǎ ƴƻǘ ŀ ƘƛƎƘƭȅ ǉǳŀƴǝǘŀǝǾŜ ǘŜŎƘƴƛǉǳŜΦ .ŀƴŘ ƛƴǘŜƴǎƛǘȅ Ŏŀƴ ƎƛǾŜ ƻƴƭȅ ǊƻǳƎƘ 

ŜǎǝƳŀǘŜǎ ƻŦ ŎƻƴŎŜƴǘǊŀǝƻƴΣ ƴŜŎŜǎǎƛǘŀǝƴƎ ŀŘŘƛǝƻƴŀƭ ƳŜǘƘƻŘǎ ŦƻǊ ǇǊŜŎƛǎŜ ǉǳŀƴǝŬŎŀǝƻƴΦ 

CƛƴŀƭƭȅΣ ŀƎŀǊƻǎŜ ƎŜƭ ŜƭŜŎǘǊƻǇƘƻǊŜǎƛǎ Ƴŀȅ ƴƻǘ ōŜ ǎǳƛǘŀōƭŜ ŦƻǊ ǾŜǊȅ ǎƳŀƭƭ ƻǊ ǾŜǊȅ ƭŀǊƎŜ 5b! 

ƳƻƭŜŎǳƭŜǎΦ Lƴ ǎǳŎƘ ŎŀǎŜǎΣ ŀƭǘŜǊƴŀǝǾŜ ǘŜŎƘƴƛǉǳŜǎ Ƴŀȅ ōŜ ǊŜǉǳƛǊŜŘ ŦƻǊ ŜũŜŎǝǾŜ ǎŜǇŀǊŀǝƻƴΦ  

5ŜǎǇƛǘŜ ǘƘŜǎŜ ŎƘŀƭƭŜƴƎŜǎΣ ŀƎŀǊƻǎŜ ƎŜƭ ŜƭŜŎǘǊƻǇƘƻǊŜǎƛǎ ǊŜƳŀƛƴǎ ŀ ŦǳƴŘŀƳŜƴǘŀƭ ǘŜŎƘƴƛǉǳŜ ŦƻǊ 

ƛƴǾŜǎǝƎŀǝƴƎ 5b! ŘŀƳŀƎŜ ŀƴŘ ǊŜǇŀƛǊ ƳŜŎƘŀƴƛǎƳǎΣ ŎƻƴǘǊƛōǳǝƴƎ ǎƛƎƴƛŬŎŀƴǘƭȅ ǘƻ ƻǳǊ 

ǳƴŘŜǊǎǘŀƴŘƛƴƎ ƻŦ ƎŜƴƻƳƛŎ ǎǘŀōƛƭƛǘȅ ŀƴŘ ǘƘŜ ōƛƻƭƻƎƛŎŀƭ ŜũŜŎǘǎ ƻŦ ǾŀǊƛƻǳǎ ŘŀƳŀƎƛƴƎ ŀƎŜƴǘǎΦ Lǘǎ 

ŀōƛƭƛǘȅ ǘƻ ǇǊƻǾƛŘŜ ǉǳŀƭƛǘŀǝǾŜ ŀƴŘ ǎŜƳƛπǉǳŀƴǝǘŀǝǾŜ Řŀǘŀ ƳŀƪŜǎ ƛǘ ŀƴ ŜǎǎŜƴǝŀƭ ŎƻƳǇƻƴŜƴǘ ƻŦ 

ƳƻƭŜŎǳƭŀǊ ōƛƻƭƻƎȅ ǊŜǎŜŀǊŎƘ ŀƛƳŜŘ ŀǘ ŜƭǳŎƛŘŀǝƴƎ ǘƘŜ ŎƻƴǎŜǉǳŜƴŎŜǎ ƻŦ 5b! ŘŀƳŀƎŜΦ 

 

!Ca ŦƻǊ 5b! ŘŀƳŀƎŜ ŘŜǘŜŎǝƻƴ 

!ǘƻƳƛŎ CƻǊŎŜ aƛŎǊƻǎŎƻǇȅ ό!Caύ ƛǎ ŀƴ ŀŘǾŀƴŎŜŘ ƛƳŀƎƛƴƎ ǘŜŎƘƴƛǉǳŜ ǿƛŘŜƭȅ ŜƳǇƭƻȅŜŘ ƛƴ 

ƳƻƭŜŎǳƭŀǊ ōƛƻƭƻƎȅ ŦƻǊ ǘƘŜ ŘŜǘŜŎǝƻƴ ŀƴŘ ŀƴŀƭȅǎƛǎ ƻŦ 5b! ŘŀƳŀƎŜ ŀǘ ǘƘŜ ƴŀƴƻǎŎŀƭŜΦ ¢Ƙƛǎ 

ǘŜŎƘƴƛǉǳŜ ŜƴŀōƭŜǎ ǘƘŜ ŘƛǊŜŎǘ ǾƛǎǳŀƭƛȊŀǝƻƴ ƻŦ ƛƴŘƛǾƛŘǳŀƭ 5b! ƳƻƭŜŎǳƭŜǎ ŀƴŘ ǎǘǊǳŎǘǳǊŀƭ 

ŀƭǘŜǊŀǝƻƴǎΣ ƳŀƪƛƴƎ ƛǘ ŀ ǾŀƭǳŀōƭŜ ǘƻƻƭ ŦƻǊ ǎǘǳŘȅƛƴƎ 5b! ŘŀƳŀƎŜ ŀƴŘ ǊŜǇŀƛǊ ƳŜŎƘŀƴƛǎƳǎΦ ¦ƴƭƛƪŜ 

ƻǘƘŜǊ ƳŜǘƘƻŘǎ ǘƘŀǘ ǊŜǉǳƛǊŜ ǎǘŀƛƴƛƴƎ ƻǊ ƭŀōŜƭƛƴƎΣ !Ca ǇǊƻǾƛŘŜǎ ŘŜǘŀƛƭŜŘ ƛƳŀƎŜǎ ōŀǎŜŘ ƻƴ ǘƘŜ 

ǇƘȅǎƛŎŀƭ ǎǘǊǳŎǘǳǊŜ ƻŦ 5b!Σ ƻũŜǊƛƴƎ ŀ ƭŀōŜƭπŦǊŜŜ ŀǇǇǊƻŀŎƘ ǘƘŀǘ ǇǊŜǎŜǊǾŜǎ ǘƘŜ ƴŀǝǾŜ ǎǘŀǘŜ ƻŦ ǘƘŜ 

ǎŀƳǇƭŜΦ 

¢ƘŜ ƘƛƎƘ ǊŜǎƻƭǳǝƻƴ ƻŦ !Ca ŀƭƭƻǿǎ ǊŜǎŜŀǊŎƘŜǊǎ ǘƻ ƻōǎŜǊǾŜ ǎƛƴƎƭŜπ ŀƴŘ ŘƻǳōƭŜπǎǘǊŀƴŘ ōǊŜŀƪǎΣ 

ƪƛƴƪǎΣ ƭƻƻǇǎΣ ŀƴŘ ƻǘƘŜǊ ƳƻǊǇƘƻƭƻƎƛŎŀƭ ŘƛǎǘƻǊǝƻƴǎ ƛƴ 5b! ǿƛǘƘ ŜȄŎŜǇǝƻƴŀƭ ŎƭŀǊƛǘȅΦ !CaΩǎ 

ǉǳŀƴǝǘŀǝǾŜ ŎŀǇŀōƛƭƛǝŜǎ ŜȄǘŜƴŘ ǘƻ ƳŜŀǎǳǊŜƳŜƴǘǎ ƻŦ ǇƘȅǎƛŎŀƭ ǇŀǊŀƳŜǘŜǊǎ ǎǳŎƘ ŀǎ ƭŜƴƎǘƘΣ 

ǿƛŘǘƘΣ ŀƴŘ ŎƻƴǘƻǳǊ ƻŦ 5b!Σ ǇǊƻǾƛŘƛƴƎ ŎƻƳǇǊŜƘŜƴǎƛǾŜ Řŀǘŀ ƻƴ ŘŀƳŀƎŜ ǎŜǾŜǊƛǘȅ ŀƴŘ ǊŜǇŀƛǊ 

ŜŶŎƛŜƴŎȅΦ wŜŎŜƴǘ ŘŜǾŜƭƻǇƳŜƴǘǎ ƛƴ !CaΣ ƛƴŎƭǳŘƛƴƎ ŜƴƘŀƴŎŜƳŜƴǘǎ ƛƴ ǝǇ ǎŜƴǎƛǝǾƛǘȅ ŀƴŘ ƛƳŀƎƛƴƎ 

ǎǇŜŜŘΣ ƘŀǾŜ ŦǳǊǘƘŜǊ ƛƳǇǊƻǾŜŘ ƛǘǎ ŀǇǇƭƛŎŀōƛƭƛǘȅ ƛƴ ŘŜǘŜŎǝƴƎ ǎǳōǘƭŜ ŦƻǊƳǎ ƻŦ ŘŀƳŀƎŜ ŀƴŘ 

ŎƻƴŘǳŎǝƴƎ ƘƛƎƘπǘƘǊƻǳƎƘǇǳǘ ŀƴŀƭȅǎŜǎΦ 

IƻǿŜǾŜǊΣ ŘŜǎǇƛǘŜ ǘƘŜǎŜ ǎǘǊŜƴƎǘƘǎΣ !Ca ŀƭǎƻ Ƙŀǎ ƭƛƳƛǘŀǝƻƴǎΦ ¢ƘŜ ǘŜŎƘƴƛǉǳŜ ǘȅǇƛŎŀƭƭȅ ǊŜǉǳƛǊŜǎ ŀ 

ŎƭŜŀƴΣ ƅŀǘ ǎǳōǎǘǊŀǘŜ ŦƻǊ ƛƳŀƎƛƴƎΣ ŀƴŘ ǎŀƳǇƭŜ ǇǊŜǇŀǊŀǝƻƴ Ŏŀƴ ōŜ ƛƴǘǊƛŎŀǘŜΣ ǇŀǊǝŎǳƭŀǊƭȅ ǿƘŜƴ 

ƛƳƳƻōƛƭƛȊƛƴƎ 5b! ƳƻƭŜŎǳƭŜǎ ǿƛǘƘƻǳǘ ŀƭǘŜǊƛƴƎ ǘƘŜƛǊ ƴŀǝǾŜ ǎǘǊǳŎǘǳǊŜΦ !ŘŘƛǝƻƴŀƭƭȅΣ ǿƘƛƭŜ !Ca 

ƛǎ ǇƻǿŜǊŦǳƭ ŦƻǊ ǎǘǊǳŎǘǳǊŀƭ ŀƴŀƭȅǎƛǎΣ ƛǘ ƛǎ ǊŜƭŀǝǾŜƭȅ ǝƳŜπƛƴǘŜƴǎƛǾŜ ŎƻƳǇŀǊŜŘ ǘƻ ƻǘƘŜǊ 5b! 

ŘŀƳŀƎŜ ŘŜǘŜŎǝƻƴ ƳŜǘƘƻŘǎΣ ǿƘƛŎƘ Ŏŀƴ ƭƛƳƛǘ ƛǘǎ ǳǝƭƛǘȅ ƛƴ ƘƛƎƘπǘƘǊƻǳƎƘǇǳǘ ǎǘǳŘƛŜǎΦ bƻƴŜǘƘŜƭŜǎǎΣ 



ƝƜ 

 

!Ca ǊŜƳŀƛƴǎ ŀ ǾŀƭǳŀōƭŜ ŀƴŘ ǳƴƛǉǳŜ ŀǇǇǊƻŀŎƘ ŦƻǊ ǘƘŜ ƴŀƴƻǎŎŀƭŜ ŜȄŀƳƛƴŀǝƻƴ ƻŦ 5b! ŘŀƳŀƎŜΣ 

ƻũŜǊƛƴƎ ƛƴǎƛƎƘǘǎ ǘƘŀǘ ŎƻƳǇƭŜƳŜƴǘ ƻǘƘŜǊ ǘŜŎƘƴƛǉǳŜǎ ŀƴŘ ŘŜŜǇŜƴƛƴƎ ƻǳǊ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ƻŦ 5b! 

ǎǘŀōƛƭƛǘȅ ŀƴŘ ŎŜƭƭǳƭŀǊ ǊŜǎǇƻƴǎŜ ǘƻ ŘŀƳŀƎŜΦ 

!Ca ŀƴŀƭȅǎƛǎ ǳǊƎŜƴǘƭȅ ǊŜǉǳƛǊŜǎ ŀǳǘƻƳŀǝƻƴ ǘƻ ŀŘŘǊŜǎǎ ǘƘŜ ƘƛƎƘ ƭŀōƻǊ ŘŜƳŀƴŘǎ ƻŦ ǎŀƳǇƭŜ 

ǇǊŜǇŀǊŀǝƻƴΣ ǎŎŀƴƴƛƴƎΣ ŀƴŘ Řŀǘŀ ǇǊƻŎŜǎǎƛƴƎΣ ǿƘƛŎƘ ŀǊŜ ŎǳǊǊŜƴǘƭȅ ǝƳŜπƛƴǘŜƴǎƛǾŜ ŀƴŘ ǘŜŎƘƴƛŎŀƭƭȅ 

ŎƻƳǇƭŜȄΦ !ǳǘƻƳŀǘŜŘ ǎȅǎǘŜƳǎ ŎƻǳƭŘ ƎǊŜŀǘƭȅ ŜƴƘŀƴŎŜ ŎƻƴǎƛǎǘŜƴŎȅ ōȅ ƳƛƴƛƳƛȊƛƴƎ ƘǳƳŀƴ ŜǊǊƻǊ 

ŀƴŘ ǾŀǊƛŀōƛƭƛǘȅ ƛƴ ƛƳŀƎŜ ŀŎǉǳƛǎƛǝƻƴΣ ŎǊǳŎƛŀƭ ŦƻǊ ǊŜǇǊƻŘǳŎƛōƭŜ ǊŜǎǳƭǘǎ ƛƴ 5b! ŘŀƳŀƎŜ ŘŜǘŜŎǝƻƴΦ 

CǳǊǘƘŜǊƳƻǊŜΣ ŀǳǘƻƳŀǘŜŘ ƛƳŀƎŜ ŀƴŀƭȅǎƛǎ ŎƻǳƭŘ ǎǘǊŜŀƳƭƛƴŜ ǘƘŜ ƛŘŜƴǝŬŎŀǝƻƴ ŀƴŘ ǉǳŀƴǝŬŎŀǝƻƴ 

ƻŦ 5b! ŘŀƳŀƎŜ ŦŜŀǘǳǊŜǎΣ ǎǳŎƘ ŀǎ ǎǘǊŀƴŘ ōǊŜŀƪǎ ƻǊ ǎǘǊǳŎǘǳǊŀƭ ŘŜŦƻǊƳƛǝŜǎΣ ǿƘƛŎƘ ŎǳǊǊŜƴǘƭȅ 

ǊŜǉǳƛǊŜ ƳŜǝŎǳƭƻǳǎ Ƴŀƴǳŀƭ ŜȄŀƳƛƴŀǝƻƴΦ LƳǇƭŜƳŜƴǝƴƎ ŀǳǘƻƳŀǝƻƴ ƛƴ !Ca ǿƻǊƪƅƻǿǎ ǿƻǳƭŘ 

ǘƘǳǎ ŜƴŀōƭŜ ƳƻǊŜ ŜŶŎƛŜƴǘΣ ƭŀǊƎŜπǎŎŀƭŜ ǎǘǳŘƛŜǎ ŀƴŘ ǇǊƻǾƛŘŜ ƳƻǊŜ ŀŎŎǳǊŀǘŜΣ ƻōƧŜŎǝǾŜ ƛƴǎƛƎƘǘǎ 

ƛƴǘƻ 5b! ŘŀƳŀƎŜ ŀƴŘ ǊŜǇŀƛǊ ǇǊƻŎŜǎǎŜǎΦ 

 

πɹIн!· ŀǎ ŀ ōƛƻƳŀǊƪŜǊ  
πɹIн!· Ƙŀǎ ōŜŜƴ ǾŀƭƛŘŀǘŜŘ ŀǎ ŀ ǎŜƴǎƛǝǾŜ ƛƴŘƛŎŀǘƻǊ ŦƻǊ 5{.ǎ ŀƴŘ ŎƻƳǇƭŜȄ 5b! ŘŀƳŀƎŜ ƛƴŘǳŎŜŘ 

ōȅ ƛƻƴƛȊƛƴƎ ǊŀŘƛŀǝƻƴΦ Lǘ ŜȄƘƛōƛǘǎ ƴƻǘŀōƭŜ ǎǘŀōƛƭƛǘȅ ŦƻƭƭƻǿƛƴƎ ƛǊǊŀŘƛŀǝƻƴ ŜũŜŎǘǎ ŀƴŘ ǎŜǊǾŜǎ ŀǎ ŀ 

ǊŜƭƛŀōƭŜ ǊŀŘƛƻǎŜƴǎƛǝǾƛǘȅ ƳŀǊƪŜǊΦ !ǎǎŜǎǎƳŜƴǘ ǿƛǘƘ ɹπIн!· ƛƳƳǳƴƻƅǳƻǊŜǎŎŜƴŎŜ ƳƛŎǊƻǎŎƻǇȅΣ 

ŘŜǎǇƛǘŜ ŀƴȅ ƭƛƳƛǘŀǝƻƴǎ ŀƴŘ ŘƛŶŎǳƭǝŜǎΣ ǎǘŀƴŘǎ ƻǳǘ ŀǎ ǘƘŜ Ƴƻǎǘ ǎŜƴǎƛǝǾŜ ǘŜŎƘƴƛǉǳŜ ŦƻǊ ŘŜǘŜŎǝƴƎ 

5{.ǎ ŀƴŘ ŎƭǳǎǘŜǊŜŘ ŘŀƳŀƎŜ ǿƘŜƴ ŎƻƳǇŀǊŜŘ ǘƻ ƻǘƘŜǊ ƳŜǘƘƻŘǎ ό/ƻƳŜǘ ŀǎǎŀȅΣ ǇǳƭǎŜ ŬŜƭŘ 

ŜƭŜŎǘǊƻǇƘƻǊŜǎƛǎΣ ŜǘŎΦύΦ Lǘǎ ŜȄŎŜǇǝƻƴŀƭ ǎŜƴǎƛǝǾƛǘȅ Ƙŀǎ ǊŜƴŘŜǊŜŘ ƛǘ ŀ ǎǳƛǘŀōƭŜ ƳŜǘƘƻŘ ƴƻǘ ƻƴƭȅ ŦƻǊ 

ŀŎŎǳǊŀǘŜƭȅ ƳƻƴƛǘƻǊƛƴƎ ǘƘŜ ŜȄǘŜƴǘ ŀƴŘ ƭƻŎŀǝƻƴ ƻŦ ŎƻƳǇƭŜȄ ŘŀƳŀƎŜ ŀƴŘ ǊŜǇŀƛǊΣ ōǳǘ ŀƭǎƻ ŦƻǊ 

ŜǾŀƭǳŀǝƴƎ ǘƘŜ ǇŜǊǎƛǎǘŜƴŎȅ ƻŦ ŘŀƳŀƎŜ ōȅ ƳŜŀǎǳǊƛƴƎ ɹπIн!· ŦƻŎƛ ŀǘ ŘƛũŜǊŜƴǘ ǝƳŜǇƻƛƴǘǎΦ ¢Ƙƛǎ 

ŀōƛƭƛǘȅ ƳŀƪŜǎ πɹɶнɮʋ όǘƻƎŜǘƘŜǊ ǿƛǘƘ ро.tмύ ŀ ōǊƻŀŘƭȅ ǳǎŜŘ ƳƻƭŜŎǳƭŀǊ ōƛƻƳŀǊƪŜǊ ƛƴ 

ǊŀŘƛƻǎŜƴǎƛǝǾƛǘȅ ŀƴŘ ǊŀŘƛƻǘƻȄƛŎƛǘȅ ǇǊƻƎƴƻǎƛǎ ώмтнϐ ώмтоϐΦ  

CǳǊǘƘŜǊƳƻǊŜΣ πɹIн!· ƛƳƳǳƴƻƅǳƻǊŜǎŎŜƴŎŜ Ŏŀƴ ǎŜǊǾŜ ŀǎ ŀ ŎƻƳǇƭŜƳŜƴǘŀǊȅ ǘƻƻƭ ƛƴ ŘƻǎŜ 

ŜǎǝƳŀǝƻƴΣ ŀǎ ƛǘ ŀŎŎƻǳƴǘǎ ŦƻǊ ǾŀǊƛƻǳǎ ǇƘȅǎƛŎŀƭ ŜȄǇƻǎǳǊŜ ŎƻƴŘƛǝƻƴǎ ŀƴŘ ƛƴŘƛǾƛŘǳŀƭ ōƛƻƭƻƎƛŎŀƭ 

ŦŀŎǘƻǊǎ ŀƳƻƴƎ ǇŀǝŜƴǘǎΦ !ǎ ŘƻǎŜ ŎŀƭŎǳƭŀǝƻƴ Ƴǳǎǘ ŎƻƴǎƛŘŜǊ ǘƘŜ ŦǊŀŎǝƻƴŀǝƻƴ ƻŦ ƛǊǊŀŘƛŀǝƻƴ 

ŘǳǊƛƴƎ ŀƴƎƛƻƎǊŀǇƘƛŎ ǇǊƻŎŜŘǳǊŜǎΣ ŜǎǝƳŀǝƴƎ ƛƴŘƛǾƛŘǳŀƭ ƛǊǊŀŘƛŀǝƻƴ ŘƻǎŜǎ ŎƻǳƭŘ ōŜ ŦŜŀǎƛōƭŜ ōȅ 

ŎƻƳǇŀǊƛƴƎ ƛƴ ǾƛǾƻ 5b! ŘŀƳŀƎŜ ƭŜǾŜƭǎ ǿƛǘƘ ǘƘƻǎŜ ƛƴŘǳŎŜŘ ōȅ ŦǊŀŎǝƻƴŀǘŜŘ ƛƴ ǾƛǘǊƻ ƛǊǊŀŘƛŀǝƻƴΦ 

CǳǊǘƘŜǊ ǎȅǎǘŜƳŀǝŎ ǎǘǳŘƛŜǎ ƛƴ ƭŀǊƎŜǊ ǇƻǇǳƭŀǝƻƴǎ ŀǊŜ ǿŀǊǊŀƴǘŜŘ ǘƻ ŜǾŀƭǳŀǘŜ ƛǘǎ ǳǝƭƛǘȅ ƛƴ 

ŀǎǎŜǎǎƛƴƎ ŘƻǎŜπǊŜŘǳŎƛƴƎ ǘŜŎƘƴƛǉǳŜǎ ƛƴ ŀƴƎƛƻƎǊŀǇƘȅ ŀƴŘ ƻǘƘŜǊ ǊŀŘƛƻƭƻƎƛŎ ǇǊƻŎŜŘǳǊŜǎΦ 

IƻǿŜǾŜǊΣ ŘŜǎǇƛǘŜ ōŜƛƴƎ ŀ ǇƻǿŜǊŦǳƭ ǘŜŎƘƴƛǉǳŜ ŦƻǊ ŀǎǎŜǎǎƛƴƎ 5b! ŘŀƳŀƎŜΣ ǘƘŜ ǳǝƭƛǘȅ ƻŦ πɹIн!· 

ƛƳƳǳƴƻƅǳƻǊŜǎŎŜƴŎŜ ƛǎ ǘŜƳǇŜǊŜŘ ōȅ ǾŀǊƛƻǳǎ ƭƛƳƛǘŀǝƻƴǎ ŀƴŘ ŘǊŀǿōŀŎƪǎΦ Lǘǎ ƭŀŎƪ ƻŦ ǎǇŜŎƛŬŎƛǘȅ 

ǘƻ ǊŀŘƛŀǝƻƴπƛƴŘǳŎŜŘ 5b! ŘŀƳŀƎŜ Ƴŀȅ ƭƛƳƛǘ ǘƘŜ ŀŎŎǳǊŀǘŜ ŀǎǎŜǎǎƳŜƴǘ ƛƴ ŀ ǎŎŜƴŀǊƛƻ ǿƘŜǊŜ ŀ 

ǇŀƛǊ ŎƻƴǘǊƻƭ ǎŀƳǇƭŜ ƛǎ ƴƻǘ ǘƘŜ ǎƻƭǳǝƻƴΦ LƴǘŜǊπƛƴŘƛǾƛŘǳŀƭ ǾŀǊƛŀōƛƭƛǘȅ ǎƘƻǳƭŘ ŀƭǎƻ ōŜ ǘŀƪŜƴ ƛƴǘƻ 

ŀŎŎƻǳƴǘΣ ŀǎ ŦƻŎƛ ƛƴŘǳŎǝƻƴ ŀǇǇŜŀǊǎ ǘƻ ōŜ ƛƴƅǳŜƴŎŜŘ ōȅ ƛƴŘƛǾƛŘǳŀƭ ŎƘŀǊŀŎǘŜǊƛǎǝŎǎΦ ¢ƘŜ ǘŜƳǇƻǊŀƭ 

ŘȅƴŀƳƛŎǎ ƻŦ πɹIн!· Ŏŀƴ ŀƭǎƻ ōŜ ŀ ŘƻǳōƭŜπŜŘƎŜŘ ǎǿƻǊŘΦ ¢ƘŜ ƪƛƴŜǝŎǎ ƻŦ ŦƻŎƛ ŦƻǊƳŀǝƻƴ ŀƴŘ 

ǊŜǎƻƭǳǝƻƴ ǾŀǊȅ ŘŜǇŜƴŘƛƴƎ ƻƴ ǘƘŜ ŎŜƭƭ ǘȅǇŜΣ ǊŀŘƛŀǝƻƴ ŘƻǎŜκǘȅǇŜΣ ŀƴŘ ƻǘƘŜǊ ŦŀŎǘƻǊǎΦ ¢Ƙƛǎ 

ǾŀǊƛŀōƛƭƛǘȅ ƛǎ ǎƻƳŜǝƳŜǎ ŘŜǎƛǊŀōƭŜ ōǳǘ ƻǘƘŜǊǿƛǎŜ Ƴŀȅ ŀũŜŎǘ ǘƘŜ ŀŎŎǳǊŀŎȅ ŀƴŘ ǊŜƭƛŀōƛƭƛǘȅ ƻŦ πɹ

Iн!· ŀǎ ŀ ōƛƻƳŀǊƪŜǊ ŦƻǊ ŀǎǎŜǎǎƛƴƎ ǊŀŘƛŀǝƻƴπƛƴŘǳŎŜŘ 5b! ŘŀƳŀƎŜ ƻǾŜǊ ǝƳŜΦ  

hƴŜ Ŭƴŀƭ ŎƘŀƭƭŜƴƎŜ ƛǎ ǘƘŜ ǉǳŀƴǝŬŎŀǝƻƴ ƻŦ ɹπIн!· ŦƻŎƛ ǎǘŜƳƳƛƴƎ ŦǊƻƳ ǾŀǊƛŀǝƻƴǎ ƛƴ ǎǘŀƛƴƛƴƎ 

ǇǊƻǘƻŎƻƭǎΣ ƛƳŀƎŜ ŀƴŀƭȅǎƛǎ ƳŜǘƘƻŘǎΣ ŀƴŘ ǎǳōƧŜŎǝǾŜ ƛƴǘŜǊǇǊŜǘŀǝƻƴΦ Lǘ ƻƊŜƴ ƛƴǾƻƭǾŜǎ Ƴŀƴǳŀƭ 

ŎƻǳƴǝƴƎ ƻǊ ǎŜƳƛπŀǳǘƻƳŀǘŜŘ ƛƳŀƎŜ ŀƴŀƭȅǎƛǎ ƳŜǘƘƻŘǎΦ aŀƴǳŀƭ ŎƻǳƴǝƴƎ ƛǎ ǝƳŜπŎƻƴǎǳƳƛƴƎ ŀƴŘ 

ǇǊƻƴŜ ǘƻ ƘǳƳŀƴ ŜǊǊƻǊΣ ǿƘƛƭŜ ŀǳǘƻƳŀǘŜŘ ŀƭƎƻǊƛǘƘƳǎ Ƴŀȅ ǎǘǊǳƎƎƭŜ ǿƛǘƘ ŘƛǎǝƴƎǳƛǎƘƛƴƎ ōŜǘǿŜŜƴ 



ƝƝ 

 

ǘǊǳŜ ŦƻŎƛ ŀƴŘ ōŀŎƪƎǊƻǳƴŘ ƴƻƛǎŜΦ CǳǊǘƘŜǊƳƻǊŜΣ ǾŀǊƛŀǝƻƴǎ ƛƴ ƛƳŀƎŜ ŀŎǉǳƛǎƛǝƻƴ ŀƴŘ ǇǊƻŎŜǎǎƛƴƎ 

ǘŜŎƘƴƛǉǳŜǎ Ŏŀƴ ƛƴƅǳŜƴŎŜ ǘƘŜ ŀŎŎǳǊŀŎȅ ƻŦ Řŀǘŀ ŀƴŀƭȅǎƛǎΣ ƘƛƎƘƭƛƎƘǝƴƎ ǘƘŜ ƴŜŜŘ ŦƻǊ ǎǘŀƴŘŀǊŘƛȊŜŘ 

ǇǊƻǘƻŎƻƭǎ ŀƴŘ ǾŀƭƛŘŀǝƻƴ ǇǊƻŎŜŘǳǊŜǎΦ .ȅ ŀŘŘǊŜǎǎƛƴƎ ǘƘŜǎŜ ŎƘŀƭƭŜƴƎŜǎ ŀƴŘ ƻǇǝƳƛȊƛƴƎ 

ŜȄǇŜǊƛƳŜƴǘŀƭ ǇǊƻǘƻŎƻƭǎΣ ǊŜǎŜŀǊŎƘŜǊǎ Ŏŀƴ ƳŀȄƛƳƛȊŜ ǘƘŜ ǳǝƭƛǘȅ ƻŦ πɹIн!· ƛƳƳǳƴƻƅǳƻǊŜǎŎŜƴŎŜ 

ǿƘƛƭŜ ŜƴǎǳǊƛƴƎ ŀŎŎǳǊŀǘŜ ŀƴŘ ǊŜƭƛŀōƭŜ ŀǎǎŜǎǎƳŜƴǘ ƻŦ 5b! ŘŀƳŀƎŜΦ 

5ŜǎǇƛǘŜ ƛǘǎ ŎƘŀƭƭŜƴƎŜǎΣ πɹIн!· ƛƳƳǳƴƻƅǳƻǊŜǎŎŜƴŎŜ ǎǘŀƴŘǎ ƻǳǘ ŀǎ ǘƘŜ Ƴƻǎǘ ŘŜǇŜƴŘŀōƭŜ 

ōƛƻƳŀǊƪŜǊ ŎǳǊǊŜƴǘƭȅ ŀǾŀƛƭŀōƭŜ ŦƻǊ ŜǎǝƳŀǝƴƎ ŘƻǳōƭŜπǎǘǊŀƴŘ ōǊŜŀƪǎ ό5{.ǎύ ŀƴŘ ŎƭǳǎǘŜǊŜŘ 5b! 

ŘŀƳŀƎŜ ŜǾŜƴ ŀǘ ǾŜǊȅ ƭƻǿ ŘƻǎŜǎΣ ŀǎ ŜƴŎƻǳƴǘŜǊŜŘ ƛƴ ŎƭƛƴƛŎŀƭ ǇǊƻǘƻŎƻƭǎ ǎǳŎƘ ŀǎ ŎŀǊŘƛƻǾŀǎŎǳƭŀǊ 

ŀƴƎƛƻƎǊŀǇƘȅΦ ¢ƘŜ ŘŜƳŀƴŘ ŦƻǊ ƴƻǾŜƭ ōƛƻƳŀǊƪŜǊǎ ǊŜƳŀƛƴǎ ŜǾŜǊ ǇǊŜǎǎƛƴƎ ƛƴ ǘƘŜ ŬŜƭŘǎ ƻŦ 

ƳƻƭŜŎǳƭŀǊ ōƛƻƭƻƎȅΣ ƳŜŘƛŎƛƴŜΣ ŀƴŘ ōŜȅƻƴŘΦ ²ƘƛƭŜ ŎǳǊǊŜƴǘ ōƛƻƳŀǊƪŜǊǎ ƘŀǾŜ ǳƴŘƻǳōǘŜŘƭȅ 

ŀŘǾŀƴŎŜŘ ƻǳǊ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ŀƴŘ ŘƛŀƎƴƻǎǝŎ ŎŀǇŀōƛƭƛǝŜǎΣ ǘƘŜȅ ƻƊŜƴ ŎƻƳŜ ǿƛǘƘ ƭƛƳƛǘŀǝƻƴǎ ǎǳŎƘ 

ŀǎ ƭŀŎƪ ƻŦ ǎǇŜŎƛŬŎƛǘȅΣ ǎŜƴǎƛǝǾƛǘȅΣ ƻǊ ƛƴŀōƛƭƛǘȅ ǘƻ ŎŀǇǘǳǊŜ ǘƘŜ Ŧǳƭƭ ŎƻƳǇƭŜȄƛǘȅ ƻŦ ōƛƻƭƻƎƛŎŀƭ 

ǇǊƻŎŜǎǎŜǎΦ ¢ƘǳǎΣ ǘƘŜ ǇǳǊǎǳƛǘ ƻŦ ƴŜǿ ōƛƻƳŀǊƪŜǊǎ ǘƘŀǘ Ŏŀƴ ŀŘŘǊŜǎǎ ǘƘŜǎŜ ǎƘƻǊǘŎƻƳƛƴƎǎ ƛǎ 

ŜǎǎŜƴǝŀƭ ŦƻǊ ǇǳǎƘƛƴƎ ǘƘŜ ōƻǳƴŘŀǊƛŜǎ ƻŦ ǊŜǎŜŀǊŎƘΣ ƛƳǇǊƻǾƛƴƎ ǇŀǝŜƴǘ ŎŀǊŜΣ ŀƴŘ ǳƭǝƳŀǘŜƭȅΣ 

ŜƴƘŀƴŎƛƴƎ ƘǳƳŀƴ ƘŜŀƭǘƘΦ .ȅ ŜƳōǊŀŎƛƴƎ ƛƴƴƻǾŀǝƻƴΣ ŎƻƭƭŀōƻǊŀǝƻƴΣ ŀƴŘ ǊƛƎƻǊƻǳǎ ǾŀƭƛŘŀǝƻƴ 

ŜũƻǊǘǎΣ ǿŜ Ŏŀƴ ǳǎƘŜǊ ƛƴ ŀ ƴŜǿ ŜǊŀ ƻŦ ōƛƻƳŀǊƪŜǊ ŘƛǎŎƻǾŜǊȅ ǘƘŀǘ ǳƴƭƻŎƪǎ ǳƴǇǊŜŎŜŘŜƴǘŜŘ ƛƴǎƛƎƘǘǎ 

ƛƴǘƻ ƘŜŀƭǘƘ ŀƴŘ ŘƛǎŜŀǎŜΦ 

 

 

Lƴ ŎƻƴŎƭǳǎƛƻƴΣ Lw ƛǎ ŀƴ ŜǎǎŜƴǝŀƭ ŀƭƭȅ ƻŦ ƳŜŘƛŎƛƴŜ ƛƴ ōƻǘƘ ŘƛŀƎƴƻǎǝŎ ƛƳŀƎƛƴƎ ŀƴŘ ǘƘŜǊŀǇŜǳǝŎ 

ƛƴǘŜǊǾŜƴǝƻƴǎΣ ōȅ ƻũŜǊƛƴƎ ƛƴǾŀƭǳŀōƭŜ ƛƴǎƛƎƘǘǎ ƛƴǘƻ ŘƛǎŜŀǎŜ ǇŀǘƘƻƭƻƎȅ ŀƴŘ ŀƛŘƛƴƎ ƛƴ ǇŀǝŜƴǘ 

ƳŀƴŀƎŜƳŜƴǘΦ IƻǿŜǾŜǊΣ ǘƘŜ ǳǎŜ ƻŦ Lw ƛǎ ŀ άǊƛǎƪȅ ōǳǎƛƴŜǎǎέΣ ŀƴŘ ƻǇǝƳƛȊŀǝƻƴ ƻŦ ǊŀŘƛŀǝƻƴ ŘƻǎŜǎ 

ǘƻ ƳƛƴƛƳƛȊŜ ǇƻǘŜƴǝŀƭ ƘŀǊƳ ǘƻ ǇŀǝŜƴǘǎ ŀƴŘ ƘŜŀƭǘƘŎŀǊŜ ǿƻǊƪŜǊǎ Ƴǳǎǘ ōŜ ǘŀƪŜƴ ƛƴǘƻ ŎŀǊŜŦǳƭ 

ŎƻƴǎƛŘŜǊŀǝƻƴΦ ²ƘƛƭŜ ŘƛŀƎƴƻǎǝŎ ǘŜŎƘƴƛǉǳŜǎ ǎǳŎƘ ŀǎ ·πǊŀȅ ƛƳŀƎƛƴƎ ŀƴŘ /¢ ǎŎŀƴǎ ǇǊƻǾƛŘŜ 

ƛƴǾŀƭǳŀōƭŜ ƛƴŦƻǊƳŀǝƻƴ ŦƻǊ ŘƛŀƎƴƻǎƛǎ ŀƴŘ ǘǊŜŀǘƳŜƴǘ ǇƭŀƴƴƛƴƎΣ ŜũƻǊǘǎ ǘƻ ǊŜŘǳŎŜ ǊŀŘƛŀǝƻƴ 

ŜȄǇƻǎǳǊŜ ǘƘǊƻǳƎƘ ŘƻǎŜ ƻǇǝƳƛȊŀǝƻƴ ŀƴŘ ŀƭǘŜǊƴŀǝǾŜ ƛƳŀƎƛƴƎ ƳƻŘŀƭƛǝŜǎ ŀǊŜ ŜǎǎŜƴǝŀƭ ǘƻ 

ƳƛǝƎŀǘŜ ŀǎǎƻŎƛŀǘŜŘ ǊƛǎƪǎΦ Lƴ ǘƘŜǊŀǇŜǳǝŎ ŀǇǇƭƛŎŀǝƻƴǎΣ ǊŀŘƛŀǝƻƴ ǘƘŜǊŀǇȅ ǊŜƳŀƛƴǎ ŀ ŎƻǊƴŜǊǎǘƻƴŜ 

ƛƴ ŎŀƴŎŜǊ ǘǊŜŀǘƳŜƴǘΣ ƻũŜǊƛƴƎ ǘŀǊƎŜǘŜŘ ŀƴŘ ƭƻŎŀƭƛȊŜŘ ǘǊŜŀǘƳŜƴǘ ƻǇǝƻƴǎΦ  

wŜǎŜŀǊŎƘ ƻƴ 5b! ŘŀƳŀƎŜ ƛǎ ŎǊǳŎƛŀƭ ŦƻǊ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ǘƘŜ ƪŜȅ ƳŜŎƘŀƴƛǎƳǎ ƻŦ ƛƻƴƛȊƛƴƎ ǊŀŘƛŀǝƻƴ 

ƛƴǘŜǊŀŎǝƻƴǎ ǿƛǘƘ ǘƘŜ ƘǳƳŀƴ ōƻŘȅΦ ! ŘŜǘŀƛƭŜŘ ŜȄǇƭƻǊŀǝƻƴ ƻŦ ǘƘŜǎŜ ƳŜŎƘŀƴƛǎƳǎ ǘƘǊƻǳƎƘ ŬŜƭŘǎ 

ƭƛƪŜ ǊŀŘƛƻōƛƻƭƻƎȅ ŀƴŘ ƳŜŘƛŎŀƭ ǇƘȅǎƛŎǎ Ŏŀƴ ǊŜǾŜŀƭ Ƙƻǿ ǊŀŘƛŀǝƻƴ ŀũŜŎǘǎ ŎŜƭƭǳƭŀǊ ǇǊƻŎŜǎǎŜǎΣ 

ŎƻƴǘǊƛōǳǝƴƎ ǘƻ ƛƳǇǊƻǾŜŘ ǘǊŜŀǘƳŜƴǘ ǎǘǊŀǘŜƎƛŜǎΦ CǳǊǘƘŜǊƳƻǊŜΣ ŦƻǎǘŜǊƛƴƎ ƛƴǘŜǊŘƛǎŎƛǇƭƛƴŀǊȅ 

ŎƻƳƳǳƴƛŎŀǝƻƴ ōŜǘǿŜŜƴ ŎƭƛƴƛŎŀƭ ǇǊŀŎǝǝƻƴŜǊǎΣ ƛƴŎƭǳŘƛƴƎ ƻƴŎƻƭƻƎƛǎǘǎ ŀƴŘ ŘƻǎƛƳŜǘǊƛǎǘǎΣ ŀƴŘ 

ǊŜǎŜŀǊŎƘŜǊǎ ƛƴ ƛƳŀƎƛƴƎ ǎŎƛŜƴŎŜǎΣ ǇƘŀǊƳŀŎƻƭƻƎȅΣ ŀƴŘ ōƛƻǎǘŀǝǎǝŎǎ ƛǎ ŜǎǎŜƴǝŀƭ ŦƻǊ ƻǇǝƳƛȊƛƴƎ 

ǊŀŘƛŀǝƻƴ ǎŀŦŜǘȅ ŀƴŘ ŘŜǾŜƭƻǇƛƴƎ ƛƴƴƻǾŀǝǾŜ ǎƻƭǳǝƻƴǎ ǘƘŀǘ ŜƴƘŀƴŎŜ ǇŀǝŜƴǘ ŎŀǊŜ ǿƘƛƭŜ 

ƳƛƴƛƳƛȊƛƴƎ Ǌƛǎƪǎ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ǊŀŘƛŀǝƻƴ ŜȄǇƻǎǳǊŜΦ .ȅ ōǊƛŘƎƛƴƎ ǘƘŜ ƎŀǇ ōŜǘǿŜŜƴ ǊŜǎŜŀǊŎƘ ŀƴŘ 

ŎƭƛƴƛŎŀƭ ǇǊŀŎǝŎŜΣ ǿŜ Ŏŀƴ ŘǊƛǾŜ ŀŘǾŀƴŎŜƳŜƴǘǎ ƛƴ ōƻǘƘ ǎŀŦŜǘȅ ǇǊƻǘƻŎƻƭǎ ŀƴŘ ǘƘŜǊŀǇŜǳǝŎ 

ǘŜŎƘƴƛǉǳŜǎΣ ǳƭǝƳŀǘŜƭȅ ƛƳǇǊƻǾƛƴƎ ƻǳǘŎƻƳŜǎ ƛƴ ǊŀŘƛŀǝƻƴ ǘƘŜǊŀǇȅΦ 

  



ƕƔƔ 

 

сΦ ɳˁˍʶ˄ʺˌ ʃʶˊʾ˂ʹ˕ʹ 
 

ʁ ̔̔ˇ˄ʾy̱ ˇˎˋʶ ̩hˁˍʽ˄ˇʲˇ˂ʾʶ ̩ɻʽʰʵˊʰ˃ʰˍʾʸˇˎ ˄ˁʰʻˇˊʽˋˍʽˁˈ ˊˈ˂ˇ ˍˈˋˇ ˋʶ ʻʶˊʰˉʶˎˍʽˁʷˌ ˈˋˇ ˁʰʽ 

ˋʶ ʵʽʰʴ˄˖ˋˍʽˁʷˌ ʶ˒ʰˊ˃ˇʴʷˌ ˋˍʹ ˋˏʴ˔ˊˇ˄ʹ ʽʰˍˊʽˁʺΣ ʲʶ˂ˍʽ˗˄ˇ˄ˍʰˌ ˋʹ˃ʰ˄ˍʽˁʱ ˍʽ ̩̔ ˁʰ˄ˈˍʹˍʶ̩  

ʰ˄ʾ˔˄ʶˎˋʹˌ ˁ ʰʽ ʻʶˊʰˉʶʾʰˌ ɻʽʰ˒ˈˊ˖˄ ˉʰʻʺˋʶ˖˄Φ ʅˍʰ ʻʶˊʰˉʶˎˍʽˁʱ ˉ˂ʰʾˋʽʰΣ ˇ ̔̔ ˇ˄ʾy̱ ˇˎˋʶ ̩

ʰˁˍʽ˄ˇʲˇ˂ʾʶ ̩̝ ˊʹˋʽ˃ˇˉˇʽˇˏ˄̱h ʽ ˁˎˊʾ˖ˌ ˋˍʹ ʻʶˊʰˉʶʾʰ ˍˇˎ ˁʰˊˁʾ˄ˇˎΣ ˋˍˇ˔ʶˏˇ˄ˍʰˌ ˋˍʹ˄ 

ˁʰˍʰˋˍˊˇ˒ʺ ˍ˖˄ ˁʰˁˇʺʻ˖˄ ˁˎˍˍʱˊ˖˄ ˃ʶ ˍʰˎˍˈ˔ˊˇ˄ʹ ʶ˂ʰ˔ʽˋˍˇˉˇʾʹˋʹ ˍʹˌ ʲ˂ʱʲʹˌ ˋˍˇˎˌ 

ʴˏˊ˖ ˎʴʽʶʾˌ ʽˋˍˇˏˌΦ ʆʶ˔˄ʽˁʷˌ ʰˁˍʽ˄ˇʻʶˊʰˉʶʾʰˌΣ ˈˉ˖ˌ ʹ ʶ˅˖ˍʶˊʽˁʺ ʰˁˍʽ˄ˇʻʶˊʰˉʶʾʰ ʵʷˋ˃ʹˌ  ˁʰʽ 

ʹ ʲ́h ˔ˎʻʶˊʰˉʶʾʰΣ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ ʰˁˍʽ˄ˇʲˇ˂ʾʰ ˎ˕ʹ˂ʺˌ ʶ˄ʷˊʴʶʽʰˌ ʴʽʰ ˄ʰ ʵʽʰˍʰˊʱ˅ˇˎ˄ ˍˇ 5b! 

ˍ˖˄ ˁʰˊˁʽ˄ʽˁ˗˄ ˁˎˍˍʱˊ˖˄Σ ʰ˄ʰˋˍʷ˂˂ˇ˄ˍʰˌ ˍʹ˄ ʽˁʰ˄ˈˍʹˍʱ ˍˇˎˌ ˄ʰ ʰ˄ʰˉʰˊʱʴˇ˄ˍʰʽ ˁʰʽ 

ˇʵʹʴ˗˄ˍʰˌ ˍʶ˂ʽˁʱ ˋʶ ˁˎˍˍʰˊʽˁˈ ʻʱ˄ʰˍˇΦ ɶ ʰˁˊʾʲʶʽʰ ˍʹˌ ʰˁˍʽ˄ˇʻʶˊʰˉʶʾʰˌ ʷ˔ʶʽ ʲʶ˂ˍʽ˖ʻʶʾ ˃ʷˋ˖ 

ˍʹˌ ˉˊˇˈʵˇ ˎ̱ʹ ̩̱ ʶ˔˄ˇ˂ˇʴʾʰ̩  ʰˉʶʽˁˈ˄ʽˋʹˌ ˁʰʽ ˋ˔ʶʵʽʰˋ˃ˇˏ ˍʹˌ ʻʶˊʰˉʶʾʰˌΣ ʶˉʽˍˊʷˉˇ˄ˍʰˌ ˍʹ˄ 

ˉʽˇ ʰˁˊʽʲʺ ˋˍˈ˔ʶˎˋʹ ˍ˖˄ ˈʴˁ˖˄ ˁʰʽ ˃ʶʽ˗˄ˇ˄ˍʰˌ ˍʽˌ ˉʰˊʶ˄ʷˊʴʶʽʶˌ ˉˇˎ ˋˎ˄ʵʷˇ˄ˍʰʽ ˃ʶ ˍʹ˄ 

ʷˁʻʶˋʹ ˋˍʹ˄ ʰˁˍʽ˄ˇʲˇ˂ʾʰΦ ʆʶ˔˄ʽˁʷˌ ˈˉ˖ˌ ʹ ʻʶˊʰˉʶʾʰ ˃ʶ ˉˊ˖ˍˈ˄ʽʰΣ ʹ ˇˉˇʾʰ ʰ˅ʽˇˉˇʽʶʾ ˍʽˌ 

˃ˇ˄ʰʵʽˁʷˌ ˒ˎˋʽˁʷˌ ʽʵʽˈˍʹˍʶˌ ˍ˖˄ ˉˊ˖ˍˇ˄ʾ˖˄Σ ʷ˔ˇˎ˄ ʲʶ˂ˍʽˋˍˇˉˇʽʺˋʶʽ ˉʶˊʰʽˍʷˊ˖ ˍʹ ʻʶˊʰˉʶʾʰ 

ˍˇˎ ˁʰˊˁʾ˄ˇˎΣ ˉʰˊʷ˔ˇ˄ˍʰˌ ʵˈˋʹ ˋˍˇˎˌ ˈʴˁˇˎˌ ˃ʶ ʶ˅ʰʽˊʶˍʽˁʱ ʶ˂ʶʴ˔ˈ˃ʶ˄ˇ ˍˊˈˉˇΣ ˇʵʹʴ˗˄ˍʰˌ 

ˋʶ ʲʶ˂ˍʽ˖˃ʷ˄ʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ʴʽʰ ˍˇˎˌ ʰˋʻʶ˄ʶʾˌΦ 

ɶ ʻʶˊʰˉʶʾʰ ˃ʶ ˉˊ˖ˍˈ˄ʽʰ ʷ˔ʶʽ ʰ˄ʰʵʶʽ˔ʻʶʾ ˖ˌ ˋʹ˃ʰ˄ˍʽˁʺ ˉˊˈˇʵˇˌ ˋˍʹ˄ ɮˁˍʽ˄ˇʻʶˊʰˉʶˎˍʽˁʺ 

ʁʴˁˇ˂ˇʴʾʰΣ ˉˊˇˋ˒ʷˊˇ˄ˍʰˌ ˋʰ˒ʺ ˉ˂ʶˇ˄ʶˁˍʺ˃ʰˍʰ ˋʶ ˋ˔ʷˋʹ ˃ʶ ˍʹ˄ ˉʰˊʰʵˇˋʽʰˁʺ 

ʰˁˍʽ˄ˇʻʶˊʰˉʶʾʰ ˃ʶ ˒˖ˍˈ˄ʽʰΦ ʋˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ˉˊ˖ˍˈ˄ʽʰ ʰ˄ˍʾ ʴʽʰ ʰˁˍʾ˄ʶˌ ʋΣ ʹ ˍʶ˔˄ʽˁʺ ʰˎˍʺ 

ʶˁ˃ʶˍʰ˂˂ʶˏʶˍʰʽ ˍʹ ˒ˎˋʽˁʺ ̱ ˖˄ ˉˊ˖ˍˇ˄ʾ˖˄Σ ˉˇˎ ʶˉʽˍˊʷˉʶ ̱̔ ʹ˄ ʰˁˊʽʲʺ ˋˍˈ˔ʶˎˋʹ ˍˇˎ ˈʴˁˇˎ 

ʶ˄˗ ʶ˂ʰ˔ʽˋˍˇˉˇʽʶʾˍʰʽ ́ ̫ˁʻʶˋʹ ˍ˖˄ ˎʴʽ˗˄ ʽˋˍ˗˄ ˋˍʹ˄ ʰˁˍʽ˄ˇʲˇ˂ʾʰΦ ɶ ˋˍˇ˔ʶˎ˃ʷ˄ʹ ˉˊˇˋʷʴʴʽˋʹ 

ʵʽʶˎˁˇ˂ˏ˄ʶˍʰʽ ʰˉˈ ˍˇ ˒ʰʽ˄ˈ˃ʶ˄ˇ ˍʹˌ ˁˇˊˎ˒ʺˌ .ǊŀƎƎΣ ˈˉˇˎ ˍʰ ˉˊ˖ˍˈ˄ʽʰ ʶ˄ʰˉˇʻʷˍˇˎ˄ ˍˇ 

ˁˏˊʽˇ ˉˇˋˈ ˍʹˌ ʶ˄ʷˊʴʶʽʱˌ ˍˇˎˌ ˋʶ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇ ʲʱʻˇˌΣ ˇʵʹʴ˗˄ˍʰˌ ˋʶ ʰˉˈˍˇ˃ʹ ˃ʶʾ˖ˋʹ ˍʹˌ 

ʵˈˋʹˌ ˉʷˊʰ ˁ ʰʽ ˉˊʽ˄ h ˉˈ ˍʹ˄ ˁˇˊˎ˒ʺΦ ɮˎˍˈ ˍˇ ˔ʰˊʰˁˍʹˊʽˋˍʽˁˈ ʶˉʽˍˊʷˉʶʽ ˋˍˇˎˌ ˁ˂ʽ˄ʽˁˇˏˌ 

ʽʰˍˊˇˏˌ ˄ʰ ˔ˇˊʹʴˇˏ˄ ˎ˕ʹ˂ˈˍʶˊʶˌ ʵˈˋʶʽˌ ʰˉʶˎʻʶʾʰˌ ˋˍˇˎˌ ˈʴˁˇˎˌΣ ʶ˄˗ ˉʰˊʱ˂˂ʹ˂ʰ 

ˉˊˇˋˍʰˍʶˏˇˎ˄ ˁˊʾˋʽ˃ʶˌ ʵˇ˃ʷˌΣ ˁʰʻʽˋˍ˗˄ˍʰˌ ˍʹ ʻʶˊʰˉʶʾʰ ˃ʶ ˉˊ˖ˍˈ˄ʽʰ ʽʵʽʰʾˍʶˊʰ ˖˒ʷ˂ʽ˃ʹ ʴʽʰ 

ˍʹ ʻʶˊʰˉʶʾʰ ˁʰˁˇʹʻʶʽ˗˄ ˉˇˎ ʲˊʾˋˁˇ˄ˍʰʽ ˁˇ˄ˍʱ ˋʶ ʸ˖ˍʽˁʱ ˈˊʴʰ˄ʰΣ ˈˉ˖ˌ ˇʽ ˉʰʽʵʽʰˍˊʽˁˇʾ 

ˁʰˊˁʾ˄ˇʽΣ ˇʽ ˈʴˁˇʽ ˍˇˎ ʶʴˁʶ˒ʱ˂ˇˎ ˁʰʽ ˇˊʽˋ˃ʷ˄ʶˌ ˁʰˁˇʺʻʶʽʶˌ ˍʹˌ ˁʶ˒ʰ˂ʺˌ ˁʰʽ ˍˇˎ ˍˊʰ˔ʺ˂ˇˎΦ 

ɶ ˁ˂ʽ˄ʽˁʺ ʶ˒ʰˊ˃ˇʴʺ ˍʹˌ ʰˁˍʽ˄ˇʻʶˊʰˉʶʾʰˌ ˉˊ˖ˍˇ˄ʾ˖˄ ̫ ˔ʶʽ ʰˎ˅ʹʻʶʾ ˋʹ˃ʰ˄ˍʽˁʱ ˍʰ ˍʶ˂ʶˎˍʰʾʰ 

˔ˊˈ˄ʽʰΣ ˃ʶ ˉˇ˂˂ʷˌ ʶʴˁʰˍʰˋˍʱˋʶʽˌ ˄ʰ ˂ʶʽˍˇˎˊʴˇˏ˄ ˉʰʴˁˇˋ˃ʾ˖ˌΦ ɮ˄ʰ˒ˇˊʷˌ ˎˉˇʵʶʽˁ˄ˏˇˎ˄ ˈˍʽ 

ˉʱ˄˖ ʰˉˈ мрлΦллл ʰˋʻʶ˄ʶʾˌ ʷ˔ˇˎ˄ ˂ʱʲʶʽ ʻʶˊʰˉʶʾʰΣ ˁʰʽ ˃ʶ ˍʽˌ ˋˎ˄ʶ˔ʽʸˈ˃ʶ˄ʶˌ ˉˊˇˈʵˇˎˌ ˋˍʹ˄ 

ˍʶ˔˄ˇ˂ˇʴʾʰΣ ˉˇ˂˂ʱ ʰˁˈ˃ʹ ˁʷ˄ˍˊʰ ʲˊʾˋˁˇ˄ˍʰʽ ˋʶ ˒ʱˋʹ ˉˊˇʴˊʰ˃˃ʰˍʽˋ˃ˇˏ ʺ ˁʰˍʰˋˁʶˎʺˌΦ ʃʰˊʱ 

ˍʹ ˋˎ˄ʶ˔ʽʸˈ˃ʶ˄ʹ ʵʽʰʻʶˋʽ˃ˈˍʹˍʱ ˍʹˌΣ ˉʰˊʰ˃ʷ˄ˇˎ˄ ˉˇ˂˂ʷˌ ˉˊˇˁ˂ʺˋʶʽˌ ˁʰʽ ʰʲʶʲʰʽˈˍʹˍʶˌ 

ˋ˔ʶˍʽˁʱ ˃ʶ ˍʹ˄ ˁ˂ʽ˄ʽˁʺ ˍʹˌ ʰˉˇˍʶ˂ʶˋ˃ʰˍʽˁˈˍʹˍʰΦ ɾʾʰ ʰˉˈ ˍʽˌ ˁˏˊʽʶˌ ʰ˄ʹˋˎ˔ʾʶˌ ʶʾ˄ʰʽ ʹ ˋ˔ʶˍʽˁʺ 

ʲʽˇ˂ˇʴʽˁʺ ʰˉˇˍʶ˂ʶˋ˃ʰˍʽˁˈˍʹˍʰ όw.9ύ ˍʹˌ ʻʶˊʰˉʶʾʰˌ ˃ʶ ˉˊ˖ˍˈ˄ʽʰΣ ʹ ˇˉˇʾʰ ˉˇʽˁʾ˂˂ʶʽ ʰ˄ʱ˂ˇʴʰ 

˃ʶ ˉʰˊʱʴˇ˄ˍʶˌ ˈˉ˖ˌ ʹ ʶ˄ʷˊʴʶʽʰ ˍ˖˄ ˉˊ˖ˍˇ˄ʾ˖˄Σ ˇ ˍˏˉˇˌ ʽˋˍˇˏ ˁʰʽ ʹ ˁʰˍʰ˄ˇ˃ʺ ˍʹˌ ʵˈˋʹˌΦ ɶ 

ˍˊʷ˔ˇˎˋʰ ˁ˂ʽ˄ʽˁʺ ˉˊʰˁˍʽˁʺ ˎˉˇʻʷˍʶʽ ˋˎ˄ʺʻ˖ˌ ˃ʽʰ ˋˍʰʻʶˊʺ w.9 ʾˋʹ ˃ʶ мΦмΣ ˃ʽʰ ʰˉ˂ˇˉˇʾʹˋʹ 

ˉˇˎ ʶ˄ʵʷ˔ʶˍʰʽ ˄ʰ ˃ʹ˄ ʰ˄ˍʽˁʰˍˇˉˍˊʾʸʶʽ ʶˉʰˊˁ˗ˌ ˍʽˌ ˉˇ˂ˏˉ˂ˇˁʶˌ ʰ˂˂ʹ˂ʶˉʽʵˊʱˋʶʽˌ ˃ʶˍʰ˅ˏ ˍ˖˄ 

ˉˊ˖ˍˇ˄ʾ˖˄ ˁʰʽ ˍ˖˄ ʲʽˇ˂ˇʴʽˁ˗˄ ʽˋˍ˗˄Φ ɮˎˍˈ ˃ˉˇˊʶʾ ˄ʰ ˇʵʹʴʺˋʶʽ ˋʶ ˉʽʻʰ˄ʷˌ ˎˉˇˍʽ˃ʺˋʶʽˌ ʺ 

ˎˉʶˊˍʽ˃ʺˋʶʽˌ ˍ˖˄ ʻʶˊʰˉʶˎˍʽˁ˗˄ ʶˉʽʵˊʱˋʶ˖˄ ˁʰʽ ˍ˖˄ ˁʽ˄ʵˏ˄˖˄Φ 

ɳˉʽˉ˂ʷˇ˄Σ ʶ˄˗ ʹ ʰˁˍʽ˄ˇʻʶˊʰˉʶʾʰ ˉˊ˖ˍˇ˄ʾ˖ ˄̀ ˔ʶˍʾʸʶˍʰʽ ʴʶ˄ʽˁʱ ˃ʶ ˍʹ ˃ʶʾ˖ˋʹ ˍʹˌ ˍˇ˅ʽˁˈˍʹˍʰˌ 

ˋˍˇˎˌ ˒ˎˋʽˇ˂ˇʴʽˁˇˏˌ ʽˋˍˇˏˌΣ ʹ ˉˊˈˁ˂ʹˋʹ ʲ˂ʱʲʹˌ ˋˍˇ 5b! ˉʰˊʰ˃ʷ˄ʶʽ ʷ˄ʰ ˁˊʾˋʽ˃ˇ ˋˍˇʽ˔ʶʾˇ 

ˍ˖˄ ʲʽˇ˂ˇʴʽˁ˗˄ ˍʹˌ ʶˉʽʵˊʱˋʶ˖˄Φ ɳʾ˄ʰʽ ʴ˄˖ˋˍˈ ˈˍʽ ˉʰˊʱʴʶʽ ˉˇ˂ˏˉ˂ˇˁʶˌ ʲ˂ʱʲʶˌ ˋˍˇ 5b! 

όŎƻƳǇƭŜȄ 5b! ŘŀƳŀƎŜύΣ ˋˎ˃ˉʶˊʽ˂ʰ˃ʲʰ˄ˇ˃ʷ˄˖˄ ˍ˖˄ ˇ˃ʰʵˇˉˇʽʹ˃ʷ˄˖˄ ʲ˂ʰʲ˗˄ όŎƭǳǎǘŜǊŜŘ 



ƕƔƕ 

 

5b! ƭŜǎƛƻƴǎύΣ ʽʵʾ˖ˌ ˋʶ ˉʶˊʽˇ˔ʷˌ ˎ˕ʹ˂ʺˌ ʴˊʰ˃˃ʽˁʺˌ ˃ʶˍʰ˒ˇˊʱˌ ʶ˄ʷˊʴʶʽʰˌ ό[9¢ύΣ ˈˉ˖ˌ ʹ 

ʰˉˇ˃ʰˁˊˎˋ˃ʷ˄ʹ ʱˁˊʹ ˍʹˌ ˁˇˊˎ˒ʺˌ .ǊŀƎƎΦ ɶ [9¢ ˍʹˌ ʰˁˍʽ˄ˇʲˇ˂ʾʰˌ ʰ˄ʰ˒ʷˊʶˍʰʽ ˋˍʹ˄ ʶ˄ʷˊʴʶʽʰ 

ˉˇˎ ʶ˄hˉˇˍʾʻʶˍʰʽ ʰˉˈ ˍʹ˄ ʽˇ˄ʾʸˇˎˋʰ ʰˁˍʽ˄ˇʲˇ˂ʾʰ ʰ˄ʱ ˃ˇ˄ʱʵʰ ˃ʺˁˇˎˌ ˍˇˎ ˎ˂ʽˁˇˏ ˃ʷˋˇˎ ˋˍˇ 

ˇˉˇʾˇ ʵʽʰʵʾʵʶˍʰʽΦ ɼʰʻ˗ˌ ˍʰ ˉˊ˖ˍˈ˄ʽʰ ʶˉʽʲˊʰʵˏ˄ˇ˄ˍʰʽ ˁʰʽ ˔ʱ˄ˇˎ˄ ʶ˄ʷˊʴʶʽʰΣ ʹ [9¢ ˍˇˎˌ 

ʰˎ˅ʱ˄ʶˍʰʽΣ ˇʵʹʴ˗˄ˍʰˌ ˋʶ ˎ˕ʹ˂ˈˍʶˊʹ ˉˎˁ˄ˈˍʹˍʰ ʴʶʴˇ˄ˈˍ˖˄ ʽˇ˄ʽˋ˃ˇˏΦ ɮˎˍʺ ʹ ʰˎ˅ʹ˃ʷ˄ʹ 

ˉˎˁ˄ˈˍʹˍʰ ʽˇ˄ʽˋ˃ˇˏ ʷ˔ʶʽ ˖ˌ ʰˉˇˍʷ˂ʶˋ˃ʰ ˉʽˇ ʶˁˍʶ˄ʶʾˌ ˁʰʽ ˉˇ˂ˏˉ˂ˇˁʶˌ ˃ˇˊ˒ʷˌ ʲ˂ʱʲʹˌ ˋˍˇ 

5b! ˋʶ ˋˏʴˁˊʽˋʹ ˃ʶ ˍʹ˄ ʰˁˍʽ˄ˇʲˇ˂ʾʰ ˔ʰ˃ʹ˂ˈˍʶˊʹˌ [9¢Σ ˈˉ˖ˌ ʶʾ˄ʰʽ ˇʽ ˒˖ˍˈ˄ʽʰΦ 

ɶ ʷˊʶˎ˄ʰ ˎˉˇʵʶʽˁ˄ˏʶʽ ˈˍʽ ˇ ˍˏˉˇˌ ˁʰʽ ʹ ˉˇ˂ˎˉ˂ˇˁˈˍʹˍʰ ˍʹˌ ʲ˂ʱʲʹˌ ˋˍˇ 5b! ˉˇˎ ˉˊˇˁʰ˂ʶʾˍʰʽ 

ʰˉˈ ˍʰ ˉˊ˖ˍˈ˄ʽʰ ˃ˉˇˊʶʾ ˄ʰ ʵʽʰ˒ʷˊˇˎ˄ ˋʹ˃ʰ˄ˍʽˁʱ ʰˉˈ ʰˎˍʺ ˉˇˎ ˉˊˇˁʰ˂ʶʾˍʰʽ ʰˉˈ ˍʹ 

ˋˎ˃ʲʰˍʽˁʺ ʰˁˍʽ˄ˇʲˇ˂ʾʰ ˍ˖ ˄˒˖ˍ̌˄ ʾ˖˄Φ ɳ˄˗ ˇʽ ʵʾˁ˂˖˄ʶˌ ʻˊʰˏˋʶʽˌ ό5{.ǎύ ʰˉˇˍʶ˂ˇˏ˄ ˃ʽʰ ˁʰ˂ʱ 

ˁʰʻˇˊʽˋ˃ʷ˄ʹ ʻʰ˄ʰˍʹ˒ˈˊʰ ˃ˇˊ˒ʺ ʲ˂ʱʲʹˌ ˋˍˇ 5b!Σ ʹ ˉʰˊˇˎˋʾʰ ˋˏ˄ʻʶˍʹˌ ʲ˂ʱʲʹˌ ˋˍˇ 5b! 

τ ́  ˇˉˇʾʰ ʰˉˇˍʶ˂ʶʾˍʰʽ ʰˉˈ ˉˇ˂˂ʷˌ ʲ˂ʱʲʶˌ ˋʶ ˁˇ˄ˍʽ˄ʷˌ ʰˉˇˋˍʱˋʶʽˌ ˋˍʹ˄ ˁ˂˗˄ˇ ˍˇˎ 5b! τ 

˃ˉˇˊʶʾ ˄ʰ ˉʶˊʽˉ˂ʷ˅ʶʽ ˍʽˌ ʵʽʰʵʽˁʰˋʾʶˌ ʶˉʽʵʽˈˊʻ˖ˋʹˌΦ ɶ ʻʶˊʰˉʶʾʰ ˃ʶ ˉˊ˖ˍˈ˄ʽʰ ʷ˔ʶʽ 

ˋˎˋ˔ʶˍʽˋˍʶʾ ˃ʶ ˎ˕ʹ˂ˈˍʶˊʹ ˋˎ˔˄ˈˍʹˍʰ ˉˇ˂ˎˉ˂ˇˁˈˍʹˍʰˌ ˍʹˌ ʲ˂ʱʲʹˌΣ ʶʽʵʽˁʱ ˋʶ ˉʶˊʽˇ˔ʷˌ 

ˎ˕ʹ˂ʺˌ [9¢Σ ʴʶʴˇ˄ˈˌ ˉˇˎ ˃ˉˇˊʶʾ ˄ʰ ʰˉʰʽˍʶʾ ˍʹ˄ ʶ˄ʶˊʴˇˉˇʾʹˋʹ ˉˇ˂˂ʰˉ˂˗˄ ˇʵ˗˄ 

ʶˉʽʵʽˈˊʻ˖ˋʹˌΦ ɶ ʶ˅ʱˊˍʹˋʹ ˍʹˌ ʶˉʰʴ˖ʴʺˌ ʲ˂ʰʲ˗˄ ̀ ˍˇ 5b! h̄ˈ ˍʹ˄ [9¢ ˎˉˇʴˊʰ˃˃ʾʸʶʽ ˈˍʽ 

ˁʰʻ˗ˌ ʹ [9¢ ʰˎ˅ʱ˄ʶˍʰʽΣ ʰˎ˅ʱ˄ʶˍʰʽ ˁʰʽ ʹ ˉˇ˂ˎˉ˂ˇˁˈˍʹˍʰ ˍʹˌ ʲ˂ʱʲʹˌΣ ˁʰʻʽˋˍ˗˄ˍʰˌ ˉʽˇ 

ʵˏˋˁˇ˂ʹ ˍʹ˄ ʰˉˇˍʶ˂ʶˋ˃ʰˍʽˁʺ ʶˉʽʵʽˈˊʻ˖ˋʹ ʰˉˈ ˍʰ ˁˏˍˍʰˊʰΦ 

ʅˍˇ ˉ˂ʰʾˋʽˇ ˍʹˌ ʰˁˍʽ˄ˇʻʶˊʰˉʶʾʰˌ ˉˊ˖ˍˇ˄ʾ˖˄Σ ˎ˕ʹ˂ˈˍʶˊʹ [9¢ ̄hˊʰˍʹˊʶʾˍʰʽ ˋˍʹ˄ 

ʰˉˇ˃ʰˁˊˎˋ˃ʷ˄ʹ ʱˁˊʹ ˍʹˌ ˁˇˊˎ˒ʺˌ .ǊŀƎƎΣ ˈˉˇˎ ʰˉˇˍʾʻʶˍʰʽ ˃ʽʰ ˋʹ˃ʰ˄ˍʽˁʺ ˉˇˋˈˍʹˍʰ 

ʶ˄ʷˊʴʶʽʰˌΦ ɮˎˍʺ ʹ ʰˎ˅ʹ˃ʷ˄ʹ [9¢ ˋ˔ʶˍʾʸʶˍʰʽ ˃ʶ ʰˏ˅ʹˋʹ ˍʹˌ ˋˇʲʰˊˈˍʹˍʰˌ ˍʹˌ ʲ˂ʱʲʹˌ ˋˍˇ 5b!Σ 

˃ʶ ʰˉˇˍʷ˂ʶˋ˃ʰ ˃ʽʰ ˃ʶʴʰ˂ˏˍʶˊʹ ʰ˄ʰ˂ˇʴʾʰ ˋˏ˄ʻʶˍ˖˄ ʲ˂ʰʲ˗˄Φ ɾʶ˂ʷˍʶˌ ʷ˔ˇˎ˄ ʵʶʾ˅ʶʽ ˈˍʽ ˁʰʻ˗ˌ 

ˍʰ ˉˊ˖ˍˈ˄ʽʰ ʰ˂˂ʹ˂ʶˉʽʵˊˇˏ˄ ˃ʶ ˍʰ ˁˎˍˍʰˊʽˁʱ ˋˎˋˍʰˍʽˁʱΣ ˉʰˊʱʴˇˎ˄ ˈ˔ʽ ˃ˈ˄ˇ ʵʾˁ˂˖˄ʶˌ 

ʻˊʰˏˋʶʽˌ ό5{.ǎύ ʰ˂˂ʱ ˁʰʽ ʷ˄ʰ ˒ʱˋ˃ʰ ˃ʹπ5{. ˇ˃ʰʵˇˉˇʽʹ˃ʷ˄˖˄ ʲ˂ʰʲ˗˄Σ ˉˇˎ ˉʶˊʽ˂ʰ˃ʲʱ˄ʶʽ 

˃ˇ˄ˇˁ˂˖˄ʽˁʷˌ ʻˊʰˏˋʶʽˌ ό{{.ǎύΣ ʲ˂ʱʲʶˌ ʲʱˋʶ˖˄ ˁʰʽ ʰʲʰˋʽˁʷ̩  ̫̒ ˋʶʽˌΦ ɶ ˉˊˈˁ˂ʹˋʹ ʰˎˍʺˌ ˍʹˌ 

ˋˏ˄ʻʶˍʹˌ ʲ˂ʱʲʹˌ ˋˍˇ 5b! ˃ˉˇˊʶʾ ˄ʰ ʶ˃ˉˇʵʾˋʶʽ ˍʹ˄ ʰˉˇˍʶ˂ʶˋ˃ʰˍʽˁˈˍʹˍʰ ˍ˖˄ ˉʰˊʰʵˇˋʽʰˁ˗˄ 

˃ʹ˔ʰ˄ʽˋ˃˗˄ ʶˉʽʵʽˈˊʻ˖ˋʹˌ ̱ˇˎ ˁˎˍˍʱˊˇˎΣ ˇʵʹʴ˗˄ˍʰˌ ˋʶ ʰˎ˅ʹ˃ʷ˄ʹ ˁˎˍˍʰˊʽˁʺ ʻ˄ʹˋʽ˃ˈˍʹˍʰΦ 

ɼʰʻ˗ˌ ʹ ˃ʷʻˇʵˇˌ ʶ˅ʶ˂ʾˋˋʶˍʰʽΣ ʹ ʶ˄ˋ˖˃ʱˍ˖ˋʹ ʶˊʴʰ˂ʶʾ˖˄ ˉˊˇʴ˄˖ˋˍʽˁʺˌ ˃ˇ˄ˍʶ˂ˇˉˇʾʹˋʹˌ 

ˋˍˇ˄ ˉˊˇʴˊʰ˃˃ʰˍʽˋ˃ˈ ˍʹˌ ʻʶˊʰˉʶʾʰˌ ˁʰʻʾˋˍʰˍʰʽ ˇ˂ˇʷ˄ʰ ˁʰʽ ˉʽˇ ˋʹ˃ʰ˄ˍʽˁʺΦ ɾʶ ˍʹ˄ 

ʶ˄ˋ˖˃ʱˍ˖ˋʹ ʶ˅ʶ˂ʽʴ˃ʷ˄˖˄ ʰ˂ʴˇˊʾʻ˃˖˄ ˉˇˎ ˂ʰ˃ʲʱ˄ˇˎ˄ ˎˉˈ˕ʹ ˍʽˌ ˃ʶˍʰʲʰ˂˂ˈ˃ʶ˄ʶˌ 

ʲʽˇ˂ˇʴʽˁʷˌ ʶˉʽʵˊʱˋʶʽˌ ˍ˖˄ ˉˊ˖ˍˇ˄ʾ˖˄ ˃ʶ ʲʱˋʹ ˍʹ˄ [9¢Σ ̌ ʽ ˁ˂ʽ˄ʽˁˇʾ ʽʰˍˊˇʾ ˃ˉˇˊˇˏ˄ ˄ʰ 

ʲʶ˂ˍʽˋˍˇˉˇʽˇˏ˄ ˍʰ ˋ˔ʷʵʽʰ ʻʶˊʰˉʶʾʰˌ ˗ˋˍʶ ˄ʰ ˃ʶʴʽˋˍˇˉˇʽˇˏ˄ ˍˇ˄ ʷ˂ʶʴ˔ˇ ˍˇˎ ˈʴˁˇˎΣ 

ʶ˂ʰ˔ʽˋˍˇˉˇʽ˗˄ˍʰˌ ˉʰˊʱ˂˂ʹ˂ʰ ˍʹ ʲ˂ʱʲʹ ˋˍˇˎˌ ʴˏˊ˖ ˎʴʽʶʾˌ ʽˋˍˇˏˌΦ ʆʰ ˉˊˇʴ˄˖ˋˍʽˁʱ ˃ˇ˄ˍʷ˂ʰ 

˃ˉˇˊˇˏ˄ ˄ʰ ʰ˅ʽˇ˂ˇʴʺˋˇˎ˄ ˍˇ˄ ʰ˄ʰ˃ʶ˄ˈ˃ʶ˄ˇ ʲʽˇ˂ˇʴʽˁˈ ʰ˄ˍʾˁˍˎˉˇ ˁʰˍʱ ˍʹ˄ ʶ˅ʷ˂ʽ˅ʹ ̱ ʹˌ 

ˉˇˊʶʾʰˌ ˍʹˌ ˁʱʻʶ ʶ˅ʰˍˇ˃ʽˁʶˎ˃ʷ˄ʹˌ ʻʶˊʰˉʶʾʰˌΣ ˉʰˊʷ˔ˇ˄ˍʰˌ ˉ˂ʹˊˇ˒ˇˊʾʶˌ ˋ˔ʶˍʽˁʱ ˃ʶ ˍˇ ˉ˗ˌ 

ˇʽ ʵʽʰ˒ˇˊʶˍʽˁʷˌ ʶ˄ʷˊʴʶʽʶˌ ˁʰʽ ˇʽ ˁʰˍʰ˄ˇ˃ʷˌ ʵˈˋʹˌ ʻʰ ʶˉʹˊʶʱˋˇˎ˄ ˍʹ ˋˎ˄ˇ˂ʽˁʺ ʻʶˊʰˉʶˎˍʽˁʺ 

ʰˉˈˁˊʽˋʹΦ 

ɳˉʽˉ˂ʷˇ˄Σ  ́̄ ˊ̍ˇɻˇ̩ ̀ ˍʹ˄ ʰˉʶʽˁˈ˄ʽˋʹ ˁʰʽ ˍʽˌ ˍʶ˔˄ˇ˂ˇʴʾʶˌ ˉʰˊʰˁˇ˂ˇˏʻʹˋʹˌ ˋʶ ˉˊʰʴ˃ʰˍʽˁˈ 

˔ˊˈ˄ˇ ʶˉʽˍˊʷˉˇˎ˄ ˍʹ˄ ˉʽˇ ʰˁˊʽʲʺ ˁʰˍʰʴˊʰ˒ʺ ̱ʹˌ ʰˉˈˁˊʽˋʹˌ ˍˇˎ ˈʴˁˇˎ ˁʰʻΩ ˈ˂ʹ ˍʹ ʵʽʱˊˁʶʽʰ 

ˍʹˌ ʻʶˊʰˉʶʾʰˌΦ ɮ˄ʰ˂ˏˇ˄ˍʰˌ ˉ˗ˌ  ̌̍ʴˁˇ ̩h˄ˍʽʵˊ ɦ̀ˍʹ ʰˁˍʽ˄ˇʻʶˊʰˉʶʾʰ ˉˊ˖ˍˇ˄ʾ˖˄ ̀ʶ ʵʽʱ˒ˇˊʰ 

ˋˍʱʵʽʰ ˍʹˌ ʻʶˊʰˉʶʾʰˌ ʁ ˄ˈˌ ʰˋʻʶ˄ˇˏˌΣ ˇʽ ˁ˂ʽ˄ʽˁˇʾ ʽʰˍˊˇʾ ˃ˉˇˊˇˏ˄ ˄ʰ ˂ʰ˃ʲʱ˄ˇˎ˄ 

ˍʶˁ˃ʹˊʽ˖˃ʷ˄ʶˌ ʰˉˇ˒ʱˋʶʽˌ ˋ˔ʶˍʽˁʱ ˃ʶ ˉʽʻʰ˄ʷˌ ˉˊˇˋʰˊ˃ˇʴʷˌ ˋˍˇ ˋ˔ʷʵʽˇ ʻʶˊʰˉʶʾʰˌΣ ˈˉ˖ˌ ʹ 

ˍˊˇˉˇˉˇʾʹˋʹ ˍ˖˄ ˁʰˍʰ˄ˇ˃˗˄ ʵˈˋʹˌ ʺ ˍʹ ̩ˁ ˂ʰˋ˃ʰˍˇˉˇʽʺˋʺ ̩̱ ʹΦ̩ ɮˎˍʺ ʹ ˉˊˇˋʰˊ˃ˇˋˍʽˁʺ 

ˉˊˇˋʷʴʴʽˋʹ ʲˇʹʻʱ ˋˍʹ˄ ˉˊˈʲ˂ʶ˕ʹ ˈ˔ʽ ˃ˈ˄ˇ ˍ˖˄ ʱ˃ʶˋ˖˄ ʶˉʽʵˊʱˋʶ˖˄ ˍʹˌ ʻʶˊʰˉʶʾʰˌ ˃ʶ 

ˉˊ˖ˍˈ˄ʽʰ ʰ˂˂ʱ ˁʰʽ ˍ˖˄ ˃ʰˁˊˇˉˊˈʻʶˋ˃˖˄ ʰˉˇˍʶ˂ʶˋ˃ʱˍ˖˄Σ ˇʵʹʴ˗˄ˍʰˌ ˍʶ˂ʽˁʱ ˋʶ ˉʽˇ 

ʶ˅ʰˍˇ˃ʽˁʶˎ˃ʷ˄ʶˌ ˋˍˊʰˍʹʴʽˁʷˌ ʻʶˊʰˉʶʾʰˌΦ 



ƕƔƖ 

 

ɳ˄˗ ʹ ʽˇ˄ˍʾ ʸˇˎˋʰ ʰˁˍʽ˄ˇʲˇ˂ʾʰ ʶʾ˄ʰʽ ʶˎˊʷ˖ˌ ʰ˄ʰʴ˄˖ˊʽˋ˃ʷ˄ʹ ʴʽʰ ˍʽˌ ʶ˒ʰˊ˃ˇʴʷˌ ˍʹˌ ˋˍʹ 

ʻʶˊʰˉʶʾʰ ʵʽʰ˒ˈˊ˖˄ ˉʰʻʺˋʶ˖˄Σ ʵʽʰʵˊʰ˃ʰˍʾʸʶʽ ʶˉʾˋʹˌ ˁʰʻˇˊʽˋˍʽˁˈ ˊˈ˂ˇ ˋˍʹ ˄̔ ʰˍˊʽˁʺ 

ʵʽʱʴ˄˖ˋʹΣ ʽʵʽʰʾˍʶˊʰ ˋʶ ʰˉʶʽˁˇ˄ʽˋˍʽˁʷˌ ˍʶ˔˄ʽˁʷˌ ˉˇˎ ʶʾ˄ʰʽ ˁˊʾˋʽ˃ʶˌ ʴʽʰ ˍʹ˄ ʰˁˊʽʲʺ ʰ˄ʾ˔˄ʶˎˋʹ 

ˁʰʽ ʵʽʰ˔ʶʾˊʽˋʹ ʰˋʻʶ˄ʶʽ˗˄Φ ɼˇʽ˄ʷˌ ˃ʷʻˇʵˇʽΣ ˈˉ˖ˌ ʹ ʰ˅ˇ˄ʽˁʺ ˍˇ˃ˇʴˊʰ˒ʾʰ ό/¢ύ ˁʰʽ ʹ 

ʰˁˍʽ˄ˇˋˁˈˉʹˋʹΣ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ ʰˁˍʾ˄ʶˌ ʋ ʴʽʰ ˍʹ ʵʹ˃ʽˇˎˊʴʾʰ ˂ʶˉˍˇ˃ʶˊ˗˄ ʶʽˁˈ˄˖˄ ˍ˖˄ 

ʶˋ˖ˍʶˊʽˁ˗˄ ʵˇ˃˗˄ ˍˇˎ ˋ˗˃ʰˍˇˌΣ ʶˉʽˍˊʷˉˇ˄ˍʰˌ ˋˍˇˎˌ ʶˉʰʴʴʶ˂˃ʰˍʾʶˌ ˎʴʶʽˇ˄ˇ˃ʽˁʺˌ 

ˉʶˊʾʻʰ˂˕ʹˌ ˄ʰ ʵʽʰʴ˄˗ˋˇˎ˄ ˉʰʻʺˋʶʽˌ ˉˇˎ ˁˎ˃ʰʾ˄ˇ˄ˍʰʽ ʰˉˈ ˁʰˍʱʴ˃ʰˍʰ ʷ˖ˌ ˈʴˁˇˎˌΦ ɶ 

ˋˎ˃ʲˇ˂ʺ ˍ˖˄ h ˉʶʽˁˇ˄ʽˋˍʽˁ˗ ˄̱ ʶ˔˄ʽˁ˗ ˄ʁ ʾ˄ʰʽ ʰ˄ʶˁˍʾ˃ʹˍʶˌ ʴʽʰ ˍʹ˄ ˁʰʻˇʵʺʴʹˋʹ ˁ˂ʽ˄ʽˁ˗˄ 

ʰˉˇ˒ʱˋʶ˖˄ ˁʰʽ ˍˇ˄ ˋ˔ʶʵʽʰˋ˃ˈ ʻʶˊʰˉʶˎˍʽˁ˗˄ ˉ˂ʱ˄˖˄Φ ʁʽ ʶ˄ʽˋ˔ˎ˃ʷ˄ʶˌ ʵʽʰʴ˄˖ˋˍʽˁʷˌ 

ʵˎ˄ʰˍˈˍʹˍʶˌ ˉˇˎ ˉʰˊʷ˔ʶʽ ʹ ʽˇ˄ˍʾ ʸˇˎˋʰ ʰˁˍʽ˄ˇʲˇ˂ʾʰ ʶˉʽˍˊʷˉˇˎ˄ ˉʽˇ ʰˁˊʽʲʶʾˌ ʰ˅ʽˇ˂ˇʴʺˋʶʽˌ 

ʵʽʰ˒ˈˊ˖˄ ʽʰˍˊʽˁ˗˄ ˁʰˍʰˋˍʱˋʶ˖˄Σ ˋˎ˃ʲʱ˂˂ˇ˄ˍʰˌ ˍʶ˂ʽˁʱ ˋˍʹ ʲʶ˂ˍʾ˖ˋʹ ˍ˖˄ ʰˋʻʶ˄˗˄ ˁʰʽ ˋˍʹ˄ 

ʰˉˇˍʶ˂ʶˋ˃ʰˍʽˁˈˍʶˊʹ ʵʽʰ˔ʶʾˊʽˋʹ ˉˊˇʲ˂ʹ˃ʱˍ˖˄ ˎʴʶʾʰˌΦ 

h ˁʰʻʶˍʹˊʽʰˋ˃ˈ ̩̝ˊʹˋʽ˃ˇˉˇʽʶʾ̱h ʽ ˈ˂ˇ ˁʰʽ ˉʶˊʽˋˋˈˍʶˊˇ ˖ˌ ʲʰˋʽˁˈ ʶˊʴʰ˂ʶʾˇ ʴʽʰ ˍʹ ʻʶˊʰˉʶʾʰ 

ˋˎʴʴʶ˄˗˄ ˁʰˊʵʽˇˉʰʻʶʽ˗˄Σ ˉˊˇˋ˒ʷˊˇ˄ˍʰˌ ʶ˂ʱ˔ʽˋˍʰ ʶˉʶ˃ʲʰˍʽˁʷˌ ˂ˏˋʶʽˌ ˋʶ ˋˏ˄ʻʶˍʶˌ 

ˁʰˊʵʽʰʴʴʶʽʰˁʷˌ ˉʰʻʺˋʶʽˌΦ ʍˋˍˈˋˇΣ ʰˎˍʷˌ ˇʽ ʵʽʰʵʽˁʰˋʾʶˌ ʰˉʰʽˍˇˏ˄ ˋˎ˔˄ʱ ʶˁˍʶˍʰ˃ʷ˄ʹ ˔ˊʺˋʹ 

ʰˁˍʾ˄˖˄ ʋΣ ˋˎ˃ˉʶˊʽ˂ʰ˃ʲʰ˄ˇ˃ʷ˄ʹˌ ˍʹˌ ʰˁˍʽ˄ˇˋˁˈˉʹˋʹˌ ˁʰʽ ˍʹˌ ˁʽ˄ʹ˃ʰˍˇʴˊʰ˒ʽˁʺˌ 

ʰˉʶʽˁˈ˄ʽˋʹˌΣ ˃ʶ ʰˉˇˍʷ˂ʶˋ˃ʰ ˋʹ˃ʰ˄ˍʽˁʺ ʷˁʻʶˋʹ ˋʶ ʰˁˍʽ˄ˇʲˇ˂ʾʰΦ ʆˇ ʸʺˍʹ˃ʰ ʰˎˍˈ ʶʾ˄ʰʽ 

ʽʵʽʰʾˍʶˊʰ ʰ˄ʹˋˎ˔ʹˍʽˁˈ ˋˍˇˎˌ ˉʰʽʵʽʰˍˊʽˁˇˏˌ ʰˋʻʶ˄ʶʾˌ τ ̡ ˊʷ˒ʹ ˁʰʽ ˉʰʽʵʽʱ τ ˂ ˈʴ˖ ˍʹˌ 

ʰˎ˅ʹ˃ʷ˄ʹˌ ʶˎʰʽˋʻʹˋʾʰˌ ˍˇˎˌ ˋˍʽˌ ˃ʰˁˊˇˉˊˈʻʶˋ˃ʶˌ ʶˉʽʵˊʱˋʶʽˌ ˍʹˌ ʰˁˍʽ˄ˇʲˇ˂ʾʰˌΦ 

ʆʰ ˉʰʽʵʽʱ ʶʾ˄ʰʽ ˉʶˊʾˉˇˎ ˍˊʶʽˌ ˒ˇˊʷˌ ˉʽˇ ʶˎʰʾˋʻʹˍʰ ˋˍʽˌ ˁʰˁˇʺʻʶʽʶˌ ˉˇˎ ˉˊˇˁʰ˂ˇˏ˄ˍʰʽ ʰˉˈ 

ˍʹ˄ ʰˁˍʽ˄ˇʲˇ˂ʾʰ ˋʶ ˋˏʴˁˊʽˋʹ ˃ʶ ˍˇˎˌ ʶ˄ʺ˂ʽˁʶˌΦ ʁʽ ʽˋˍˇʾ ˍˇˎˌ ʲˊʾˋˁˇ˄ˍʰʽ ʰˁˈ˃ʹ ˎˉ ̍h˄ʱˉˍˎ˅ʹΣ 

ʴʶʴˇ˄ˈˌ ˉˇˎ ˍʰ ˁʰʻʽˋˍʱ ˉʽˇ ʶˎʰʾˋʻʹˍʰ ̀  ʁhˁˍʽ˄ˇˉˊˇˁ˂ʹˍʷˌ ̡˂ʱʲʶˌ ˋˍ ̌5b! ˁˎˍˍʱˊ˖˄ ˍˇˎˌΦ 

ɳˉʽˉ˂ʷˇ˄Σ ˂ˈʴ˖ ˍˇˎ ˃ʶʴʰ˂ˏˍʶˊˇˎ ˉˊˇˋʵˈˁʽ˃ˇˎ ʸ˖ʺˌ ˍˇˎˌΣ ˍʰ ˉʰʽʵʽʱ ʷ˔ˇˎ˄ ˃ʶʴʰ˂ˏˍʶˊˇ 

˔ˊˇ˄ʽˁˈ ˉʶˊʽʻ˗ˊʽˇ ʴʽʰ ˍʹ˄ ʶ˃˒ʱ˄ʽˋʹ ˍ˖˄ ˃ʰˁˊˇˉˊˈʻʶˋ˃˖˄ ˉʰˊʶ˄ʶˊʴʶʽ˗˄ ̱ʹˌ ʰˁˍʽ˄ˇʲˇ˂ʾʰˌΣ 

ˈˉ˖ˌ ˃ˉˇˊʶʾ ˄ʰ ʶʾ˄ʰʽ ˇ ˁʰˊˁʾ˄ˇˌ ʺ ʱ˂˂ʶˌ ˔ˊˈ˄ʽʶˌ ˉʰʻʺˋʶʽˌΦ 

ɴ˄ʰˌ ˋʹ˃ʰ˄ˍʽˁˈˌ ˉˊˇʲ˂ʹ˃ʰˍʽˋ˃ˈˌ ˍʹ ̩̄ ʰʽʵʽʰˍˊʽˁʺ ̩ˁ ʰˊʵʽˇ˂ˇʴʾʰ ̩ʁ ʾ˄ʰʽ ˈˍʽ ˇʽ ʵʽʰʵʽˁʰˋʾʶˌ 

ˁʰˊʵʽʰˁˇˏ ˁʰʻʶˍʹˊʽʰˋ˃ˇˏ ˃ˉˇˊʶʾ ˄ʰ ˔ˊʶʽʰˋˍʶʾ ˄ʰ ʶˉʰ˄ʰ˂ʹ˒ʻˇˏ˄ ˉˇ˂˂ʷˌ ˒ˇˊʷˌ ˁʰˍʱ ˍʹ 

ʵʽʱˊˁʶʽʰ ˍʹˌ ʸ˖ʺˌ ʁ˄ˈˌ ˉʰʽʵʽˇˏΣ ʰ˄ʱ˂ˇʴʰ ˃ʶ ˍʹ˄ ˉˇ˂ˎˉ˂ˇˁˈˍʹˍʰ ˍʹˌ ˁʰˊʵʽʰˁʺˌ ˍˇˎ ˉʱʻʹˋʹˌΦ 

ɼʱʻʶ ˋˎ˄ʶʵˊʾʰ ʷˁʻʶˋʹˌ ˋʶ ʰˁˍʾ˄ʶˌ ʋ ˉˊˇˋˍʾʻʶˍʰʽ ̀ ˍʹ ˋ˖ˊʶˎˍʽˁʺ ʵˈˋʹΣ ʰˎ˅ʱ˄ˇ˄ˍʰˌ ˍˇˎˌ 

˃ʰˁˊˇˉˊˈʻʶˋ˃ˇˎˌ ˁʽ˄ʵˏ˄ˇˎˌΦ ɳˉʽˉ˂ʷˇ˄Σ ˋˍʰ ʲˊʷ˒ʹ hˁˍʽ˄ˇʲˇ˂ʶʾˍʰʽ ʷ˄ʰ ˃ʶʴʱ˂ˇ ˉˇˋˇˋˍˈ ˍˇˎ 

˃ʽˁˊˇˏ ˍˇˎˌ ˋ˗˃ʰˍˇˌ ˁʰˍʱ ˍʹ ʵʽʱˊˁʶʽʰ ʰˎˍ˗˄ ˍ˖˄ ʵʽʰʵʽˁʰˋʽ˗˄Σ ˉˊʱʴ˃ʰ ˉˇˎ ˋʹ˃ʰʾ˄ʶʽ ˈˍʽ 

ʶˁˍʾʻʶ˄ˍʰʽ ˁʰʽ ˉʰˊʰˁʶʾ˃ʶ˄ʰ ˈˊʴʰ˄ʰ ˁʰʽ ʽˋˍˇΣʾ ˇʵʹʴ˗˄ˍʰˌ ʶ˄ʵʶ˔ˇ˃ʷ˄˖ˌ ˋʶ ʶˎˊˏˍʶˊʶˌ 

ˋˎˋˍʹ˃ʽˁʷˌ ˋˎ˄ʷˉʶʽʶˌΦ 

ɶ ʶˉʰ˄ʰ˂ʰ˃ʲʰ˄ˈ˃ʶ˄ʹ ʷˁʻʶˋʹ ˍ˖˄ ʰˍˈ˃˖˄ ˋʶ ʽˇ˄ˍʾ ʸˇˎˋʰ ʰˁˍʽ˄ˇʲˇ˂ʾʰ ʷ˔ʶʽ ˋˎ˄ʵʶʻʶʾ ˃ʶ ˃ʽʰ 

ˋʶʽˊʱ ˔ˊˈ˄ʽ˖˄ ˉˊˇʲ˂ʹ˃ʱˍ˖˄ ˎʴʶʾʰˌΣ ˋˎ˃ˉʶˊʽ˂ʰ˃ʲʰ˄ˇ˃ʷ˄ˇˎ ˈ˔ʽ ˃ˈ˄ˇ ˍˇˎ ʰˎ˅ʹ˃ʷ˄ˇˎ 

ˁʽ˄ʵˏ˄ˇˎ ʰ˄ʱˉˍˎ˅ʹˌ ˁʰˊˁʾ˄ˇˎΣ ʰ˂˂ʱ ˁʰʽ ˉʽʻʰ˄˗˄ ʶˉʽˉˍ˗ˋʶ˖˄ ˋˍʹ ˂ʶʽˍˇˎˊʴʾʰ ˍ˖˄ ˇˊʴʱ˄˖˄ 

ˁʰʽ ˋˍʹ ˋˎ˄ˇ˂ʽˁʺ ʰ˄ʱˉˍˎ˅ʹΦ ɶ ʰˁˍʽ˄ˇʲˇ˂ʾʰ ˃ˉˇˊʶʾ ˄ʰ ʲ˂ʱ˕ʶʽ ˍʰ ˍʰ˔ʷ˖ˌ ʵʽʰʽˊˇˏ˃ʶ˄ʰ 

ˁˏˍˍʰˊʰ όˉˇˎ ʶʾ˄ʰʽ ʱ˒ʻˇ˄ʰ ˋˍʰ ˉʰʽʵʽʱύΣ ʶˉʹˊʶʱʸˇ˄ˍʰˌ ˍʹ˄ ʰ˄ʱˉˍˎ˅ʹ ˇˊʴʱ˄˖˄ ˈˉ˖ˌ ˇʽ 

ˉ˄ʶˏ˃ˇ˄ʶˌΣ ˍˇ ʺˉʰˊΣ ˇʽ ˄ʶ˒ˊˇʾ ˁʰʽ ˍʰ ˇˋˍʱΦ ʅʶ ˇˊʽˋ˃ʷ˄ʶˌ ˉʶˊʽˉˍ˗ˋʶʽˌΣ ʹ ʶˉʰ˄ʰ˂ʰ˃ʲʰ˄ˈ˃ʶ˄ʹ 

ʷˁʻʶˋʹ ˋˎˋ˔ʶˍʾʸʶˍʰʽ ˃ ʶ ˁʰˊʵʽʰʴʴʶʽʰˁʷˌ ˉʰʻʺˋʶʽˌΣ ʽ˄˗ʵʶʽˌ ʰ˂˂ˇʽ˗ˋʶʽˌ ˉˇˎ ˉˊˇˁʰ˂ˇˏ˄ˍʰʽ 

ʰˉˈ ʰˁˍʽ˄ˇʲˇ˂ʾʰ ˁʰʽ ˇˊ˃ˇ˄ʽˁʷˌ ʰ˄ʽˋˇˊˊˇˉʾʶˌΦ  

ɱʽʰ ˄ʰ ˁʰˍʰ˄ˇʺˋˇˎ˄ ˁʰ˂ˏˍʶˊʰ ˍˇ˄ ʰ˄ˍʾˁˍˎˉˇ ˍʹˌ ʰˁˍʽ˄ˇʲˇ˂ʾʰˌ ˋˍʹ˄ ˉʰʽʵʽʰˍˊʽˁʺ ˁʰˊʵʽˇ˂ˇʴʾʰΣ 

ˇʽ ʶˊʶˎ˄ʹˍʷˌ ʷ˔ˇˎ˄ ʰˊ˔ʾˋʶʽ ˄ʰ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ ʲʽˇʵʶʾˁˍʶˌ ˉˇˎ ʰ˄ʽ˔˄ʶˏˇˎ˄ ˉˊ˗ʽ˃ʶˌ ʲʽˇ˂ˇʴʽˁʷˌ 

ʶˉʽʵˊʱˋʶʽˌ ˍʹˌ ʰˁˍʽ˄ˇʲˇ˂ʾʰˌΣ ˉˇ˂ˏ ˉˊʽ˄ ʶ˃˒ʰ˄ʽˋˍˇˏ˄ ˁ˂ʽ˄ʽˁʱ ˋˎ˃ˉˍ˗˃ʰˍʰΦ ʁʽ ˔ˊ˖˃ˇˋ˖˃ʽˁʷˌ 

ʰ˄˖˃ʰ˂ʾʶˌ ˁʰʽ ˇʽ ˃ʽˁˊˇˉˎˊʺ˄ʶˌ ̀ ˍʰ ˂ʶ˃˒ˇˁˏˍˍʰˊʰ ˍˇˎ ˉʶˊʽ˒ʶˊʽˁˇˏ ʰʾ˃ʰˍˇˌ ʷ˔ˇˎ˄ ʰˉˈ 



ƕƔƗ 

 

ˁʰʽˊˈ ˉʰʴʽ˖ʻʶʾ ̟ ˌ ʲʽˇʵʶʾˁˍʶˌ ˔ˊ˖˃ˇˋ˖˃ʽˁʺˌ ʲ˂ʱʲʹˌΣ ʰ˄ˍʽˉˊˇˋ˖ˉʶˏˇ˄ˍʰˌ ʶ˄ʵʽʱ˃ʶˋʰ 

ˋˍʱʵʽʰ ˋˍʹ ʵʽʰʵʽˁʰˋʾʰ ˍʹˌ ˁʰˊˁʽ˄ˇʴʷ˄ʶˋʹˌΦ ɲˎˋˍˎ˔˗ˌΣ ʰˎˍʷˌ ˇʽ ˁˎˍˍʰˊˇʴʶ˄ʶˍʽˁʷˌ ˍʶ˔˄ʽˁʷˌ 

ˋˍʶˊˇˏ˄ˍʰʽ ˍʹˌ ʶˎʰʽˋʻʹˋʾʰˌ ˄ʰ ˃ʶˍˊˇˏ˄ ˍʽˌ ʲʽˇ˂ˇʴʽˁʷˌ ʶˉʽʵˊʱˋʶʽˌ ˋʶ ʰˋʻʶ˄ʶʾˌ ˉˇˎ 

˂ʰ˃ʲʱ˄ˇˎ˄ ˔ʰ˃ʹ˂ʷˌ ʵˈˋʶʽˌΣ ̍ ˉ˖ˌ ʰˎˍʷˌ ˉˇˎ ˋˎ˄ʺʻ˖ˌ ˉʰˊʰˍʹˊˇˏ˄ˍʰʽ ˋˍʹ˄ ˉʰʽʵʽʰˍˊʽˁʺ 

ʶˉʶ˃ʲʰˍʽˁʺ ˁʰˊʵʽˇ˂ˇʴʾʰ όғрл Ƴ{ǾύΦ 

ʁ ʲʽˇʵʶʾˁˍʹˌ ʴπIн!· ʷ˔ʶʽ ʰ˄ʰʵʶʽ˔ʻʶʾ ˖ˌ ˉʽˇ ʶˎʰʾˋʻʹˍˇ ʶˊʴʰ˂ʶʾˇ ʴʽʰ ˍʹ˄ ʶˁˍʾ˃ʹˋʹ ˍʹˌ 

ʷˁʻʶˋʹˌ ˋʶ ˔ʰ˃ʹ˂ʷˌ ʵˈˋʶʽˌ ʰˁˍʽ˄ˇʲˇ˂ʾʰˌΦ ʁʽ ʵʾˁ˂˖˄ʶˌ ʻˊʰˏˋʶʽˌ ˍˇˎ 5b! ό5{.ǎύΣ ˃ʾʰ ʰˉˈ ˍʽˌ 

ˋˇʲʰˊˈˍʶˊʶˌ ˃ˇˊ˒ʷˌ ʲ˂ʱʲʹˌ ˉˇˎ ˉˊˇˁʰ˂ˇˏ˄ˍʰʽ ʰˉˈ ˍʹ˄ ʽˇ˄ˍʾ ʸˇˎˋʰ ʰˁˍʽ˄ˇʲˇ˂ʾʰΣ 

ʶˉʽˋʹ˃ʰʾ˄ˇ˄ˍʰʽ ʱ˃ʶˋʰ ˃ʶ ˍʹ ˒˖ˋ˒ˇˊˎ˂ʾ˖ˋʹ ˍʹˌ ˉʰˊʰ˂˂ʰʴʺˌ ˍʹˌ ʽˋˍˈ˄ʹˌ Iн!·Σ 

ˋ˔ʹ˃ʰˍʾʸˇ˄ˍʰˌ ʶˋˍʾʶˌ ʴπIн!· ˉ˂ʹˋʾˇ˄ ʶ˄ˈˌ 5{.Φ ɲʶʵˇ˃ʷ˄ˇˎ ˈˍʽ ˇʽ ʵʾˁ˂˖˄ʶˌ ʻˊʰˏˋʶʽˌ ˍˇˎ 

5b! ̀ˎ ˄ʵʷˇ˄ˍʰʽ ʱ˃ʶˋʰ ˃ʶ ˍʹ˄ ʰ˄ʱˉˍˎ˅ʹ ˁʰˊˁʾ˄ˇˎ ˁʰʽ ʱ˂˂ʶˌ ʶˉʽʸʺ˃ʽʶˌ ʶˉʽʵˊʱˋʶʽˌ ˍʹˌ 

ʰˁˍʽ˄ˇʲˇ˂ʾʰˌΣ ʹ ʰ˄ʾ˔˄ʶˎˋʹ ˍ˖˄ ʶˋˍʽ˗˄ ʴπIн!· ʰˉˇˍʶ˂ʶʾ ˃ʽʰ ˉˇ˂ˏˍʽ˃ʹ ˃ʷʻˇʵˇ ʴʽʰ ˍʹ ˃ʶ˂ʷˍʹ 

ˍʹˌ ʷˁʻʶˋʹˌ ʶˎʱ˂˖ˍ˖˄ ˉ˂ʹʻˎˋ˃˗˄ ˋˍʹ˄ ʰˁˍʽ˄ˇʲˇ˂ʾʰΦ 

ɮˎˍʺ ʹ ˃ʶ˂ʷˍʹ ʵʽʶˊʶˎ˄ʱ ˍʹ˄ ʶˉʰʴ˖ʴʺ ˁʰʽ ˉˇˋˇˍʽˁˇˉˇʾʹˋʹ ˍ˖ ˄̡ ˂ʰʲ˗˄ ̄ ˇˎ ˉˊˇˁʰ˂ʶʾ  ́

ʽˇ˄ʾy̱ ˇˎˋʰ ʰˁˍʽ˄ˇʲˇ˂ʾʰ ̀ ˍˇ 5b!Φ ɮˉˇˍʶ˂ʶʾ ˃ʽʰ ˉˊˇˋˉʱʻʶʽʰ ˄ʰ ˉˇˋˇˍʽˁˇˉˇʽʹʻʶʾ ˁʰʽ ˄ʰ 

ʵʽʶˊʶˎ˄ʹʻʶʾ ʹ ˉˇʽˈˍʹˍʰ ˍ˖˄ ʶˉʽʵˊʱˋʶ˖˄ ˍʹˌ ʰˁˍʽ˄ˇʲˇ˂ʾʰˌ ˔ʰ˃ʹ˂ˇˏ [9¢ ˋʶ ʵʽʱ˒ˇˊʰ 

ˋˎˋˍʺ˃ʰˍʰ ˃ʶ ʶ˄ʹ˃ʶˊ˖˃ʷ˄ʶˌ ˃ʶʻˈʵˇˎˌΦ ʆˇ ˉˊ˗ˍˇ ˃ʷˊˇˌ ˉʶˊʽ˂ʰ˃ʲʱ˄ʶʽ ˃ʶ˂ʷˍʹ ˍ˖˄ 

ʶˉʽʵˊʱˋʶ˖˄ ˍʹˌ ʰˁˍʽ˄ˇʲˇ˂ʾʰˌ ˔ʰ˃ʹ˂ˇˏ [9¢ ˋˍˇ ʶ˂ʶʴ˔ˈ˃ʶ˄ˇ ˋˏˋˍʹ˃ʰ ˍˇˎ ˉ˂ʰˋ˃ʽʵʾˇˎ Ǉ.wонн 

ˁʰˍʱ ˃ʺˁˇˌ ʶ˄ˈˌ ʅ˔ʶʵʾˇˎ ɮˁˍʽ˄ˇʻʶˊʰˉʶʾʰˌ ˃ʶ ʃˊ˖ˍˈ˄ʽʰΣ ʶˊʶˎ˄˗˄ˍʰˌ ˍʹ˄ ˉʰˊʰʴ˖ʴʺ ʲ˂ʰʲ˗˄ 

ˉˇˎ ˉˊˇˁʰ˂ˇˏ˄ˍʰʽ ʰˉˈ ˃ʽʰ ˍˎˉʽˁʺ ʵʽʰʵʽˁʰˋʾʰ ʰˁˍʽ˄ˇʻʶˊʰˉʶʾʰˌΣ ʰˉˇ˃ˇ˄˖˃ʷ˄ʹ ʰˉˈ 

˃ʹ˔ʰ˄ʽˋ˃ˇˏˌ ʶˉʽʵʽˈˊʻ˖ˋʹˌΦ ʅˍˇ ʵʶˏˍʶˊˇ ˃ʷˊˇˌΣ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ʹ ʶ˄ʶˊʴˇˉˇʾʹˋʹ ̱ ˖˄ 

ˉˊ˖ˍʶʿ˄˗˄ ʶˉʽʵʽˈˊʻ˖ˋʹˌ ˍˇˎ 5b! ˃ʷˋ˖ ˍʹˌ ˒˖ˋ˒ˇˊˎ˂ʾ˖ˋʹˌ ˍʹˌ Iн!· ʴʽʰ ˍʹ˄ ʰ˅ʽˇ˂ˈʴʹˋʹ 

ˍ˖˄ ʲ˂ʰʲ˗˄ ̀ ˍˇ 5b! ̱̟ ˄ ˂ʶ˃˒ˇˁˎ̱ ˍɦ̟́  ˄̱ ˇˎ ˉʶˊʽ˒ʶˊʽˁˇˏ ʰʾ˃ʰˍˇˌ ˉʰʽʵʽʰˍˊʽˁ˗˄ ˁʰʽ 

ʶ˄ʺ˂ʽˁ˖˄ ʰˋʻʶ˄˗˄ ˉˇˎ ˎˉˇʲʱ˂˂ˇ˄ˍʰʽ ˋʶ ˁʰˊʵʽʰˁˈ ˁʰʻʶˍʹˊʽʰˋ˃ˈΦ ɾʶ ˍʹ˄ ʰ˄ʾ˔˄ʶˎˋʹ ˍ˖˄ 

ˉˊ˗ʽ˃˖˄ ʲʽˇ˂ˇʴʽˁ˗˄ ʶˉʽʵˊʱˋʶ˖˄ ˍʹˌ ʰˁˍʽ˄ˇʲˇ˂ʾʰˌΣ ʰˎˍʺ ʹ ˉˊˇˋʷʴʴʽˋʹ ˃ʷˋ˖ ʲʽˇʵʶʽˁˍ˗˄ 

˒ʽ˂ˇʵˇ˅ʶʾ ˄ʰ ˉˊˇˋ˒ʷˊʶʽ ˉ˂ʹˊˇ˒ˇˊʾʶˌ ʴʽʰ ˍʹ ˋ˔ʷˋʹ ʵˈˋʹπ̩h ˉˈˁˊʽˋʹˌ ɹ̔ʰ ˍ̔ ̩̝ʰ˃ʹ˂ʷ ̩ɻˈˋʁ̔ ˌ 

ʰˁˍʽ˄ˇʲˇ˂ʾʰˌΣ ˁʱˍʽ ˉˇˎ ʶʾ˄ʰʽ ɻˏˋˁˇ˂ˇ ˄ʰ ˉˇˋˇˍʽˁˇˉˇʽʹʻʶʾ ˃ʷˋ˖ ˉʰˊʰʵˇˋʽʰˁ˗˄ ˃ˇ˄ˍʷ˂˖˄Φ 

ɮΦ ɳˉʾʵˊʰˋʹ ˍʹˌ ʰˁˍʽ˄ˇʲˇ˂ʾʰˌ ˉˊ˖ˍˇ˄ʾ˖˄ ˋˍˇ ˉ˂ʰˋ˃ʾʵʽˇ ǇƭŀǎƳƛŘ t.wонн 
ʆʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍ˖˄ ˉʶʽˊʰ˃ʱˍ˖˄ ʴʽʰ ˍʽˌ ʽˇ˄ʾʸˇˎˋʶˌ ʶˉʽʵˊʱˋʶʽˌ ˉˇˎ ˉˊˇˁʰ˂ˇˏ˄ˍʰʽ ʰˉˈ 

ʵ̫ ˋ˃ʶˌ ̄ˊ˖ˍˇ˄ʽʰˁʺˌ ʻʶˊʰˉʶʾʰˌ ˋˍˇ ˉ˂ʰˋ˃ʾʵʽˇ Ǉ.wонн ˋʶ ˎʵʰˍʽˁˈ ʵʽʱ˂ˎ˃ʰ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ 

ˋʶ ʰˎˍʺ˄ ˍʹ˄ ˎˉˇʶ˄ˈˍʹˍʰΦ ɶ ɳʽˁˈ˄ʰ сΦ м ̀ ˎ˄ˇ˕ʾʸʶʽ ˍʽˌ ˋˎ˄ʻʺˁʶˌ ʰˁˍʽ˄ˇʲˈ˂ʹˋʹˌΣ ̍ ˉ˖ˌ 

ˉʶˊʽʴˊʱ˒ˇ˄ˍʰʽ ˂ʶˉˍˇ˃ʶˊ˗ˌ ˋˍˇ ˁʶ˒ʱ˂ʰʽˇ о aŀǘŜǊƛŀƭǎ ŀƴŘ aŜǘƘƻŘǎ όоΦмπоΦоύΥ ˍˇ ˉ˂ʰˋ˃ʾʵʽˇ 

ʰˁˍʽ˄ˇʲˇ˂ʺʻʹˁʶ ˋˍʹ˄ ʶʾˋˇʵˇ ˍʹˌ ʵʷˋ˃ʹˌΣ ˋˍʹ ˃ʷˋʹ ˍˇˎ ˉ˂ʰˍ˗ ˁʰʽ ˋˍʹ˄ ζ̌ ˎˊʱη όˋˍˇ ˍʷ˂ˇˌύ 

ˍ́  ̩{h.tΣ ˈˉˇˎ ˍˇ [9¢ ʽˋˇˏˍʰʽ ˃ʶ мΣ о ˁʰʽ ф ƪŜ±κƳ˃ h˄ˍʾˋˍˇʽ˔ʰΣ ˃ʶ ʶˏˊˇˌ ʶ˄ʷˊʴʶʽʰˌ ˉˊ˖ˍˇ˄ʾ˖˄ 

ʰˉˈ мот ʷ˖ˌ мфу aŜ±Φ 

 






















































